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F
looding often causes extensive damage, so it is 

one of the major weather and climate disaster 

types tracked by the National Oceanic and 

Atmospheric Administration’s (NOAA) National 

Centers for Environmental Information. In the 

United States, 昀氀ooding takes 88 lives (NOAA 2021) 
and does $17 billion dollars of damage (FEMA 
2020) annually. While deaths and cost of damage 
are the most common measures of 昀氀ood damage, 
昀氀ood damage can cause utility outages, disrupt 
transportation and supply chains, and result in 

environmental problems like pollution.

Flood damage can be categorized into direct 

and indirect damage, then further di昀昀erentiated 

by being tangible or intangible (Merz et al. 2010). 
Direct damage comes from physical contact with 

昀氀ood water, while indirect damage occurs outside 
of the 昀氀ood location and/or time and is caused by 
direct damage. Tangible damage can be assessed 

in monetary value, while intangible damage 

cannot be assigned a value. Direct, tangible 

damage includes damage to buildings, property, 

and infrastructure. Direct, intangible damage 

includes loss of life and destruction of ecosystems. 

Indirect, tangible damage includes the disruption 

of transportation and other services outside of the 

昀氀ooded area because of direct damage to roads and 
infrastructure. Indirect, intangible damage includes 

Abstract: Since 1901, heavy rainfall events have increased in the United States in both intensity and 
frequency, and human population in the United States has increased, resulting in signi昀椀cant land use 
changes. Both trends contribute to an increase in observed 昀氀ood magnitude and frequency. To determine 
if a relationship exists between land use/land cover and changing stream 昀氀ows in northwest Arkansas, 
this study analyzed temporal changes in various 昀氀ow statistics for 14 stream gages and compared the 
rates of change in 昀氀ow statistics from gages on streams with watersheds that have varying land uses, i.e., 
urban, agricultural, and undeveloped. Mann-Kendall analysis was used to determine statistically signi昀椀cant 
changes in 昀氀ow statistics, which were then compared to National Land Cover Dataset (NLCD) watershed 
land uses from 2001 and 2019. All analyzed gages had one or more 昀氀ow statistics with at least a moderately 
signi昀椀cant increase, and all analyzed 昀氀ow statistics showed at least moderately signi昀椀cant stream昀氀ow 
increases at two or more gages (P < 0.100). There were no decreases of any signi昀椀cance in any 昀氀ow 
statistic at any gage. In general, urban land development did not happen on native prairies and forests but 
on previously agricultural land. Signi昀椀cant positive relationships were found between maximum yearly 昀氀ow 
and 2019 urban land use, urban land use change from 2001 to 2019, and 2019 Human Development Index 
(HDI). A similar relationship was found to exist between yearly minimum 昀氀ow and 2019 HDI. These results 
highlight the importance of considering the cost of potential stream bank erosion and 昀氀ooding in future land 
use planning, permitting, and zoning.
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psychological trauma and distrust in authorities. 

Often, commercial structures represent half of the 

monetary damages in 昀氀ood prone zones (Shultz 
2017). Regardless of how they are classi昀椀ed, the 
many types of 昀氀ood damage have major economic, 
social, and environmental costs.

Flooding occurs when runo昀昀 exceeds the capacity 
of natural channels and manmade stormwater 

conveyance systems. Rainfall intensity, duration, 
and frequency in昀氀uence runo昀昀 from the landscape, 
which occurs when rainfall exceeds interception, 

in昀椀ltration, evapotranspiration, and storage capacity. 
Due to climate change, temperatures are rising, and 

in turn, evaporation rates are also rising (Lin et al. 

2017; UCAR 2021). In fact, atmospheric moisture 
in the United States is increasing at 5% per decade, 

which is expected to cause more precipitation and 

therefore more 昀氀ooding (Trenberth 1998). The 
excess water vapor will likely increase precipitation 

outside of the subtropics (Dai et al. 2018) including 
temperate areas.

Although rainfall is a major factor that a昀昀ects 
runo昀昀 rates across large spatial scales, runo昀昀 is 
also a昀昀ected by local land use and factors such as 
land use change and/or development and resulting 
changes in vegetation cover, land slope, soil type 

and conditions, and impervious surfaces (USGS 

2019). Removal of vegetation, compaction of soil, 
and increases in impervious surfaces increase runo昀昀 
by lessening in昀椀ltration of rainfall into the soil. 
Grading a development site can either decrease 

runo昀昀 by decreasing land slopes, which increases 
time for in昀椀ltration to occur, or increase runo昀昀 by 
removing natural storage basins (NJDEP 2016). 

Changes in land use, speci昀椀cally involving urban 
development and conversion of forest to agricultural 

land, change the in昀椀ltration and storage capacity 
of a landscape. Urbanization increases impervious 

surfaces, which can cause 昀氀ooding, channel 
degradation, and ecosystem disruption (Booth 

et al. 2002; Brown et al. 2005), “unless measures 
are taken to detain the runo昀昀 and control the rate 
of discharge o昀昀 of newly developed sites” (City 
of Rogers 2018). Many states and municipalities 
require development sites to ensure post-developed 

runo昀昀 rates are less than pre-developed runo昀昀 
rates for a few speci昀椀c storm events (e.g., 1- and/
or 2-year, 24-hour storms; USEPA 2011). In theory, 
this should prevent increased 昀氀ooding due to land 
development, but runo昀昀 calculation models are not 
perfect, and changing precipitation patterns are not 

necessarily considered. 

Flooding frequency has increased by 2.5 times 
in northern mid-latitudes since the 2000’s (Najibi 
and Devineni 2018), and 昀氀ooding magnitude and 
frequency have also increased speci昀椀cally in the 
United States (Berghuijs et al. 2017). This begs the 
question, which factors (precipitation or land use) 

that a昀昀ect runo昀昀, or both, is the major cause of 
the increased 昀氀ooding? Since 1901, heavy rainfall 
events have increased in the United States in both 

intensity and frequency (Easterling et al. 2017), 
and population in the United States has increased, 

resulting in signi昀椀cant land use changes (Loveland 
et al. 2002). This study will evaluate discharge data 
from streams whose watersheds have experienced 

signi昀椀cant change in land use along with discharge 
data from streams whose watersheds have 

experienced little land use change. Speci昀椀cally, 
changes in 昀氀ow statistics were analyzed at each 
site in northwest Arkansas (NWA), including:

• number of days per year when mean daily 昀氀ow 
surpassed given thresholds of moderate and 

severe 昀氀ooding, and
• various annual 昀氀ow statistics, including mean, 

selected percentiles, and peak昀氀ow.
This study analyzed changes in 昀氀ow statistics over 
time for individual stream gages and compared 

rates of change in 昀氀ow statistics for gages on 
streams with watersheds that have varying land 

Research Implications

• The most prominent land use change 
across these watersheds appeared to be 
conversion of pasture to urban.

• Stream昀氀ow generally increased across 
all the selected United States Geological 
Survey (USGS) stream gages, and no 
statistics showed a signi昀椀cant decrease 
across the gages.

• Signi昀椀cant increases in stream昀氀ow were 
typically correlated with urban land use and 
or change in urban land use over time.

• The growing urban areas need to consider 
how increasing stream昀氀ow in昀氀uence 
bank stability and potential 昀氀ooding and 
frequency downstream.
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uses, i.e., urban, agricultural, and undeveloped.

