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Abstract:

Rivers are unique ecosystems that are constantly under risk of being overused and
degraded to a point where native species are put at risk. In order to best protect species, it is
important to understand the microhabitats that they depend on. This studyrenes the
impact of waterfalls on dissolved oxygen, water temperature, turbidity, and stream velocity,
and the impact of these habitat characteristics on fish diversity at various locations upstream
and downstream from the falls on the Big Sioux Riv&idux Falls, South Dakota. Habitat
conditions were found to be significantly different (p<0.05) when comparing upstream and
downstream conditions for all of the characteristics except water temperature. Dissolved
oxygen and velocity were found to be higldownstream than upstream, while water clarity
was found to be lower downstream (indicating a higher turbidity). Fish diversity was found to
be higher upstream from the waterfall, however, not at a statistically significant level. Velocity
was found to hae the greatest impact on determining the diversity of fish at a particular
location.

Introduction:

Rivers are often taken for granted by humans because they can be found with relative
ease throughout much of the world. In reality, these systems are Hgtgaite unique when
compared to other aquatic ecosystems. Only about 0.006% of all freshwater or about 0.0002%
of all water on earth is found in rivers (United States Geological Survey 2016). Despite the
relative rarity of rivers compared to other souscef water, rivers are important features in
human life because they provide numerous commaodities including drinking water, recreation,
food, and transportation.

The great demand for the use of rivers by humans can introduce many threats to natural
river ecosystems. One example of a threat to rivers that causes concern is the overuse of water
for irrigation and drinking water, which can physically take away themthat a riverine
ecosystem needs to function. Another example of threats to river ecosystems is that rivers have
KAAaU2NAROItt& 0SSy dza SR (-2f-sight, ddeBY AlyoR€e  YLS2yT f | dziAA(G2R
which gives little to no consideration for tfaguatic habitat conditions downstream and can
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lead to the creation of anoxic habitat conditions resulting in lasgale fish kills. Dams can also
create a variety of threats to riverine ecosystems by preventing fish migration further
upstream, trapping s@iment, and altering river flows that could put biodiversity in native
ecosystems at risk.

Biodiversity is important in ecosystems for a variety of reasons, ranging from economic
to environmental. From an agricultural perspective, one of the greatest ananbenefits from
a biodiverse ecosystem is a greater protection from environmental extremes, such as drought.
A more diverse ecosystem includes a wider variety of plants, some of which are likely to be
more drought tolerant than others. Therefore, if aodight strikes, the more drought tolerant
plants could still survive and provide food, while if it were an ecosystem with low biodiversity,
such as a monoculture, nearly all of the plants could be eliminated by the drought. Along those
same lines, more biaderse ecosystems are better able to recover from any sort of disturbance
because the species have different tolerances to disturbarBmdiversity is also important
because it provides humans with various resources, such as food, medicine, and ravalhater
that are required for everyday life. When considering the importance of biodiversity, it
becomes clear that it should be protected as best as possible, especially in unique ecosystems,
such as rivers.

In order to best protect biodiversity in river egygstems, it is important to understand
which habitats of a river have the greatest biodiversity in order to adequately protect species.
One natural landform that could create unique microhabitat conditions in rivers is waterfalls.
These unique microhabitatcould have the possibility of housing unique species better suited

to the harsher environment below a waterfall. However, the impacts of waterfalls on habitat



conditions have been examined in relatively few studies. Waterfalls have the obvious impact of
preventing fish from moving further upstream, but they could also have potential impacts on
physical and chemical characteristics of a river as well. These potential differences in the
characteristics of the river could create microhabitats that are unigyben compared to the
surrounding river system. Waterfalls also have a cultural and tourism importance which
provides further incentive to improve water and river quality in those areas. While waterfalls
have been occasionally studied from cultural andrisin aspects, relatively few studies have
been done on the impact of waterfalls on river characteristics and fish diversity (Clayton and
Pearson 2016). Therefore, this study will attempt to address how waterfalls affect river
characteristics and the impatitose differences have on fish diversity upstream and

downstream from the waterfall.

