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ABSTRACT: Bolin Creek, located in Chapel Hill, North Carolina, a highly urbanized town, has been listed on the NC 303 (d) 
list of impaired waters since 2003. The objective of this study was to investigate potential connections between urbanization and 
the declining water quality of Bolin Creek. Data were collected on the water chemistry and benthic macroinvertebrates of Bolin 
Creek and two reference streams. A strong negative correlation was found between the percentage of developed land around the 
stream sites and stream water quality. Correlational data on conductivity, turbidity, and nutrient concentration indicated that urban 
runoff, associated with the high percentage of impervious surface cover in Chapel Hill, largely contributed to the degradation of 
the water quality of Bolin Creek. The results suggest the need for further action to improve the water quality of the stream. The 
researchers of the present paper suggest the following actions to help restore the water quality of Bolin Creek and create a more 
resilient watershed plan for the community: restoration of the riparian buffer along Bolin Creek, policy and educational changes 
in Chapel Hill, street cleaning, green roofs, the use of the Clean Water State Revolving Fund (CWSRF) revenue, and relevant 
public engagement. 

 KEYWORDS: Environmental Effects on Ecosystems; Ecology; Urban Runoff; Impervious Surfaces; Benthic 
Macroinvertebrates. 

�   Introduction
Signif icance of Water Quality:
The present study concerns water quality and how urban-

ization affects it. Freshwater is essential for life and scarce, 
as freshwater constitutes only 2.5% of the surface water of 
the Earth and is predominantly found in ice.¹ Presently, ag-
ricultural and urban development threatens the health of 
freshwater bodies, and population growth is decreasing fresh-
water accessibility.¹ In 2020, 26% of the world’s population 
lacked clean drinking water and water services, and 2.3 bil-
lion people currently live in “water-stressed” environments.² 
Lower water quality increases the resources necessary to treat 
drinking water.³ Studies reviewed by Carpenter et al. (2011) 
highlight that water quality is a major indicator of human 
health, and that decreased habitat biodiversity is associated 
with increased diseases in humans.¹

Streams purify water, control flooding, decompose waste,⁴ 
and remove contaminants and added nutrients.⁵ Studying 
streams such as Bolin Creek is also important because streams 
and other water bodies are part of a complex, connected net-
work of ecosystems. Ecosystems are fragile and more sensitive 
to stressors than individual organisms.⁶ Currently, anthropo-
genic factors such as agriculture, urbanization, climate change, 
and invasive species synergistically threaten ecosystems glob-
ally.¹ Ecosystem services form the foundation of human life 
and the basis of human economic activity.⁷,⁸ They provide 
ecosystem goods, such as timber and biomass fuels; support 
the life humans depend on; purify air and water; stabilize cli-
mates; and provide support and regulation services such as 
pollination, the dispersal of seeds, and control of pests.⁷ Pre-
dicting the extent of the effects of anthropogenic stressors on 
ecosystems is complicated in that human impacts on ecosys-
tems can affect societies elsewhere.⁸

Urbanization:
Currently, more than 4 billion people live in urban areas, 

and global urbanization is projected to further increase.⁹ 
High probability estimates show an increase of 1.2 million 
km² in urban land cover by 2030.¹⁰ The effects of urbaniza-
tion remain complex and our knowledge of its effects remains 
limited.¹¹ There are benefits to urbanization; for example, the 
high-density development in urban areas could decrease total 
energy use and greenhouse gas emissions compared to sub-
urban areas.¹⁰ However, urbanization affects water quality, as 
well as ecosystem services derived from water bodies.¹² Below, 
two specific ways by which urbanization affects water quality 
are described: contaminated runoff and thermal pollution.

Runoff:
Urbanization increases the amount of impervious sur-

face cover (ISC) in a watershed, which decreases infiltration 
rates.¹³-¹⁶ Impervious surfaces are made of impermeable ma-
terials such as asphalt and concrete, and they are found in 
rooftops, parking lots, roads, and other works of infrastruc-
ture.¹⁷ Increased ISC can increase stream channel erosion 
because impervious surfaces are hydrologically active, mean-
ing that they can generate runoff that flows directly into the 
stream channel.¹⁷ Together with increased artificial drainage 
systems (e.g., pipe drains and ditches), urbanization and ISC 
have large effects on the amount and intensity of runoff.¹¹,¹⁸-²⁰ 
Sun and Caldwell (2015) have demonstrated the existence of 
a strong exponential correlation between imperviousness and 
runoff (R²= 0.92).¹² 