While this study focuses on changes in high 昀氀ows, 
changes in low 昀氀ows were also analyzed. Low 昀氀ow 
is de昀椀ned by the EPA as “昀氀ow of water in a stream 
during prolonged dry weather” (USEPA 2021). 
These low 昀氀ows are not derived from direct runo昀昀, 
but rather provided by groundwater discharge, 

subsurface return 昀氀ows, surface discharge from 
lakes and marshes, or even melting glaciers in select 

regions (Smakhtin 2001). Low 昀氀ows caused by 
groundwater recharge and subsurface return 昀氀ows, 
which is the most prevalent low 昀氀ow source in the 
study area, are a昀昀ected by soil series distribution 
and in昀椀ltration, hydraulic characteristics of aquifers, 
evapotranspiration from the watershed, topography, 

and climate (Smakhtin 2001). Understanding 
changes in low and high 昀氀ows are important for 
managing water supply, stormwater, waste-load 

allocation, reservoir storage, recreation, and 

wildlife conservation (Smakhtin 2001), as well as 
educational opportunities (Hutton and Allen 2021) 
and research needs (Bilotta and Peterson 2021).

Methods

Study Site Description

Data were obtained from 14 United States 
Geological Survey (USGS) stream gages across 

NWA and northeast Oklahoma using the National 
Water Information System (NWIS) where most 
of the drainage areas were in NWA (Table 1). The 
watersheds ranged in size from 18 km2 (Jack Creek 

near Winfrey, AR USGS Site 07250974) to 1627 
km2 (Illinois River near Watts, OK USGS Site 
07195500). The entirety of the period of record for 
each gage was used, with the longest continuous 

period of record being water years 1956 to 
2021 (Illinois River near Watts, OK USGS Site 
07195500). Some gages had gaps in their periods 
of record, such as Kings River near Berryville, 
AR (USGS Site 07050500) with a record of 1952 
to 1975 and 1993 to 2021. The watersheds are 
primarily in Environmental Protection Agency 

(EPA) level 3 ecoregions Boston Mountains (38) 
and Ozark Highlands (39) (USEPA 2003).

Flow Statistics

Data were obtained for the 14 USGS stream 
gages using the NWIS (http://waterdata.usgs.gov). 

The average 昀氀ow of each day (i.e., the mean daily 
discharge) from each gage was used to calculate 

each water year’s maximum, minimum, mean, 10th 

percentile, 25th percentile, median, 75th percentile, 

and 90th percentile 昀氀ow, and the number of days 
that had a mean 昀氀ow meeting or exceeding the 
1.01-year, 2-year, and 5-year 昀氀ood event. These 
metrics will, hereafter, be referred to as the 昀氀ow 
statistics.

The discharge for each return interval was 

calculated using a Log-Pearson III distribution. 

This distribution was chosen over a log-normal 

distribution because when both distribution types 

were plotted on log-normal and probability graph 

paper using the West Fork of the White River near 
Fayetteville data (USGS Site 07048550), the Log-
Pearson III distribution 昀椀t the data better. Another 
reason this distribution was chosen is that it works 

for data with any skewness (Haan 1994). The Log-
Pearson III distribution was used for each gage to 

maintain consistency, and the equation is:

where X
t
 is the discharge of a 昀氀ood with a t return 

period, X̄  is the mean of the maximum yearly 

discharges, C
v
 is the coe昀케cient of variation, and  

K
t
 is a frequency factor based on the return period, 

t, and coe昀케cient of skewness, C
s
. 

where σ is the sample standard deviation of X, n 
is the number of water years, and X is the set of 

all observed maximum annual discharge. It should 

be noted that Log-Pearson III distribution equation 

used by Haan (1994) di昀昀ers from USGS’s Bulletin 
17B Log-Pearson III distribution equation.

After the 昀氀ows for each return interval were 
calculated, the Mann-Kendall test was used to 
determine if there was a trend with time in each of 

the 昀氀ow statistics. The following steps were used 
to run each Mann-Kendall test:

1. List the speci昀椀c 昀氀ow statistics in chronological 
order, x1, x2,…, x

n
.

2. Determine if the di昀昀erence x
j 
– x

k
, called a 

pairwise comparison,
 
is positive or negative, 

where j > k.

ln (X
t
) = ln(X) * (1 + C

v
K

t
)

C
s 
 =

 nΣ[ln(X
i
) - ln(X̄   )]3

        
   (n - 1)(n - 2)σ3    

C
v
 =  

ln(σ)
         ln(X̄   )    
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Table 1. Study site description including U.S. Geological Survey (USGS) gage name and number, latitude and 

longitude, watershed area, hydrologic unit code (HUC), ecoregion, and period of record used in stream 昀氀ow analysis.

Gage Name
USGS Site 

Number

Latitude

Longitude

Area 

(km2)
HUC 8

Level 3 

Ecoregion(s)

Period of 

Record

Flint Creek 07195800 36°15'22"
94°26'01" 38.5 11110103 

Illinois
Ozark Highlands 1962-2021

Flint Creek 07195855 36°12'58"
94°36'19" 146.5 11110103 

Illinois
Ozark Highlands 1980-2021

Frog Bayou 07250965 35°43'20"
94°06'49" 143.9 11110103 

Frog-Mulberry Boston Mountains 2001-2021

Illinois River 07194800 36°06'11"
94°20'40" 432.6 11110103 

Illinois

Boston Mountains 
Ozark Highlands

2002-2021

Illinois River 07195500 36°07'48"
94°34'19" 1627.3 11110103 

Illinois

Boston Mountains 
Ozark Highlands

1956-2021

Jack Creek 07250974 35°42'16"
94°05'30" 18.1 11110103 

Frog-Mulberry Boston Mountains 2002-2021

Jones Creek 07250935 35°44'09"
94°06'11" 53.1 11110103 

Frog-Mulberry Boston Mountains 2001-2021

Kings River 07050500 36°25'38"
93°37'15" 1366.2 11010001 

Beaver Reservoir
Boston Mountains 
Ozark Highlands

1952-1975
1993-2021

Lee Creek 07249800 35°33'57"
94°31'55" 624.8 11110104 

Kerr Reservoir Boston Mountains 2000-2021

Mulberry 
River 07252000 35°34'37"

94°00'55" 966.0 11110201 
Frog-Mulberry Boston Mountains 1953-1995 

1998-2021

Osage Creek 07195000 36°13'19"
94°17'18" 335.9 11110103 

Illinois
Ozark Highlands

1953-1975 
1996-2021

War Eagle 
Creek

07049000 36°12'00"
93°51'18" 684.1 11010001 

Beaver Reservoir
Boston Mountains 
Ozark Highlands

1952-1970 
1999-2021

West Fork 07048550 36°03'14"
94°04'59" 317.80 11010001 

Beaver Reservoir
Boston Mountains 
Ozark Highlands

2002-2021

White River 07048600 36°04'23"
94°04'52" 1031.5 11010001 

Beaver Reservoir
Boston Mountains 
Ozark Highlands

1963-1995 
1999-2021
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3. Compute S, where S equals total number of 

positive pairwise comparisons minus total 

number of negative pairwise comparisons. 