Literature Review:
1. Waterfalls

Waterfalls have long been a source of admiration as aspects of cultural geography and
tourism (Hudson 2002; Hudson 2013). One reason feirterest of cultural geographers is the
barriers posed by waterfalls to transportation and travel (Hudson 2013). Some cultural
geographers are also interested in the impact of waterfalls on artistic and religious aspects of
different areas. However, degp the interest in waterfalls from the general public, tourism,
and cultural geography standpoints, relatively little literature, especially recent research, is
available on the physical processes of waterfalls and their impacts on the characteristics of

rivers.



1.1. Formation

Before being able to determine the impact a waterfall may have on various
characteristics of a river, it is important to consider the processes by which waterfalls form and
operate. Waterfalls can form through a variety of processes.grimary process of formation
is through undercutting (Chisholm 1885; von Engeln 1929; von Engeln 1940; Micalizio 2013;
BBC 2014). Undercutting occurs when a river flows over a harder layer of rock that is located on
top of a softer layer of rock. As veatflows over the rock layers, the softer rock erodes faster
than the harder layer. The softer rock then cuts under the harder layer creating an overhang
that the water flows over creating the waterfall. As the weaker rock gets eroded more and
more, the odcropping ledge of the more resistant rock becomes unstable and can fall into the
plunge pool below (Micalizio 2013; BBC 2014). This process causes most waterfalls to migrate
slowly upstream. Because waterfalls tend to form in areas with relatively hatdlagers that
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surface during the tectonic processes that create mounté@issholm 1885).

There are also several less common ways that waterfalls are formed. Waterfalls can
occur anywhere where a river falls over a steep gradient in the landscape. As a result, tectonic
landforms, such as fault lines, mountains, olcamoes can also contribute to forming a
waterfall by interfering with the natural path of the river (Micalizio 2013). Glaciers are also able

to create waterfalls (von Engeln 1940; Micalizio 2013). Von Engeln describes several waterfalls

that were formed ly glacial processes in the Finger Lakes region of New York (1940). The
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glaciers created hanging valleys as they carved through the landscape. Once the glaciers
retreated, rivers and streams began to flow over the edges of those hanging valleys forming

waterfalls.

1.2 Impact on River Characteristics

While the formation processes of waterfalls is relatively well documented, one topic
related to waterfalls that there seems to be relatively little scientific literature on is the impact
of waterfalls on various chiacteristics of rivers, such as turbidity, discharge, water
temperature, and dissolved oxygen. Despite this, some information could be found about those
characteristics of rivers in general that can likely be applied to waterfalls as well.

Turbidity is siply a measurement of the clarity of a liquid (Minnesota Pollution Control
Agency 2008; United States Geological Survey 2016). Regarding rivers, a lack of clarity generally
comes from suspended sediments in the water or dissolved compounds in the water
(Minnesota Pollution Control Agency 2008). The main contribution to turbidity comes from
suspended sediments that a river picks up either from overland runoff or from the bed of the
river itself (Pielou 1998). Generally speaking, rivers that have a bed maafehapd rock will
typically have a lower turbidity, or be clearer, while rivers that run through areas with softer
rock or mostly sediment will have a higher turbidity and appear muddier (Pielou 1998). As
water crashes over a waterfall, the energy frone ttalling water is transferred into the rock
below the waterfall, which helps erode the rock and suspend the particles in the water column.
Because of this, it is expected that turbidity will be greater, meaning that the water would be

less clear, downstiam from the falls than upstream.



A higher discharge can also increase the sediment load, and therefore turbidity, of a
river (Hudson 2002). The main factors that affect the discharge of a river are thesexismal
area (width multiplied by the height)he slope of the river, and the roughness of the channel
bottom (Pielou 2008). It is not expected that discharge will differ above and below a waterfall
because no water is being added or removed from the system over the relatively short distance
of the waterfall. However, Micalizio found that as the slope of the river at the waterfall is
greatly increased, the velocity of a river increase as the river nears a waterfall (2013). No
information was available about what happens to stream velocity downstream & waterfall.
Similar to turbidity and discharge, temperature and dissolved oxygen are also partially
connected. Colder water can hold more dissolved oxygen than warmer water (Risberg 2009).
Generally, shallow, slowoving rivers will have a higher temature than deeper, faster
flowing streams (Jackson et al. 2001). At the same time these shallowem&ging streams
usually face higher biological oxygen demand due to higher respiration and decomposition
rates because of the higher temperature. THevated biological oxygen demand uses up some
of the dissolved oxygen in the water. As a result, these shallower;raloving streams
typically have lower dissolved oxygen levels than faster moving cold water streams. Streams
that have a high gradient witturbulence and surface agitation can-aerate the water
increasing the dissolved oxygen content of the water (Risberg 2009). Because of this, it would
likely be expected that dissolved oxygen content would be higher below a waterfall after it was

churnedup and reaerated than above a waterfall.