Stormwater runoff can directly contribute to the pollution 
of water bodies, and if stormwater drains into treatment facil-
ities through pipes, overloads wastewater treatment facilities 
and impair sewer systems.²¹ In addition, the increased inten-
sity of the flowing water of runoff entering streams increases 
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erosion in the stream channels, which degrades stream wa-
ter quality²² and increases sedimentation.²⁰ While runoff has 
physical effects on water bodies and streams, the most import-
ant way that runoff harms aquatic life is the toxins that runoff 
carries into freshwater ecosystems.²³ Runoff can contain con-
taminants washed off cars and from roads, chemicals used by 
industry and by the public, and chemicals deposited from the 
atmosphere. Atmospheric inputs of pollution (e.g., from in-
dustry or automobiles) also affect water bodies through direct 
transfer to water bodies, even without runoff.¹, ²¹ Runoff and 
municipal waste can contain organic compounds; heavy met-
als; acids; alkalis; pesticides such as insecticides, herbicides, 
fungicides; DDT and other banned substances; polychlo-
rinated biphenyls (PCBs), even though their use has been 
outlawed; petroleum-based organic compounds; phospho-
rus and nitrogen from fertilizers; and chlorides; all entering 
water bodies and potentially poisoning aquatic organisms.¹,⁵ 
Water in urban areas can also contain human medication, in-
cluding antibiotics, narcotics, psychotherapeutic drugs, and 
chemotherapeutic drugs.¹²,⁵ Instead of infiltrating into the 
ground, the pollutants and solids accumulate in water bodies 
and the severity of this process are further accelerated as ISC 
increases the flow of runoff, leaving less time for the pollut-
ants to infiltrate into the ground.¹⁵, ²⁰ When the runoff does 
infiltrate, urban pollutants then pollute groundwater. One in-
dication of increased dissolved chemicals in water bodies is 
electrical conductivity (EC).⁵ EC is measured by the ability 
of an electric charge to pass through a water sample.²⁴ EC 
is an indicator of human disturbances to water.²⁵ Another 
indicator, turbidity, is a measure of the solids suspended in 
water and is measured by the amount of light absorbed and 
scattered by a water sample.²⁶,²⁷ Measurements of EC and 
Turbidity were used in this study. 

Urbanization, ISC, runoff, and the resulting pollution 
have impacts on aquatic ecosystems, which include fish, 
macrophytes, and macroinvertebrates.¹⁵,⁵ Ephemeroptera, 
Plecoptera, and Trichoptera (EPT) are examples of orders of 
aquatic insects sensitive to change in water quality and are 
useful as bioindicators because they are easily negatively af-
fected by water pollution.²³,²⁸,²⁹  Gresens et al. (2006) found 
that EPT taxa numbers were lower in urban sites than rural 
sites.²³ 

Benef its of Macroinvertebrate Use:
Pollution is broadly defined in Britannica as “the addition 

of any substance (solid, liquid, or gas) or any form of energy 
(such as heat, sound, or radioactivity) to the environment at 
a rate faster than it can be dispersed, diluted, decomposed, 
recycled, or stored in some harmless form.” Pollution “can 
have negative effects on the environment and wildlife and 
often impacts human health and well-being.” The extent of 
pollution can be assessed by examining damage to aquatic 
organisms.³⁰ 

Monitoring organisms in aquatic ecosystems is essential 
in evaluating the effects of pollution on water quality. 
One way to notice how the changes in water quality affect 
aquatic organisms is to monitor and identify the benthic 
macroinvertebrates (BMI) populations in waterways. 

Monitoring BMI survival has many benefits; they can be 
found in most aquatic habitats, they are affected by the phys-
ical and chemical conditions of the waterway, and they are 
generally sedentary in nature due to limited mobility, so they 
cannot escape acute water pollution events,³¹ and thus they can 
be used to indicate changes in water quality over the course of 
months and years.³²