4. Compute τ, where τ = S/[n(n-1)/2], n = number 
of data points.

5. Compute the standard deviation, σ
s
, where σ

s
 = 

sqrt[(n/18)(n-1)(2n+5)].
6. Compute the Z score, Zτ, where Zτ = (|S|-1)/ σ

s
.

7. Determine the corresponding p value for 

Zτ based on a two-tailed standard normal 
distribution.

These steps were followed using Microsoft 
Excel for one site, and then automated using the 

programming language “R” with the tidyverse, rkt, 
and ggplot2 packages loaded from the R library.

Di昀昀erent α values were used to suggest di昀昀erent 
levels of signi昀椀cance. The α values were set to 

0.01 for “highly signi昀椀cant” trends, 0.05 for 
“signi昀椀cant” trends, and 0.10 for “moderately 
signi昀椀cant” trends (Stogner 2000). The rate of 
change for each 昀氀ow statistic was calculated using 
Theil-Sen Slope, which takes the median slope 

of the set of slopes between every combination 

of data points (Helsel et al. 2020). The Theil-Sen 
Slope was then converted into a percent change per 

year by dividing the Theil-Sen Slope by the mean 

value of the 昀氀ow statistic. 

Watersheds and Land Use Percentages

To obtain land use and land cover (LULC) 

data on each gage’s watershed, the web toolkit 

Wikiwatershed and Model My Watershed (Stroud 
Water Research Center 2021) was used. The 
coordinates of each gage, as published by the 

USGS, were entered into Model My Watershed’s 
search function. Often, this resulted in a location 

that was near, but not located exactly on, a bridge 

crossing over the stream. In such cases, it was 

assumed that the gage was on the bridge.

Once the exact location of the gage was 

determined, Model My Watershed was used to 
delineate the watershed of each gage. Model My 
Watershed reports LULC data from the National 
Land Cover Dataset (NLCD) for the delineated 

watershed. The oldest (2001) and newest (2019) 
NLCD data were used to calculate the land use 

percentages for each watershed and the land use 

change from 2001 to 2019 for each watershed.
The NLCD divides LULC into sixteen 

classi昀椀cations. Those classi昀椀cations were grouped 
into three basic LULC types to be analyzed. 

Open water, perennial ice/snow, deciduous forest, 
evergreen forest, mixed forest, shrub/scrub, woody 
wetlands, and emergent herbaceous wetlands 

were said to be “undeveloped.” Barren land (rock/
sand/clay), developed open space, low intensity, 
medium intensity, and high intensity were said to be 

“urban.” Finally, pasture/hay (including grassland/
herbaceous) and cultivated crops were said to be 

“agricultural” land use. A Human Development 
Index (HDI) was calculated by adding urban land 

use and agricultural land use percentages.

The percent change per year in each 昀氀ow 
statistic with a moderate level of signi昀椀cance or 
greater (α < 0.10) was paired with the land use 
percentages and the change in percentages in land 

use for each watershed, and linear regression was 

run using the Analysis ToolPak in Microsoft Excel. 
As with changes in the 昀氀ow statistics, di昀昀erent α 
values were used to suggest di昀昀erent levels of 
signi昀椀cance, as previously de昀椀ned.

Results and Discussion

Land Use and Changes

Based on the 2001 NLCD, the study watersheds 
had urban land use percentages ranging from 

1.8% (Jack Creek near Winfrey, AR USGS Site 
07250974) to 28.3% (Osage Creek near Elm 
Springs USGS site 07195000) with an arithmetic 
mean (hereafter referred to as average) of 7.9%. 
The agricultural land use in 2001 ranged from 
4.6% (Mulberry River near Mulberry USGS site 
07252000) to 60.6% (Flint Creek at Springtown, AR 
USGS site 07195800), with an average of 30.1%. 
When looking at combined human development, 
Osage Creek near Elm Springs had the highest 

HDI in 2001, in addition to the highest urban 
land use at 85.9%, while the Mulberry River near 
Mulberry (USGS site 07252000) had the lowest 
2001 HDI at 7.5%. The average HDI was 38.0%, 
showing that in 2001 there was more undeveloped 
area on average across these watersheds than area 

manipulated by humans.

For the 2019 NLCD data, urban land use 
percentages ranged from 1.9% (Jack Creek near 

Winfrey, AR USGS site 07250974) to 42.3% 
(Osage Creek near Elm Springs USGS site 
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07195000) with an average of 9.9%. Agricultural 
land use in 2019 ranged from 5.5% (Mulberry 
River near Mulberry USGS site 07252000) to 
62.3% (Flint Creek at Springtown, AR USGS 
site 07195800) with an average of 28.9%. HDI in 
2001 ranged from 8.6% (Jack Creek near Winfrey, 
AR USGS site 07250974) to 87.7% (Osage Creek 
near Elm Springs USGS site 07195000) with an 
average of 38.7%. In 2019, as in 2001, the average 
watershed had less developed land (urban plus 

agriculture) at 38.7% than undeveloped land. The 
watershed with the maximum and minimum of 

each of the land use categories discussed was the 

same in 2019 as 2001, except for the minimum 
HDI occurring in the Jack Creek watershed instead 

of the Mulberry watershed.
Urban land use increased in all study watersheds 

from 2001 to 2019. Seven of the watersheds showed 
a small increase (< 1%) in urban land use, while 
three watersheds showed moderate increase (1.0 - 
2.3%). The remaining two watersheds showed the 
largest increases in urban land use at 5.1% (Illinois 
River near Watts, OK USGS site 07195500) and 
13.9% (Osage Creek near Elm Springs USGS site 
07195000).

The agricultural land use from 2001 to 2019 
generally decreased, with larger losses of 12.2% 
and 4.3% occurring in the watershed of Osage 
Creek near Elm Springs (USGS site 07195000) 
and Illinois River near Watts, OK (USGS site 
07195500), respectively. The remaining watersheds 
had agricultural land use changes ranging from a 

decrease of 0.5% to an increase of 1.7%. The two 
watersheds with the largest increase in urban land 

use also had the largest decrease in agricultural 

land use, with the increase in urban land being very 

similar in magnitude to the decrease in agricultural 

land. These data suggest that urban development 

is primarily occurring in previously agricultural 

lands – not previously undeveloped lands. The 

same conclusion is drawn when examining the 

change in HDI.

The maximum change in HDI from 2001 to 
2019 was 3.1% (Flint Creek at Springtown, AR 
USGS site 07195800), while all other watersheds 
had a change in HDI of 1.7% or less, including 
four watersheds with minor decreases in HDI (≤ 
0.4%). The relatively low changes in HDI (and 
hence relatively low changes in undeveloped 

land) compared to the changes in urban and 

agricultural land suggest that urban development is 

occurring in land that was previously developed by 

humans (agricultural land) more than in existing 

undeveloped lands. In fact, the average increase 

in urban land use per watershed of 2.0% is likely 
due to an average 1.2% loss of agricultural land 
but only 0.8% loss of undeveloped land. However, 
watersheds with increased urban development 

have been estimated to have reduced ecosystem 

services and value, especially if HDI increases 

over time (Gashaw et al. 2018).

Flow Statistics

The changes overtime of 11 昀氀ow statistics at 14 
sites were analyzed, showing 65 of the 154 possible 
changes to be at least moderately signi昀椀cant. All 
65 of the at least moderately signi昀椀cant changes 
in the 昀氀ow statistics were increases; no decreases 
were observed over the study period. Every gage 

that was analyzed had at least one 昀氀ow statistic 
that increased with at least moderate signi昀椀cance.