1.3 Barriers to Fish

Waterfalls can also have significant impacts on the organisms that live in a river. It has
been well studied and documented that waterfalls act as a barrier to fish migration upstream
effectively creating a natural barrier between fish populations in a stream (Rahel 2007;
Northcote 2010; Torrent&/ilara et al. 2011; Barbosa et al. 2015; Baker et al. 2017). These
barriers have the potential to create unique biota above and below the falls (Tterkéfara et
al. 2011; Barbosa et al. 2015; Baker et al. 2017). Once an individual has been washed over the
edge of the waterfall, it becomes permanently removed from the upstream community
(Northcote 2010). Covich et al. found that in the tropics, fiskediity is higher in below
waterfall pools than above waterfall pools, however, this study did not examine the potential
changes in habitat conditions due to the waterfall (2009). Baker et al. found that waterfalls
higher than six meters in height effeatly blocked all passage of fish (2017). While this initially
seems like a large height for a fish to overcome, Baker et al. reported the presence of some
species of fishGastromyzonin Borneo that have a suckermouth and modified pectoral and
pelvic finsthat allow them to climb almost vertical rocks. This likely means that the height of a
waterfall could be lower and still effectively block most species of fish. Despite the seemingly
impassable barrier of a waterfall, it is possible for fish to get adaimem with the intervention
of humans.

Rahel presents the idea that aquatic systems are becoming more homogenous because
humans provide species with ways to get around traditional barriers (2007). This may occur
through a variety of ways such as stockiaies and rivers with certain species of fish, through

the unintentional introduction of a hitchhiking invasive species, or through providing some sort



of bypass around the waterfall such as a canal. This could indicate that while waterfalls were
historicdly significant barriers to fish populations, they may pose less of a barrier and impact in

today's world where humans have heavily modified the environments around them.

2.  Environmental Tolerances of Fish

All of these characteristics of a river can afféna suitability of the river as a habitat for
FAAKD | dzi OKAyaz2zyQa ARSIF 2F Fy S02t23A0Fft yAOK
which the biotic and abiotic conditions give them the best chance for the survival and
reproduction of that specie (Barbosa et al. 2015). A variety of factors can affect the range that
a species can live in with the main factors being temperature, stream velocity, and dissolved
oxygen levels (Jackson et al. 2001). One of the critical aspects of determining wheuid bsh
found, especially among microhabitats, is dissolved oxygen. Coble found that at locations in a
river where the average dissolved oxygen levels in the summer were greater than 5 mg/liter, a
higher number of fish species were present than at locetiorhere dissolved oxygen levels
were below 5 mg/liter (1982). The lethal level of dissolved oxygen varies among fish species,
but is generally below 3.0 mg/liter (Doudoroff and Shumway 1970). In general, the minimum

level of dissolved oxygen needed fonealthy fish population is 5.0 mg/l (Edwards 1983).

3.  Study Area: Big Sioux River
This study will focus on the falls of the Big Sioux River in southeastern South Dakota. The
Big Sioux River begins in northeastern South Dakota near Summit and flows south for

approximately 420 miles (676 km) into the Missouri River near Sioux City, lowa (Jorgensen and
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Ackroyd 1973; East Dakota Water Development District 2018) (Figure 1). The river flows
through a relatively weltlefined meandering channel with an average geadliof

approximately 2.6 feet per mile, except near Sioux Falls (Ellis, Adolphson, and West 1969,
Jorgensen and Ackroyd 1973). Many of the tributary streams that flow into the Big Sioux River
are intermittent and generally only flow in the spring followthg snow melt or during periods

of heavy rainfall.
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3.1. Big Sioux River Hydrology

The drainage basin area of the Big Sioux River is approximately 9,000 square miles
(23,310 kM) and drains parts of eastern South Dakota, southwestern Minnesota, and
northwestern lowa (East Dakota Water Development District 2018) (Figure 1). The basin was
formed during the Wisconsin Glaciation which carved out the river valley and deposited
sedimerts as it receded creating the Big Sioux River watershed (Flint 1955; Friends of the Big
Sioux River 2017). Most of the streambed is made up of permeable silt and sand, except the
Sioux quartzite formation in and around Sioux Falls. This Sioux quarthiésfeaindation for
the formation of the falls and will be discussed in the following section.