Thermal Pollution and the Urban Heat Island Effect :
Urbanization is associated with thermal pollution. The Ur-

ban Heat Island Effect (UHI) is the process of urban areas 
heating up more rapidly than the surrounding areas due to 
decreased vegetation, increased heat-absorbing infrastructure, 
and increased heat-generating infrastructure.¹¹,³³ Bornstein 
(1968) found an average UHI intensity of 1.6 ℃ in his studies 
of New York City.³³ Magee et al. (1999)³⁴ studied two areas 
in Alaska from 1949 to 1997: Fairbanks, which underwent 
urbanization and population growth, and Eilson, which had 
similar geographic features but less urbanization and a steady 
population. The authors found a substantial difference be-
tween the heating of Fairbanks and Eilson, and that ⅕ of 
the heating of Fairbanks was attributed to the UHI. Thermal 
inversions, typical in the winter, cause heat and pollution to 
be trapped in urban areas,³⁴ and previously mentioned atmo-
spheric pollution can enter stormwater runoff.¹ Furthermore, 
layers of anthropogenic chemicals and air pollutantss, such as 
sulfur dioxide, water vapor, and smoke, also further re-radiate 
heat back to urban surfaces exacerbating the UHI.³³

Stormwater runoff can heat up significantly due to the heat 
conducted into the runoff by ISC,¹⁷ thereby transferring the 
heat into receiving water bodies.¹⁸ According to the United 
States Environmental Protection Agency (EPA; 2020),¹⁸ ther-
mal pollution stresses aquatic life in a variety of ways. Fish 
increase their metabolism in proportion to temperature, and 
large temperature increases can have fatal effects when the 
thermal tolerances of aquatic organisms are exceeded.6 Ad-
ditionally, warm water holds less DO than cold water due to 
entropy, reducing oxygen available to aquatic organisms and 
further degrading water quality.³⁵ Because fish are important 
members of, and even regulators of, aquatic ecosystems,¹ harm 
to fish can be inferred to affect many other organisms, includ-
ing benthic macroinvertebrates. 

Channelization :
Channelization is an example of anthropomorphic changes 

in aquatic ecosystems. The deepening and widening of streams 
by channelization destroy benthic habitats; straightening 
streams increases flow rates, affecting species and habitat qual-
ity.³⁶ Other species may decrease as channelization removes 
needed turbulent and rocky areas in streams with high oxy-
gen contents.³⁷ Studies reviewed by Brooker (1985) show that 
bankside trees and stable soils are often decreased due to chan-
nelization.³⁸ The removal of riparian buffer zones can increase 
the sunlight entering headwaters which can increase water 
temperature and alter the normal tenets of the River Continu-
um Concept described by Vannote et al. (1980).³⁷, ³⁹

History of Bolin Creek:
This study analyzed the water quality of Bolin Creek, which 

is located in Orange County, North Carolina, in the Cape Fear 
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river basin. It runs for 14½ km (9mi) through the cities of 
Carrboro and Chapel Hill and has an area of about 31 km² 
(11.98 mi²).⁴⁰,⁴¹ The land cover of the Bolin Creek watershed 
is 16.9% impervious.²⁰ Bolin Creek converges with Booker 
Creek to form Little Creek.⁴¹ Little Creek eventually flows 
into B. Everett Jordan Lake,⁴⁰ a source of water for hundreds 
of thousands of people.⁴²

Bolin Creek has had a history of troubled water quality. It 
is listed on the state of North Carolina’s 303 (d) list as a result 
of the excess sedimentation found in the creek.⁴⁰,⁴¹,⁴³ This in-
dicates that the creek has been unable to sustain the normal 
amount of biodiversity of a healthy stream.⁴⁰ The investiga-
tions by Beggs et al. (2012) of the North Carolina Department 
of Environmental Quality (NCDEQ) concluded that the wa-
ter quality of Bolin Creek worsened as it traveled downstream 
into a denser urban environment, starting at Carrboro and 
flowing into Chapel Hill.⁴⁰ As seen on the NCDEQ Benthic 
Monitoring Data website, the site nearest to the headwaters of 
Bolin Creek near Homestead Road had a bioclassification of 
“Good-Fair” while the site furthest downstream was classified 
as “Poor”.⁴⁴

Recently, multiple developments have accelerated the degra-
dation of Bolin Creek. In 2009, the Town of Carrboro, as part 
of its Bicycle Plan, proposed the replacement of the nature 
trail along Bolin Creek with a 10-foot wide paved path, elic-
iting a negative response from the community.⁴²,⁴⁵ Similarly, 
according to a report done by the North Carolina Department 
of Environmental and Natural Resources (NCDENR), both 
Bolin Creek and its neighboring Booker Creek were channel-
ized downstream of East Franklin Street to allow for straighter 
roads, railroads, and sewer and water lines.⁴¹