Three sites had only one 昀氀ow statistic that 
increased signi昀椀cantly over the period analyzed. 
Each of the three increasing 昀氀ow statistics were 
related to high 昀氀ows or 昀氀ooding frequency. The 
75th percentile in 昀氀ows at Jones Creek at Winfrey, 
AR (USGS Site 070250935) increased by 5% per 

year from 2001 to 2021. The maximum 昀氀ow at Flint 

Creek at Springtown, AR (USGS site 07195800) 
increased 0.8% per year from 1962 to 2021. The 
number of days where 昀氀ows met or exceeded the 
1.01-year 昀氀ood at Lee Creek at Short, OK (USGS 
Site 07249800) increased 3.9% per year from 2000 
to 2021.

Only two gages showed signi昀椀cant changes in 
the occurrence of the 2-year 昀氀ood and 5-year 昀氀ood. 
This is likely because the period of record that was 

analyzed was not long enough to show signi昀椀cant 
changes in such rare events. Because of this, the 

occurrences of the 2-year 昀氀ood and the 5-year 
昀氀ood were not included in Table 3 or analyzed 
against watershed land use.

Three sites had at least moderately signi昀椀cant 
increases in every 昀氀ow statistic. Osage Creek 
near Elm Springs (USGS Site 07195000) had 
highly signi昀椀cant changes in each of the 昀氀ow 
statistics; however, its annual percent changes 
were moderate, ranging from 1.2% per year (75th 
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0.4%
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and 90th percentiles) to 1.8% (minimum yearly 
昀氀ow). War Eagle Creek near Hindsville (USGS 
Site 07049000) and the Illinois River near Watts, 
OK (USGS Site 07195500) also had signi昀椀cant 
increases in each 昀氀ow statistic. These two sites 
also had moderate annual percent changes ranging 

from 0.6% (Illinois River yearly maximum 昀氀ow) 
to 1.4% (War Eagle Creek yearly minimum 
昀氀ow). Despite each of these watersheds having 
statistically signi昀椀cant increases across their 昀氀ow 
regimes, the magnitude of increases were less than 

the signi昀椀cant increases of Frog Bayou at Winfrey 
(USGS Site 07250965), Illinois River at Savoy 
(USGS Site 07194800), Jones Creek at Winfrey, 
AR (USGS Site 07250935), and the West Fork of 
the White River East of Fayetteville (USGS Site 
07048550). These sites had percent changes per 
year in various 昀氀ow statistics ranging from 3.0 to 
5.0% per year.

Of the sites that have several, but not all, 

signi昀椀cant increases in 昀氀ow statistics, most 
signi昀椀cant changes were grouped in either high 
昀氀ows (75th percentile, 90th percentile, occurrence 

of the one-year 昀氀ood, and yearly maximum 昀氀ow) 
or low 昀氀ows (yearly minimum 昀氀ow, 10th percentile, 

and 25th percentile). Frog Bayou at Winfrey (USGS 
Site 07250965) and the West Fork of the White 
River East of Fayetteville (USGS Site 07048550) 
had signi昀椀cant increases in high 昀氀ows. Flint Creek 
near West Siloam Springs (USGS Site 07195855), 
Illinois River at Savoy (USGS Site 07194800), and 
Jack Creek near Winfrey (USGS Site 07250974) 
had signi昀椀cant increases in low 昀氀ows. The cuto昀昀 
between high and low 昀氀ows was the median 昀氀ow, 
and median 昀氀ow was the statistic that had the least 
number of signi昀椀cant changes (3 sites out of 14).

Relationship between Flow Statistics and Land 

Use

Annual percent changes in the 昀氀ow statistics 
that were at least moderately signi昀椀cant were 
compared with several land use measures in 

their watersheds: percent urban in 2019, change 
in percent urban from 2001 to 2019, and HDI in 
2019. The change in HDI from 2001 to 2019 was 
not included because the changes were relatively 

small compared to the other land use measures, as 

previously discussed. 

The maximum yearly 昀氀ow had a signi昀椀cant 

relationship with all three di昀昀erent land use statistics 
tested. The percent change per year in maximum 

yearly 昀氀ow was signi昀椀cantly positively correlated 
to urban percent change from 2001 to 2019 (p = 
0.04), as shown in Figure 1. The percent increase 
per year in maximum 昀氀ows ranged between 0.2 
and 1.5%, while the urban percent increase ranged 
from 0.2 to 13.9%. The slope of the relationship 
was 0.068, suggesting that increasing urban land 
use by 1% corresponds to a 0.068% increase per 
year in maximum 昀氀ows. This relationship had 
one gage (Osage Creek near Elm Springs USGS 

Site 07195000) with a percent change per year 
in maximum 昀氀ow and change in urban area of its 
watershed that were notably higher than those of 

every other gage in the comparison.

The percent change per year in maximum 昀氀ow 
was also signi昀椀cantly positively correlated to the 
urban percentage of its watershed (p = 0.04). The 
range in percent changes per year in maximum 

昀氀ows was previously noted, while urban land use 
in 2019 ranged from 3.3 to 42.3%. The slope of 
the relationship was 0.024, suggesting that a 1% 
increase in urban land use from one watershed to 

another corresponds to a 0.024% increase per year 
in maximum 昀氀ows. Again, this relationship had one 
gage with a percent change per year in maximum 

昀氀ow and percent urban area of its watershed in 
2019 that were notably higher than those of every 
other gage in the comparison (Osage Creek near 

Elm Springs USGS Site 07195000).
Lastly, the percent change per year in maximum 

昀氀ow was signi昀椀cantly positively correlated to 
the 2019 HDI of its watershed (p = 0.04). The 
same percent changes per year in maximum 

昀氀ows were compared to 2019 HDI, which ranged 
from 8.8 to 87.7%. The slope of the relationship 
was 0.013, suggesting that a 1% increase in HDI 
from one watershed to another corresponds to a 

0.013% yearly increase in maximum 昀氀ows. This 
relationship had a well spread distribution of 

percent change in maximum 昀氀ow and 2019 HDI.
The percent change per year in minimum 

昀氀ow was positively correlated to the HDI of its 
watershed in 2019 with moderate signi昀椀cance (p 
= 0.06). The percent change per year in minimum 
昀氀ow ranged from an increase of < 0.1% to an 
increase of 2.4%. The slope of the relationship 
was 0.021, suggesting that a 1% increase in HDI 



32

UCOWRJournal of Contemporary Water Research & Education

Changes in Stream昀氀ow Statistics and Catchment Land Uses Across Select USGS Gages

from one watershed to another corresponds to a 

0.021% yearly increase in minimum 昀氀ows. This 
relationship had one gage with a yearly percent 

change in minimum 昀氀ow that was notably less 
than the rest of the gages (Mulberry River near 
Mulberry USGS site 07252000). 