The Big Sioux River is an important source of water for several cities in eastern South
Dakota, especially Sioux Falls (Jorgensen and Ackroyd 1973; Rambow b898)er is
hydraulically connected to an aquifer in the region around Sioux Falls, which provides base flow
to the river in times of low flow and is recharged by the river in times of higher flow (Jorgensen
and Ackroyd 1973). The average annual disahafghe river is approximately 250 cubic feet

per second (cfs) (7.8s).

3.2  Formation of the falls of the Big Sioux River

The creation of the falls on the Big Sioux River was likely similar to the undercutting
process described above. As the river fldlu®ugh Sioux Falls, it flows over alternating strata
of softer rocks and the sediments that were deposited by glaciers during the Wisconsin
Glaciation and harder quartzite bedrock that was exposed during the same glaciation event but

formed much earlierJarrett 1994; Rambow 1999; South Dakota Department of Tourism 2009).
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The hard quartzite bedrock was first created over a billion years ago in the Precambrian era
(Flint 1955; Jarrett 1994; South Dakota Department of Tourism 2009). The quartzite started as
sand that was deposited on the floor of an ancient seabed (Rambow 1999; South Dakota
Department of Tourism 2009). As the layers of sand that were deposited started to build up,
the lower layers were put under immense heat and pressure, causing the rocks to
metamorphose forming the quartzite seen today (Rambow 1999). The resulting quartzite is
extremely hard and very resistant to weathering and erosion (Jarrett 1994).

As the river flows over these alternating layers of hard quartzite and softer rocks, the
river began to erode the softer layers faster than the hard quartzite. This process created a

nickpointover which the water plunged,

More resistant strata

forming the falls of the Big Sioux River.

——

waterfall formation. Today, the falls drop : p e S s -
N g o . "\ Weaker strata
(shale).

Nickpoint slowly
migrates upstream

approximately 100 feet (30.5 meters) in le:

Erosion undercuts

(a) Nickpoint  more resistant strata

than half a mile (0.8 km) (Rambow 1999;
Visit Siaix Falls 2018) with an average of
7,400 gallons (28,012 liters) of water flowin
over the falls every second (Visit Sioux Fal S

2018).

(0)

Figure2: (a) Diagram of waterfall formation, (b) Falls c
the Big Sioux River (Figure 11.20 from Elemental
Geosystems)
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3.3 Use of the Falls by the City of Sioux Falls

Rivers are widely used by humans, and the Big Sioux River and the thiésrorer are
no exception. Since the city of Sioux Falls was founded in 1856, the falls have been a center
point for the city from both a cultural and industrial aspect (Rambow 1999; Visit Sioux Falls
2018). As a result of the industrial goals inthe@arl LJ- NIi 2 F GKS OAGe&Qa KAad
were made to alter the flow of the river over the falls to maximize and harness the current for
industrial purposes. In 1880 and 1881, a small dam was built to power the large Queen Bee
Flour Mill that was costructed along the river near the falls (Rambow 1999). However, the mill
never succeeded and closed in 1883 partially due to a short supply of wheat and a lack of water
to power such a large mill (Rambow 1999; Visit Sioux Falls 2018). These problemstivere b
caused by a drought that occurred around the same time that the mill opened (Rambow 1999).

Following the failure of the mill, a hydroelectric power plant was constructed in 1908 by
using and enhancing the existing dam (Rambow 1999; Visit Sioux A#él)s Rbund the same
time, a channel that flowed around an island upstream of the falls was closed off to increase
flow through the main channel providing a stronger current for the hydroelectric generators.
The hydroelectric plant was decommissioned iT2@nd donated to the city in 1977. The dam
has been partially removed since then allowing that part of the river to partly return to its
natural flow pattern in that area (Rambow 1999). The falls are now incorporated into the Sioux

Falls parks system aanp of the 123 acre Falls Park located north of downtown Sioux Falls (Visit

Sioux Falls 2018).
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A dam and diversion channel were built in the late 1950s to help manage and control
flooding in the area from the Big Sioux River (National Weather Servicejafhand the start
of the diversion channel were built north of the Sioux Falls Regional Airport and reconnected
with the main river channel after flowing down the spillway a little under a mile downstream
from the falls. The dam and diversion channel reglthe amount and velocity of water that
flows through the central part of the city and over the falls, especially during high precipitation

events.