Broader Purpose:
The present study focused on the effects of urbanization 

and ISC on water quality in Bolin Creek, to aid organizations 
in removing Bolin Creek from the 303(d) list and mitigate 
the impacts of urbanization. We hypothesized that increased 
development around Bolin Creek would be correlated with 
a decrease in the water quality of the creek as determined by 
biological analyses on BMI assemblages, and measurements 
of physical and chemical parameters.
�   Materials and Methods
Overview:
This study researched the water quality of three sites at 

Bolin Creek as well as of two reference streams. The five sites 
were found using the NCDEQ Benthic Monitoring Data 
online interactive website.⁴⁴ Each site was chosen to represent 
a different bioclassification rank ranging from excellent to 
poor based on previous work (Figure 1). The “Excellent” 
reference site was at Pokeberry Creek (35.7742°, –79.1200°; 
Site ID: BB320). The “Good” site was at Morgan Creek 
(35.92361°, –79.11556°; ID: BB146). The “Good-Fair” site 
was located near State Road and Homestead Road (35.9436°, 
–79.08833°; ID: BB330). The “Fair” site was located at 
Bolin Creek near Village Road (35.92278°, –79.06667°; ID: 
BB449). The “Poor” site was located at Bolin Creek near 
East Franklin Street (35.92778°, –79.035°; ID: BB071). The 
research team tested riffles, areas of fast-moving 

shallow water passing over rock or sand that are optimal 
environments for aquatic organisms and BMI to inhabit.⁴⁶ 

Macroinvertebrate Collection:
In order to collect the BMI, the team followed the 2016 

NCDEQ Standard Operating Protocol (SOP) for the 
Collection and Analysis of Benthic Macroinvertebrates, 
specifically, the Qual-4 method.³² The Qual-4 method 
involved four steps: a riffle-kick, sweep, leaf pack, and visual 
search. The riffle kick involved kicking the benthos (3m2) for 
2min and letting BMI flow into a 1m wide net (with 1000μm 
mesh) downstream. A D-Net was used to sweep BMI from 
roots and undercut banks. All BMI were removed from leaf 
packs, and the visual searches involved BMI collection from 
riffle rocks, woody debris, and other features not previously 
sampled. Approximately 10–15 minutes were allocated 
to each step. All collected BMI were preserved in >70% 
ethanol solutions and stored in glass vials. After collection, 
the BMI were morphotyped using handheld magnifying 
glasses and identified to family using the Atlas of Common 
Freshwater Macroinvertebrates of Eastern North America as 
a reference.⁴⁷ In addition, previous NCDEQ BMI collection 
data were provided to the team by Mr. Eric Fleek from the 
NCDEQ as a reference to the taxa collected by the state of 
North Carolina.⁴⁸ Knowledge of previous BMI collections 
allowed the researchers to deduce the type of BMI, sometimes 
even identifying species.

North Carolina Biotic Index:
After identification (to family-level taxonomic group) and 

enumeration of each taxon, the BMI assemblages were used 
to determine the NCBI values of the stream sites. The NCBI 
score (equation 1) uses the abundance values and family-
level tolerance values (mean of all reported NC species in 
the family) of BMI taxa to determine a quantitative value of 
water quality, the mean tolerance value of the sample. The 
outputs range from 0.0–10.0, where the lower values indicate 
less tolerance for pollution and higher water quality. An 
abundance of pollution-intolerant species (e.g., EPT taxa) 
would indicate better water quality, whereas an abundance 
of pollution-tolerant species would indicate poorer water 
quality. The following equation for calculating a mean (e.g., 
from the NCDEQ SOP) was used to determine the NCBI:³²

Figure 1: A Google Maps depiction of Bolin Creek. The three tested sites 
(upstream to downstream) are marked with red circles: State Road, Village 
Road, and East Franklin Street.
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A lower value of the Biotic Index (B) signifies greater 
water quality with lower mean tolerance values. The resulting 
NCBI scores were compared to the bioclassification criteria 
according to the NCDEQ SOP Table 8 and ranked based on 
the scale from “Excellent” to “Poor” using the Piedmont area 
classifications.