Low Flows

The initial objective of this study was to 

investigate high 昀氀ows and 昀氀ooding; however, we 
also found interesting trends in low 昀氀ows. Various 
ideas exist about the e昀昀ect of urbanization on 
base昀氀ow in streams. One idea is that increased 
groundwater pumping (although not common 

in NWA) and decreased groundwater recharge 
caused by more impervious surfaces decrease 

base昀氀ows (Brown et al. 2005); however, this was 
not observed in the study site region, as none of 

the analyzed gages had signi昀椀cant decreases in 
low 昀氀ows (minimum, 10th percentile, and 25th 

percentile). It is assumed that minimum 昀氀ow, 10th 

percentile 昀氀ow, and sometimes 25th percentile 昀氀ow 

represented base昀氀ow conditions in these streams.
Another idea is that as populations in urban areas 

increase, wastewater treatment plant (WWTP) 
e昀툀uent can increase more than groundwater 
recharge decreases, therefore increasing base昀氀ow 
in streams (Paul and Meyer 2001). Five out of the 
nine gages with signi昀椀cant increases in low 昀氀ows 
have at least one if not multiple WWTPs in their 
watershed (Illinois River at Savoy USGS Site 
07194800, Illinois River near Watts, OK USGS 
Site 07195500, Kings River near Berryville USGS 
Site 07050500, Osage Creek near Elm Springs 
USGS Site 07195000, and War Eagle Creek near 
Hindsville USGS Site 07049000).

The four gages with the largest percent increase 

per year in minimum 昀氀ow (Illinois River at Savoy 
USGS Site 07194800, Illinois River near Watts, 
OK USGS Site 07195500, Osage Creek near 
Elm Springs USGS site 07195000, and Kings 
River near Berryville USGS site 07050500) 
all have at least one if not multiple WWTPs in 
their watersheds. As the population of the NWA 

Figure 1. Signi昀椀cant relationships between percent change per year in minimum and maximum 昀氀ow and watershed 
land use, including urban, urban plus agricultural (Human Development Index, HDI), and change in urban land use. 
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metropolitan area increased from 347,045 in 2000 
to 546,725 in 2020 (United States Census Bureau 
2022), WWTP e昀툀uent discharges have increased 
to meet the needs of the growing population. 

For example, Northwest Arkansas Conservation 

Authority (NACA) WWTP obtained permits to 
increase e昀툀uent from 0.5 mgd (0.8 cfs) to 3.6 
mgd (5.5 cfs) in 2009 and then to 7.2 mgd (11.2 
cfs) in 2021 (ADEQ 2009; Smoot 2021). Even 
though there is a moderately signi昀椀cant, positive 
correlation between minimum 昀氀ow change and 
2019 HDI, the actual cause of the minimum 昀氀ow 
increase is likely increased WWTP e昀툀uent, not 
watershed land use. The signi昀椀cant relationship 
between minimum 昀氀ow change and 2019 HDI is 
likely attributed to the fact that HDI and WWTP 
e昀툀uent are both in昀氀uenced by population growth. 
It should be noted that potable water for NWA 
comes from Beaver Lake, which is part of the 

White River Basin, but then is mostly discharged 
from WWTPs into the Illinois River watershed, 
which is essentially an inter-basin transfer of water.

It is interesting to note that urban watersheds that 

do not receive WWTP e昀툀uent but had increases 
in low 昀氀ows, thus other factor(s) besides WWTP 
e昀툀uent must outweigh decreases in in昀椀ltration 
due to increased impervious surfaces. Another set 

of possible factors that would increase low 昀氀ows is 
leakage from waterlines, sewers, and septic systems 

(USEPA 2022). These factors are most applicable 
in areas with increasing populations, such as the 

watershed of Flint Creek near West Siloam Springs 
(USGS Site 07195855) in which water use and 
wastewater increased, possibly increasing leakage. 

In Arkansas, 38% of households use septic tanks, 
although this percent is likely less in the NWA 
metropolitan area. But, with a failure rate of 10-
20% (USEPA 2002), even a smaller percentage 
of households using septic tanks could increase 

groundwater and return 昀氀ows to streams. Although 
septic tank failure is primarily a water quality 

issue, it also has an impact on the quantity of soil 

water and groundwater, and therefore base昀氀ow.
For watersheds that do not have WWTP e昀툀uent 

discharge or a high population causing signi昀椀cant 
water/wastewater system leakages but do have 
increases in low 昀氀ows, the most likely cause of 
increasing minimum 昀氀ow is an increase in rainfall 
that leads to increased in昀椀ltration and groundwater 

recharge. This is consistent with a 2003 study in 
Iowa (Schilling and Libra 2003), which found 
increasing rainfall contributed more to stream昀氀ow 
as base昀氀ow than it did as runo昀昀. This could have 
occurred in the Mulberry River near Mulberry 
(USGS site 07252000) and Jack Creek near 
Winfrey (USGS site 07250974). In NWA, total 
yearly rainfall, based on water year as measured 

at Drake Field in Fayetteville (NWS 2022), has 
increased with moderate signi昀椀cance in the long 
term (1952-2021, p = 0.097) and the near term 
(2002-2021, p = 0.081). Increased rainfall could be 
a factor in low 昀氀ow increases in all analyzed gages, 
not just the three gages listed above (McCabe and 
Wolock 2002; Rumsey et al. 2015).

High Flows

Of the gages analyzed, seven gages had at least 

moderately signi昀椀cant increases in the number of 
days with 昀氀ow that met or exceeded the 1.01-year 
昀氀ood and three gages that had at least moderately 
signi昀椀cant increases in the number of days with 
昀氀ow that met or exceeded the 2-year 昀氀ood. This 
has a large impact on channel morphology, as 

channel forming 昀氀ow generally corresponds to the 
1- to 3-year 昀氀ood and most closely corresponds to 
the 1.5-year 昀氀ood (NRCS 2001; Colorado Water 
Conservation Board 2006). However, frequencies 
of these smaller 昀氀ood events (i.e., bank-full events) 
might be better analyzed using partial-duration 

昀氀ood series to better understand the occurrence of 
these events (Edwards et al. 2019).

These increases need to be monitored and 

controlled because uncontrolled channel 

morphology can have negative socioeconomic and 

ecological impacts (Hauer et al. 2011; Abubakar 
2013). Such impacts include loss of agricultural 
land, destruction of utilities, and the alteration 

and/or destruction of aquatic habitats (Abubakar 
2013). Increased erosion of stream banks increases 
phosphorous loadings because phosphorous is 

in the streamside soil and is often adsorbed to 

sediments (Son et al. 2011). Also, the destruction of 
riparian zones reduces the 昀椀ltration of phosphorous 
before it reaches the streams (Tillery et al. 2003). 
Increased phosphorous loading leads to increased 

algae blooms and accelerated eutrophication 

(Tillery et al. 2003; Son et al. 2011). Additionally, 
as channels move from their natural 昀氀oodplains, 
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the e昀昀ects of 昀氀ooding are ampli昀椀ed due to 
decreased 昀氀oodwater bu昀昀ering and absorption 
(Pierce et al. 2012; Mondal and Patel 2018). 
Potential mitigation strategies include restoring 

riparian bu昀昀ers, mechanical bank stabilization, 
and limiting human activity that increases high 

昀氀ows (Harmel et al. 1999; Abubakar 2013), though 
Mondal and Patel (2018) write that ecological 
approaches have grown in popularity over arti昀椀cial 
mechanical stabilization methods. 