3.4 Water Quality Requirements of the Big Sioux River

The Big Sioux River has been designated as a Warmvatep&manent Fish Life
Propagation waterbody by the State of South Dakota (City of Sioux Falls). The Administrative
Rules of South Dakota (ARSD) define Warmwater Semipermanent Fish Life Propagation waters
Fd g GSN) 02RASA GKI G ife aadbare soithbfe foiitie propagidhdd NI | |j dz
maintenance, or both, of warmwater fish but may suffer occasional fish kills because of critical
YIGdzNF £ O2yRAGAZ2YEAE S6TnYpmYamYnmMOod® { SOSNIt gt
this designation. Dis$eed oxygen levels must be higher than or equal to 5.0 mg/L, the
temperature must remain below @0 @pproximately 32 ), pH must stay between 6.5 and 9.0,

and total suspended solids cannot exceed 158 mg/L in a single day (ARSD 74:51:01:48).

3.5 Fishes in theBig Sioux River near Sioux Falls
In 1967, James Sinning sampled the fish communities of the Big Sioux River at 13

locations along the course of the river. At a location north of Sioux Falls, the three most
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commonly found fish species were sand shitdwt{opis stramineuy red shiner Cyprinella
lutrensig, and common carpQdyprinus carpip(Sinning 1968). At this location, a total of 15
species were found. At a location three miles (4.8 km) east of Sioux Falls, common carp, red
shiner, and black bullheg@meiurus melaswere the most commonly found fish species. At
this location, a total of 11 species were found. The same 13 sites were later sampled again by
Dieterman and Berry and found that the average species richness was higher in 1994 than in
1967 (P98). However, Dieterman and Berry do not specify which species were caught at each
site, so there is no way to directly compare how the two locations near Sioux Falls had changed
since 1967.

The South Dakota Game, Fish, and Parks (SDGFP) have alszatyssboicked the river
in Minnehaha County with some species, mainly game fish. The most recent record of fish being
stocked into the river was in 1995 when some black bullhead and yellow geecba

flavescenswere added to the river (SDGFP).

4. Hypotheses
Aquatic habitat conditions downstream of waterfalls are able to sustain a higher
diversity of fish species when compared to upstream from waterfalls due to more favorable
levels of dissolved oxygen, turbidity, temperature, and velocity. It is expehtgdiost of the
observed difference will be due to higher dissolved oxygen levels below the falls after the water
gets churned up by falling over the rocks. Turbidity is also expected to be higher below a
waterfall because the falling water is likely tade and carry away the rock and sediments at

the base of the falls. Temperature is expected to be higher below the falls because the water is
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expected to be flowing slower and sloweroving streams generally have a higher
temperature. Finally, it is expead that the velocity will be lower below a waterfall because the
water will likely slow down after hitting and transferring its energy into the rocks and sediments

in the plunge pool at the base of a waterfall.

Methods:
1. Sampling Locations

Water charactestics of the Big Sioux River were sampled at eight locations over an
approximately twemile reach centered around Falls Park in Sioux Falls, South Dakota. The first
two sampling locations were chosen directly above and directly below an offshoot watdrfall
the main falls. Only samples for dissolved oxygen, temperature, and turbidity were taken at
these two locations due to safety concerns of wading into the river because of the swift
current.

The remaining six sampling locations were split evenly betvgpstream and
downstream. Three sampling locations were chosen within one mile upstream of the main falls
and three sampling locations were chosen within one mile downstream of the main falls (Figure
3). The first locations, both upstream and downstreamareviocated approximately 0.25 miles
(0.4 km) away from the main falls. These two locations were chosen by being as close to the
falls as possible while ensuring safety while working in the river for sampling. The second
locations were located approximate0.50 miles (0.8 km) away and the third locations were
located approximately 0.75 miles (1.2 km) away from the main falls. At these six locations,

samples were taken to determine dissolved oxygen, temperature, turbidity, and fish species
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present. The did@arge and velocity were only measured at the Upstream 1 and Downstream 1

sites.

Figure3: Sampling Locations along the Big Sioux River in Sioux Falls, SD
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