Biodiversity Indices:
To prevent solely relying on the Biotic Index to determine 

the water quality of the stream sites, biodiversity was also quan-
tified using two indices: Simpson’s Diversity Index (equation 
2) and Shannon-Wiener Diversity Index (equation 3), which 
produced results in ranges of 0–1 and 0–5, respectively. These 
indices indicate the level of biodiversity and evenness within 
a sample. For the Simpson’s Diversity Index, which takes into 
account the dominance of species, numbers nearing the lower 
limit of the range represent relatively lower biodiversity and 
evenness whereas numbers nearing the upper limit represent 
relatively higher biodiversity and evenness. For the Shan-
non-Weiner Diversity Index, numbers nearing the lower limit 
of the range represent lower biodiversity while numbers near-
ing the upper limit of the range represent higher biodiversity. 
The formulas are displayed below:

Water Chemistry and Physical Water Properties:
Eight measurements of water chemistry and physical wa-

ter properties were collected at the five sites. The Vernier 
LabQuest® 2 probes and monitors were used to measure turbid-
ity in Nephelometric Turbidity units (NTU), dissolved oxygen 
(DO, mg/L), conductivity in microsiemens per centimeter (μS/
cm), pH, and water temperature (℃). All probes were “plug-
and-play” with the exceptions of the turbidity probe, which 
required calibration before each use, and the DO probe, which 
also required occasional calibration. A LaMotte Earth Force® 
Low-Cost Water Monitoring Kit was used to test approximate 
nitrate (NO₃, ppm) and phosphate (PO₄, ppm) concentrations, 

as well as the presence or absence of mammalian fecal coliform 
(Escherichia coli).

BEHI:
A modified Bank Erosion Hazard Index (BEHI) was used 

to assess the extent of bank erosion at each site. The specific 
BEHI procedure used, developed by Dave Rosgen of Wildland 
Hydrology, Inc., was written and explained by Rathbun (2008). 
Factors that affected BEHI scores49 included root depth, root 
density, surface protection, bank angle, and the presence of var-
ious types of rock/soil and stratification.

Discharge:
Baseline discharge, or the amount of water usually flowing 

through a river at any given point and measured in ft3/s, was 
determined and recorded at each of the five sites. The team 
followed the protocol created by the National Great Rivers Re-
search and Education Center for the calculations.⁵⁰ Briefly, this 
entaileds determining the cross-sectional area of the stream 
site in ft² multiplied by the water flow rate in ft/s.

Land Coverage Data:
Land coverage data for each of the areas around the wa-

tersheds that drained into their respective stream sites were 
collected through QGIS software with data retrieved from 
the USGS National Map as well as the National Land Cov-
er Database (NLCD).⁵¹ The NLCD is a product of the 
Multi-Resolution Land Characteristics (MRLC) Consor-
tium, a federal collaboration.⁵² The MRLC consortium uses 
Landsat satellite imagery as part of their data collection pro-
cedure. These data allowed for the categorization of urbanized 
land cover. The authors categorized the land use upstream to 
sampling sites into “low”, “medium”, and “high” groups based 
on the percentage of ISC in each watershed.⁵¹ “Low” entails 
20–49% ISC, “medium” entails 50–79% ISC, and “high” entails 
80–100% ISC. For the purposes of the study, low, medium, and 
high land uses were combined into one measurement of “de-
veloped land coverage”. In addition, the same methods were 
used to determine the percentage of agricultural and forested 
land cover. However, these data were not used in correlation 
calculations.
�   Results
North Carolina Biotic Index (NCBI) values ranged from 4 

to 7 and increased as Bolin Creek flowed further downstream, 
indicating decreasing water quality (Figure 2). State Road is 
upstream from Village Road, and Village Road is upstream 
from East Franklin Street. Developed land cover increased 
from State Road to East Franklin Street, but Village Road 
had a lower percentage of developed land cover than State 
Road (Table 1). Notice that the percentage of developed 
(impervious) land cover at the “Poor” site at E. Franklin Street 
was approximately six times greater than that of the “Excellent” 
site at Pokeberry Creek. Strong positive correlations were 
found between developed land cover and NCBI (Figure 3) 
as well as developed land cover and conductivity (Figure 4). 
Conductivity was moderately positively correlated with NCBI 
values (Figure 5). Turbidity was strongly positively correlated 
with NCBI (Figure 6). Nitrate and phosphate concentrations 
strongly positively correlated with developed land cover 
(Figure 7) and with NCBI values (Figures 8–9). In comparing 
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biodiversity scores determined using the Simpson’s Diversity 
Index (SDI) and the Shannon-Wiener Index, it was found 
that Pokeberry Creek had the highest level of biodiversity and 
Morgan Creek had the lowest level of biodiversity (Figure 10). 
From furthest upstream (State Road) to furthest downstream 
(East Franklin Street), Bolin Creek’s biodiversity decreased. 
Both biodiversity indices agreed on the relative biodiversity 
scores. It may appear that the SDI detected no difference 
between the biodiversity of Bolin Creek at State Road and 
Village Road (Figure 10), but closer analysis of the values 
indicated that it did. A moderately strong, positive correlation 
was found between SDI and dissolved oxygen (DO; Figure 
11). 