The 昀氀ood frequency analysis yielded a 昀氀ow for 
each recurrence interval that is representative of 

the likelihood that the 昀氀ow was met or exceeded 
in any one year based on the period of record. It 

should be noted, however, that the 昀氀ood frequency 
analysis used to calculate the 1.01-, 2-, and 5-year 
昀氀ood 昀氀ows were based on annual maximum 
昀氀ows, some of which had signi昀椀cant increases 
over time across selected streams. This means 

it is likely that the 昀氀ows associated with these 
return intervals have increased over time across 

these sites. This is acceptable for the purposes of 

this study because the calculated 1.01-, 2-, and 
5-year 昀氀oods were used as thresholds to measure 
the number of days that met or exceeded those 

昀氀ows; they were not used to predict the likelihood 
of future 昀氀ood events. The 昀氀ow associated with 
a certain recurrence interval can increase over 

time due to increased large storm events, climate 

change, and urbanization (Ra昀昀 et al. 2009).
Percent change per year in maximum 昀氀ow was 

signi昀椀cantly positively correlated to urban land 
use and HDI in 2019, as well as change in urban 
land use from 2001 to 2019. Maximum 昀氀ows 
show a greater response to increased rainfall in 

urban-dominated watersheds than rural watersheds 

(Changnon and Demissie 1996). Both urban-related 
relationships can be explained by increased runo昀昀-
related 昀氀ow due to increased impervious surfaces, 
alteration and reduction of vegetation which 

decreases initial abstraction, and drainage systems 

that reduce the time it takes runo昀昀 to reach streams 
(USGS 2019). HEC-HMS models have been used 
to show that increases in stream昀氀ow are directly 
proportional to the rate of urbanization (Amini et 

al. 2011). It makes sense that urban development 
and other changes in a watershed produce changes 

in 昀氀ow at the mouth of the watershed. A reason 
that could explain why the percent of urban land 

use of a watershed at a single point in time was 

a good predictor of change in maximum 昀氀ows is 
that, as discussed previously, the rate of runo昀昀 due 
to increasing precipitation is ampli昀椀ed by urban 
land use (Changnon and Demissie 1996).

The creation of urban lands is not the only 

way humans develop landscapes. This study’s 

HDI is comprised of urban and agricultural land 

use, bringing in the in昀氀uence of pastures and 
agricultural land management on changes in stream 

昀氀ow statistics. The strong relationship between 
2019 HDI and change in maximum 昀氀ows is likely 
due to changes in soil quality and compaction 

and changes in vegetation in agricultural lands 

(O’Connell et al. 2007) in addition to the factors 
caused by urban changes. Undeveloped forests 

have greater in昀椀ltration rates than cultivated 昀椀elds 
or grazed pastures (Bharati et al. 2002), meaning 
a greater amount of precipitation that falls on 

agricultural land becomes runo昀昀 and can contribute 
to maximum 昀氀ows than precipitation that falls on 
undeveloped forest land. 

The Osage Creek near Elm Springs (USGS site 

07195000) watershed has more than double the 
2019 urban land use and change in urban land use 
than those of the next highest analyzed watersheds. 

Also, its 2019 HDI is 18% higher than the watershed 
with the next highest 2019 HDI. For these reasons, 
it is no surprise that that gage at Osage Creek near 

Elm Springs showed the largest percent change 

per year in maximum 昀氀ows (of those changes 
that were at least moderately signi昀椀cant) and had 
highly signi昀椀cant increases in all analyzed 昀氀ow 
statistics, except for the number of days with 昀氀ow 
exceeding the 5-year 昀氀ood, which was signi昀椀cant, 
not highly signi昀椀cant. Additionally, the watershed 
collects e昀툀uent discharge from three major 
WWTPs: NACA, Rogers, and Springdale, which 
helps to explain the highly signi昀椀cant increases in 
low 昀氀ows in this watershed.

Conclusion

While analyzing changes in 昀氀ows across 
their 昀氀ow regimes at various gages in NWA and 
northeast Oklahoma, along with the land use in their 

watersheds, the following conclusions were made:
• All analyzed gages had one or more 昀氀ow 

statistics with at least a moderately signi昀椀cant 
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increase, and all 昀氀ow statistics increased at least 
moderately signi昀椀cantly at two or more gages.

• There were no decreases of any signi昀椀cance in 
any 昀氀ow statistic at any gage. 

• In general, the development of urban land did 

not happen on undeveloped land, but instead 

happened on land that was previously used for 

agriculture.

• Increases in yearly maximum 昀氀ows were 
positively signi昀椀cantly correlated to 2019 
urban land use, 2001 to 2019 change in urban 
land use, and 2019 HDI.

• Increases in yearly minimum 昀氀ows were 
positively correlated to 2019 HDI with 
moderate signi昀椀cance.

• The growing urban areas need to consider 

how increasing stream昀氀ow in昀氀uence bank 
stability and potential 昀氀ooding and frequency 
downstream.

The increase in maximum 昀氀ows and the 
occurrence of certain 昀氀oods is concerning because 
of 昀氀oods’ damage to human life, property, and 
ecosystems. Knowing the relationships between 
昀氀ooding, 昀氀ood frequency, land use, and changes 
over time could help city o昀케cials in NWA plan and 
regulate land development changes in ways that 

mitigate 昀氀ooding. 

Acknowledgements

This manuscript was 昀椀rst drafted as part of the honors 
thesis requirements within the Civil Engineering 

Department and Honors College, University of 

Arkansas.  Partial funding for this project was provided 

by the Arkansas Water Resources Center 104B 
Program administered by the U.S. Geological Survey 

and authorized by the Water Resources Research Act, 
and the Biological and Agricultural Engineering and 

Civil Engineering Departments with the College of 

Engineering at the University of Arkansas.  The opinions 

and interpretations of are that of the authors and do not 

necessarily re昀氀ect that of these organizations.

Author Bio and Contact Information

Mr. Tim McMullen was an undergraduate student in 

the Civil Engineering Department at the University of 

Arkansas, and he is currently working as a civil water 

engineer at Merrick and Company. He worked on this 
project for his honors thesis research, managing data 

organization, completed data analysis, and drafting this 

manuscript to complete his honors requirements for 

graduation in May 2022. He may be contacted at tim.

mcmullen@merrick.com or 2480 W 26th Ave b225, 
Denver, CO 80211.

Mrs. Erin Grantz is a program manager and data 

scientist with the Arkansas Water Resources Center, and 
she is currently working on her Ph.D. in Environmental 

Dynamics at the University of Arkansas.  She assisted 

with statistical analysis of these data over time, and 

she provided edits to the original manuscript.  She 

has an M.S. and B.S. in Crop, Soil and Environmental 
Sciences from the University of Arkansas, and her 

graduate work focuses on water quality and watershed 

stoichiometry.  She may be contacted at egrantz@uark.

edu or 1371 West Altheimer Drive, Don Tyson Center 
for Agricultural Sciences, Fayetteville, AR 72704, USA.

Mr. Graham Thompson is an instructor with the 

Civil Engineering Department at the University of 

Arkansas and a design engineer with the Watershed 
Conservation Resource Center.  He has 29 years of 
experience in hydrology and water resources, and 

he was on Mr. McMullen’s honors thesis committee, 
providing technical input into the honors thesis research 

and editorial input to this manuscript.  He has a M.S. in 
Environmental Engineering from the New Mexico State 
University and a B.S. in Agronomy from the University 

of Arkansas.  He may be contacted at grahamt@uark.

edu, thompson@watershedconservation.org or 380 
West Rock Street, Watershed Conservation Resource 
Center, Fayetteville, AR 72701, USA.

Dr. Brian Haggard (corresponding author) is director 

of the Arkansas Water Resources Center and a professor 
in Biological and Agricultural Engineering Department 

with the College of Engineering at the University of 

Arkansas.  He worked with Mr. McMullen as his Honors 
Thesis Mentor in Civil Engineering to conceptualize 
this project, complete the data analysis, and draft the 

manuscript.  He has a Ph.D. in Biosystems Engineering 

from Oklahoma State University, a M.S. in Agronomy 
from the University of Arkansas, and a B.S. in Life 

Sciences from the Missouri University of Science and 
Technology.  He maybe contacted at haggard@uark.

edu or Engineering Hall 203, University of Arkansas, 
Fayetteville, AR 72701, USA.

References

Abubakar, B. 2013. Changes in channel morphology 
and its socio economic impact on the riverine 

communities in Yola area. International Journal of 

Environment, Ecology, Family and Urban Studies 

3(4): 23-30.



37 McMullen, Grantz, Thompson, and Haggard

Journal of Contemporary Water Research & EducationUCOWR

Amini, A., T.A. Mohammad, A.H. Ghazali, A.A. Aziz, 
and S. Akib. 2011. Impacts of land-use change on 
stream昀氀ows in the Damansara Watershed, Malaysia. 
Arabian Journal for Science and Engineering 36(5): 
713-720. 

Arkansas Department of Environmental Quality 
(ADEQ). 2009. Authorization to Discharge 
Wastewater under the National Pollutant Discharge 
Elimination System and the Arkansas Water and 
Air Pollution Control Act. Available at: https://
www.adeq.state.ar.us/downloads/webdatabases/
permitsonline/npdes/issuedpermits/ar0050024_
reissue_20091007.pdf. Accessed April 4, 2022. 

Berghuijs, W.R., E.E. Aalbers, J.R. Larsen, R. Transcoso, 
and R.A. Woods. 2017. Recent changes in extreme 
昀氀oods across multiple continents. Environmental 

Research Letters 12(11): 114035.
Bharati, L., K.-H. Lee, T.M. Isenhart, and R.C. Schultz. 

2002. Soil-water in昀椀ltration under crops, pasture, 
and established riparian bu昀昀er in midwestern USA. 
Agroforestry Systems 56(3): 249-257.

Billota, J.P. and J.M. Peterson. 2021. Minnesota 
stormwater research and technology transfer 

program – A comprehensive approach to 

collaborative research. Journal of Contemporary 

Water Research and Education 174: 155-170.
Booth, D.B., D. Hartley, and R. Jackson. 2002. Forest 

cover, impervious-surface area, and the mitigation 

of stormwater impacts. Journal of the American 

Water Resources Association 38(3): 835-845.
Brown, L.R., R.H. Gray, R.M. Hughes, and M.R. Meador. 

2005. Introduction to e昀昀ects of urbanization on 
stream ecosystems. American Fisheries Society 

Symposium 47: 1-8.
Changnon, S.A. and M. Demissie. 1996. Detection of 

changes in stream昀氀ow and 昀氀oods resulting from 
climate 昀氀uctuations and land use-drainage changes. 
Climatic Change 32: 411-421.

City of Rogers, Arkansas. 2018. Drainage Criteria 
Manual. Available at: https://www.rogersar.gov/
DocumentCenter/View/5065/Drainage-Manual-2-
9-21-PDF?bidId=. Accessed June 9, 2021. 

Colorado Water Conservation Board. 2006. Hydrologic 
analysis. In:  Colorado Floodplain and Stormwater 

Criteria Manual, pp. 100-631. Available at: Chapter 

9.pdf (state.co.us). Accessed January 8, 2024. 
Dai, A., T. Zhao, and J. Chen. 2018. Climate change 

and drought: A precipitation and evaporation 
perspective. Current Climate Change Reports 4(9): 
301-312.

Easterling, D.R, J. Arnold, T. Knutson, K. Kunkel, A. 

LeGrande, L.R. Leung, R. Vose, D. Waliser, and M. 
Wehner. 2017. Precipitation Change in the United 
States. U.S. Department of Commerce, Lincoln, 

Nebraska. 586: 301-335.
Edwards, P.J., E.A. Watson, and F. Wood. 2019. 

Toward a better understanding of recurrence 

intervals, bankfull, and their importance. Journal of 

Contemporary Water Research and Education 166: 
35-45.

Federal Emergency Management Agency (FEMA). 
2020. Michael Grimm Testimony to Committee 
on Science, Space and Technology. Available 

at: https://www.fema.gov/fact-sheet/michael-
grimm-testimony-committee-science-space-and-

technology. Accessed September 12, 2021.
Gashaw, T., T. Tulu, M. Argaw, A.W. Worqlul, T. Tolessa, 

and M. Kindu. 2018. Estimating the impacts of 
land use/land cover changes on ecosystem service 
values: The case of the Andassa watershed in the 
Upper Blue Nile basin of Ethiopia. Ecosystem 

Services 31(A): 219-228.
Haan, C.T. 1994. Statistical Methods in Hydrology. Iowa 

State Press, Ames, Iowa.

Harmel, R.D., C.T. Haan, and R. Dutnell. 1999. Bank 
erosion and riparian vegetation in昀氀uences: Upper 
Illinois River, Oklahoma. Transactions of ASAE 

42(5): 1321-1329.
Hauer, C., G. Unfer, M. Tritthart, and H. Habersack. 2011. 

E昀昀ects of stream channel morphology, transport 
processes and e昀昀ective discharge on salmonid 
spawning habitats. Earth Surface Processes and 

Landforms 36(5): 672-685.
Helsel, D.R., R.M. Hirsch, K.R. Ryberg, S.A. Arch昀椀eld, 

and E.J. Gilroy. 2020. Statistical Methods in Water 

Resources. Techniques and Methods 4-A3. U.S. 
Geological Society, Reston, VA.

Hutton, N.S. and M.J. Allen. 2021. Flood hazard 
awareness at Old Dominion University: Assessment 
and opportunity. Journal of Contemporary Water 

Research and Education 172: 19-33.
Lin, X., J. Harrington Jr., I. Ciampitti, P. Gowda, D. 

Brown, and I. Kisekka. 2017. Kansas trends and 
changes in temperature, precipitation, drought, and 

frost-free days from the 1890s to 2015. Journal of 

Contemporary Water Research and Education 162: 
18-30.

Loveland, T.R., T.L. Sohl, S.V. Stehman, A.L. Gallant, 
K.L. Sayler, and D.E. Napton. 2002. A strategy for 
estimating the rates of recent United States land-

cover changes. Photogrammetric Engineering and 

Remote Sensing 68(10): 1091-1099.



38

UCOWRJournal of Contemporary Water Research & Education

Changes in Stream昀氀ow Statistics and Catchment Land Uses Across Select USGS Gages

McCabe, G. and D.M. Wolock. 2002. A step increase 
in stream昀氀ow in the conterminous United States. 
Geophysical Research Letters 29(24): 38-1-38-4.