A moderate negative correlation was found between nitrate 
concentration and DO (R²= 0.60; not shown). A weak–
moderate positive correlation was found between DO and 
the number of EPT found at the sites (R²= 0.39; not shown). 
A strong but chemically unexpected correlation was found 
between DO and temperature (R²= 0.84; not shown). 

Correlations with R² values below 0.40 were not considered 
meaningful. However, a correlation approaching R²> 0.40 
was found between temperature and SDI (R²= 0.38). No 
meaningful correlations (not shown) were found between 
discharge and DO; turbidity and SDI; turbidity and the 
abundance of EPT; discharge and NCBI values; discharge 
and SDI; pH and NCBI values; temperature and NCBI; 
nitrates, phosphates, and SDI; or pH and SDI. No correlation 
was found between temperature and developed land cover 
(not shown). 

Water Chemistry and Physical Water Properties:

Figure 2: North Carolina Biotic Index values for three different sites at 
Bolin Creek and two reference streams (Pokeberry and Morgan Creeks).  

Table 1: Percentage of developed, forested, and agricultural land in the area 
that drains into each of the five study sites. Notice that the percentage of 
developed (impervious) land cover at the “Poor” site at E. Franklin Street was 
approximately six times greater than that of the “Excellent” site at Pokeberry 
Creek.  

Figure 3: The relationship between the percentage of developed land cover 
and the North Carolina Biotic Index value.  

Figure 4: The relationship between the percentage of developed land and 
conductivity.  

Figure 5: The relationship between conductivity and North Carolina Biotic 
Index scores.  

Figure 6: The relationship between the percentage of developed land cover 
and turbidity. Turbidity was measured in Nephelometric Turbidity Units, 
NTUs.   
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Temporal Changes: 
Figures 12–14 show changes in the water quality of the Bolin 

Creek sites at State Road, Village Road, and East Franklin 
Street over time, respectively. The water sites and graphs there-
of are ordered from best to worst quality in terms of NCBI 
score. In each graph, the red bar indicates the data recorded by 
this study. The remaining data is taken from Lenat Consult-
ing Services (2015) as well as data from the North Carolina 
Department of Water Resources (NCDWR), retrieved from 
the report by Lenat Consulting Services (2015).53 This study’s 
data were calculated using the “Qual-4” method. Lenat Con-
sulting Services (2015) mentioned other methods as well, such 
as the Standard Qualitative Method, so the comparisons may 
not be exact. However, since the NCBI takes the total abun-
dance of species into account, the comparisons are nonetheless 
valuable. Compared to 2015, the water quality of the site of 
Bolin Creek at State Road has increased (Figure 12). Since 
2002, the water quality of Village Road has increased, but 
the water quality is still lower than in 1998 (Figure 13). From 
March 2001 to July 2001, the water quality of Bolin Creek at 
East Franklin Street improved, but since July 2001 it worsened 
and remains at the same level as in March 2001 (Figure 14).  

Figure 7: The relationship between the percentage of developed land cover 
and nitrate and phosphate concentrations. The red data points and red line-
of-best-fit correspond to the correlation between the percentage of developed 
land and nitrate concentrations. The blue data points and line-of-best-fit 
correspond to the correlation between the percentage of developed land and 
phosphate concentrations.   

Figure 8: The relationship between nitrate concentration and North 
Carolina Biotic Index (NCBI) value.   

Figure 9: The relationship between phosphate concentration and North 
Carolina Biotic Index (NCBI) value.   

Figure 11: The relationship between Simpson’s Diversity Index scores and 
dissolved oxygen (ppm).   

Figure 12: The change in the Biotic Index values of Bolin Creek at State 
Road 1777 over time.   