Merz, B., H. Kreibich, R. Schwarze, and A. Thieken. 
2010. Assessment of economic 昀氀ood damage. 
Natural Hazards and Earth System Sciences 10(8): 
1697-1724.

Mondal, S. and P.P. Patel. 2018. Examining the utility 
of river restoration approaches for 昀氀ood mitigation 
and channel stability enhancement: A recent review. 
Environmental Earth Sciences 77: 195.

Najibi, N. and N. Devineni. 2018. Recent trends in the 
frequency and duration of global 昀氀oods. Earth 
System Dynamics 9(2): 757-783.

National Oceanic and Atmospheric Administration 

(NOAA). 2021. JetStream. Available at: https://www.
weather.gov/jetstream/flood#:~:text=While%20
the%20number%20of%20fatalities,tornadoes%20
and%2045%20for%20hurricanes. Accessed 

September 12, 2021.
National Resources Conservation Service (NRCS). 2001. 

Stream Corridor Restoration Handbook. Available 
at: https://www3.uwsp.edu/cnr-ap/UWEXLakes/
PublishingImages/resources/restoration-project/
StreamRestorationHandbook.pdf. Accessed April 

5, 2022. 
National Water Information System. Available at: 

https://waterdata.usgs.gov/nwis. Accessed January 

24, 2024.
National Weather Service (NWS) 2022. Fayetteville 

Monthly/Yearly Rainfall. Available at: https://www.
weather.gov/tsa/climo_fyv_pcp_month/. Accessed 

February 22, 2022.
New Jersey Department of Environmental Protection 

(NJDEP). 2016. Available at: https://www.
njstormwater.org/bmp_manual/NJ_SWBMP_1_
昀椀nal_%209-27-16.pdf. Accessed September 19, 
2021.

O’Connell, E., J. Ewen, G. O’Donnell, and P. Quin. 
2007. Is there a link between agricultural land-use 
management and 昀氀ooding? Hydrology and Earth 
System Sciences 11(1): 96-107.

Paul, M.J. and J.L. Meyer. 2001. Streams in the 
urban landscape. Annual Review of Ecology and 
Systematics 32: 333-365.

Pierce, S.C., R. Kroger, and R. Pezeshki. 2012. Managing 
arti昀椀cially drained low-gradient agricultural 
headwaters for enhanced ecosystem functions. 

Biology 1(3): 794-856.
Ra昀昀, D.A., T. Pruitt, and L.D. Brekke. 2009. A 

framework for assessing 昀氀ood frequency based 

on climate projection information. Hydrology and 

Earth System Sciences 13(11): 2119-2136.
Rumsey, C.A., M.P. Miller, D.D. Susong, F.D. Tillman, 

and D.W. Anning. 2015. Regional scale estimates 
of base昀氀ow and factors in昀氀uencing base昀氀ow in the 
Upper Colorado River basin. Journal of Hydrology: 

Regional Studies 4B: 91-107.
Schilling, K.E. and R.D. Libra. 2003. Increased 

base昀氀ow in Iowa over the second half of the 20th 

century. Journal of the American Water Resources 

Association 39(4): 851-860.
Shultz, S. 2017. The extent and nature of potential 

damage to commercial property structures in the 

midwestern United States. Journal of Contemporary 

Water Research and Education 161: 81-91.
Smakhtin, V.U. 2001. Low 昀氀ow hydrology: A review. 

Journal of Hydrology 240(3-4): 147-186.
Smoot, D.E. 2021. Arkansas Wastewater Treatment Plant 

Seeks to Increase Pollutants Discharge. Tahlequah 

Daily Press, January 29, 2021. Available at: https://
www.tahlequahdailypress.com/news/state_news/
arkansas-wastewater-treatment-plant-seeks-to-

increase-pollutants-discharge/article_49ae27f5-
5c6b-5b9e-aa60-60ca6655d419.html. Accessed 

January 8, 2024.
Son, J.-H., C.C. Watson, D.S. Biedenharn, and K.H. 

Carlson. 2011. Reactive stream stabilization for 
minimizing transport of phosphorus and nitrogen 

from agricultural landscapes. Journal of Water 

Resource and Protection 3(7): 504-512.
Stogner, Sr., R.W. 2000. Trends in Precipitation and 

Stream昀氀ow in the Fountain Creek Watershed, 
Southeastern Colorado, 1977-99. USGS Fact Sheet 
136-00. Available at: https://pubs.usgs.gov/fs/
fs-136-00/pdf/fs136-00.pdf. Accessed January 8, 
2024.

Stroud Water Research Center. 2021. WikiWatershed. 
Available at: https://wikiwatershed.org/. Accessed 

January 9, 2022. 
Tillery, J.A., K.H. Carlson, and C.C. Watson. 2003. 

Role of stream stability and channel morphology 
in controlling phosphorus export from agricultural 

watersheds. In: Proceedings of the Twenty-third 

Annual AGU Hydrology Days. Colorado State 

University, Fort Collins, CO.

Trenberth, K.E. 1998. Atmospheric moisture residence 
times and cycling: Implications for rainfall rates and 
climate change. Climatic Change 39: 667-694.

United States Census Bureau. 2022. 2020 Census 
Results. Available at: https://www.census.gov/.  
Accessed April 4, 2022.



39 McMullen, Grantz, Thompson, and Haggard

Journal of Contemporary Water Research & EducationUCOWR

United States Environmental Protection Agency 

(USEPA). 2002. Onsite Wastewater Treatment 
Systems Manual. Available at: https://www.
epa .gov / s i t e s /p roduc t i on / f i l e s /2015 -06 /
documents/2004_07_07_septics_septic_2002_
osdm_all.pdf. Accessed April 4, 2022.

United States Environmental Protection Agency 

(USEPA). 2003. Ecoregions of Arkansas. Available 
at: https://gaftp.epa.gov/EPADataCommons/ORD/
Ecoregions/ar/ar_front.pdf. Accessed February 8, 
2022.

United States Environmental Protection Agency 

(USEPA). 2011. Summary of State Stormwater 
Standards. Available at: https://www3.epa.gov/
npdes/pubs/sw_state_summary_standards.pdf. 

Accessed December 11, 2023.
United States Environmental Protection Agency 

(USEPA). 2021. De昀椀nition and Characteristics 
of Low Flows. Available at: https://www.
epa.gov/ceam/definition-and-characteristics-
low-flows#:~:text=Low%20flow%20is%20
the%20%22flow,for%20setting%20permit%20
discharge%20limits. Accessed January 8, 2024.

United States Environmental Protection Agency 

(USEPA). 2022. Urbanization – Hydrology. 
Available at: https://www.epa.gov/caddis-vol2/
caddis-volume-2-sources-stressors-responses-
urbanization-hydrology. Accessed April 3, 2022.

United States Geologic Service (USGS). 2019. Surface 
Runo昀昀 and the Water Cycle. Available at: https://
www.usgs.gov/special-topic/water-science-school/
science/surface-runo昀昀-and-water-cycle?qt-science_
center_objects=0#qt-science_center_objects . 

Accessed October 5, 2021.
University Corporation for Atmospheric Research 

Center for Science Education (UCAR). 2021. 
The Water Cycle and Climate Change. Available 
at: https://scied.ucar.edu/learning-zone/climate-
change-impacts/water-cycle-climate-change. 

Accessed October 11, 2021.