DOI: 10.36838/v4i5.22

Figure 10: Biodiversity scores for the five tested sites as measured by both 
the Simpson’s Diversity Index (blue bars) and the Shannon-Wiener Diversity 
Index (red bars).   
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�   Discussion
Previous Studies and Observations: 
Observations of NCDEQ data and previous studies show 

that the water quality of Bolin Creek does not decline uni-
formly, and upstream sites may be improving in water quality 
over time (Figures 12–13). However, as the creek flowed further 
into Chapel Hill, the bioclassifications changed into “Fair” near 
Estes Drive and Village Road; then, it flowed to a “Poor” rating 
at Bolinwood Drive and East Franklin Street.⁴⁴ The Watershed 
Assessment Restoration Project (WARP) determined urban-
ization and its effects as causes for the impairment, linking 
“habitat degradation, riparian degradation, [...], and toxicity” 
as primary stressors of the Bolin Creek watershed,40 as well as 
the possible stressors of extreme temperatures, high oxygen de-
mand, and high nutrient levels.⁴⁰ The Bolin Creek Greenway, 
built in 1992, contributed to habitat and riparian degradation, 
as well as increased erosion along the banks of the river because 
of reduced vegetation to maintain bank stability, resulting in 
increased sedimentation in the stream substrate.⁴¹ The instal-
lation of paved paths creates impervious surface cover (ISC) by 
which stormwater runoff can flow directly into the river.⁵⁴ Un-
paved paths also create problems for the river as most unpaved 
paths are created in a “dip” shape which can erode and drain 
into the stream adjacent to the greenway, increasing sedimen-
tation in the water.⁵⁵

Bolin Creek has also had multiple sewage failures. The 
North Carolina Department of Water Quality (NCDWQ) 
non-discharge compliance unit data and the Orange Water 
and Sewage Authority (OWASA) recorded 4 sewage spills in 
the span of January 2000 to December 2002.⁴¹

Some efforts have been made to restore Bolin Creek. As a 
result of being on the 303 (d) list of impaired creeks, it qualified 
for an EPA 319 grant as part of the Clean Water Act.⁵⁶ The 
grant allowed the Bolin Creek Restoration Project (BCRP) 
to focus on repairing and controlling stream bank erosion, 
improving the overall water quality, and eliminating invasive 
species.⁵⁷ The BCRP included bank reshaping to reduce fur-
ther erosion; removing and replacing invasive species; creating 
“step-pools” to reduce erosion and create riffles for aquatic life; 
and building multiple bioretention cells to redirect stormwater 
drainage, reduce erosion, recharge groundwater, and filter pol-
lution.⁵⁷,⁵⁸

The Findings of this Study: 
The findings of this study supported the conclusion made by 

the NCDWQ Watershed Assessment Report that the water 
quality of Bolin Creek declines as it flows further downstream 
(Figure 2).⁴⁰ The site of Bolin Creek at East Franklin Street, 
furthest downstream of the sites tested, has more urban de-
velopment than the site of Bolin Creek at State Road, the site 
of Bolin Creek furthest upstream of the tested sites (Table 
1). The site at East Franklin Street also had the poorest wa-
ter quality in the study (Figure 2). In comparison, the site at 
State Road had the best water quality among the tested sites of 
Bolin Creek (Figure 2). Before the data collection, a decline in 
the water quality of Bolin Creek further downstream, as well 
as an increase in urbanized surroundings further downstream 
were observed, suggesting a correlation between urbanization 
and the declining water quality of Bolin Creek. The site of 
Bolin Creek at Village Road lies between State Road and East 
Franklin Street. According to the hypothesis that urbanization 
and poor water quality co-occur, Village Road’s water quality 
would measure between those of State Road and East Franklin 
Street. This study showed that this is indeed the case (Figure 
2). However, the site of Bolin Creek at Village Road had lower 
levels of development (ISC) than State Road (Table 1). This 
may be because Village Road has a lower percentage of forest 
land (Table 1).

The strong correlations found between developed land cover 
and declining water quality support the hypothesis that ur-
banization co-occurs with the declining water quality of Bolin 
Creek (Figure 3). The differences in development between the 
reference sites and the Bolin Creek sites in terms of ISC and 
development were associated with the decreased water qual-
ity of Bolin Creek. BMI populations were adversely affected 
in successive downstream sites on Bolin Creek (Figure 2). 
Sensitive BMI species’ population densities decreased, while 
densities of tolerant species increased. 

It was seen that electrical conductivity (EC) is an important 
effect of urbanization influencing water quality (Figures 4–5). 
EC was positively correlated with development (Figure 4) and 
declining water quality (Figure 5). Urban runoff can pick up 
pollutants,¹⁷,²³ as well as total dissolved solids (TDS).21 For 
example, Sartor et al. (1974) measured a weighted mean of 
1,400 pounds of TDS per curb mile in their study of 12 cities.²¹ 
Through urban and agricultural runoff, as well as sewage, TDS 
can accumulate in water bodies.⁵⁹ TDS, which also measures 
ions,²⁴ increases the EC of water. While the relation

Figure 13: The change in Biotic Index values of Bolin Creek at Village 
Road over time.   

Figure 14: The change in Biotic Index values of Bolin Creek at East 
Franklin Street over time.   

DOI: 10.36838/v4i5.22

ijhighschoolresearch.org



 133 DOI: 10.36838/v4i5.22

ship between EC and TDS is more complex in wastewater, the 
correlations between TDS and EC in natural water are sig-
nificant,²⁴ further explaining the associations found between 
developed land cover, EC, and declining water quality.

Turbidity was shown to be a factor of development associ-
ated with declining water quality, ISC, and runoff (Figure 6). 
Sedimentation is correlated with turbidity,²⁷ and sediments and 
nutrients can harm habitats and benthic aquatic organisms.⁶⁰ 
Higher turbidity levels lead to decreases in photosynthesis 
levels and resulting dissolved oxygen concentrations, and veg-
etation density.⁶⁰ This may explain the decrease in biodiversity 
as Bolin Creek flowed further downstream into more devel-
oped land (Figure 10) as DO was correlated with biodiversity 
(SDI; Figure 11). Algal growth increases turbidity,⁶¹ and in the 
events of algal blooms, turbidity measurements can inversely 
correlate with DO because of increased algal metabolic activity 
at night and increased aerobic bacterial decomposition of dead 
algae.⁶²

Nitrate and phosphate levels were correlated with devel-
opment and ISC (Figure 7). Increased nitrate and phosphate 
levels may cause higher turbidity and EC levels, as the nu-
trients cloud water. Urban areas are sources of nitrogen (N), 
found in nitrate ions, and phosphorus (P), found in phosphate 
ions, to aquatic ecosystems, for example from fertilized laws.⁶³ 
When runoff is insufficiently slowed, increased amounts of 
N and P can enter streams, providing essential nutrients for 
algal growth.⁶⁴ Growing human populations increase runoff 
and discharges of pollutants and sewage (including pet sew-
age), leading to cultural eutrophication, which entails pollution 
of water bodies by nutrients and toxic algal blooms.⁶³,⁶⁵ Algal 
populations increase in proportion to the amount of N and 
P, essential nutrients, in water bodies. A study of the Belgian 
Coastal Zone found a meaningful relationship between nitrate 
concentration in water and the growth of Phaeocystis globosa, 
a harmful algal bloom species, and an indicator of eutrophi-
cation.⁶⁶ Algae blooms can increase turbidity and algal toxin 
concentrations, and cause deoxygenation due to the decay and 
cellular respiration of excesses of algae.⁶² While nutrient pollu-
tion may lead to eutrophication, it is also important to consider 
that metals, toxins, and turbidity increases due to urban devel-
opment can negatively affect algae biodiversity and biomass, 
as shown by studies reviewed by Paul and Meyer (2001).⁵ It is 
clear, however, that nutrient pollution, similar to increased sed-
iment and suspended matter, was associated with development, 
runoff, and declining water quality.

Similar to the correlations found between development and 
nutrient pollution (Figure 7), Kim et al. (2016),⁶⁷ in their stud-
ies of 47 sub-watersheds over 5 years in the Han River Basin 
in Korea found a strong correlation between ISC and P levels. 
Ballasiotes et al. (2015) showed that in Bolin Creek, there was 
a higher level of N at East Franklin Street, which has 15.58% 
ISC, than at a site they tested with 14.23% ISC.²⁰ The site 
with 14.23% ISC had higher levels of N than another site 
they tested with an even lower ISC percentage of 9.23%. They 
found that N was “generally increasing” further downstream in 
Bolin Creek. 

Bolin Creek at East Franklin Street, the most developed site 
tested, has continually proved to have the poorest water quality 
of the three sampled sites at Bolin Creek (Figure 2). Compari-
sons between this study’s data and those of the NCDWR show 
that the water quality at East Franklin Street has not improved 
since 2001 (Figure 14). Chapel Hill currently has dangerously 
high levels of ISC.²⁰

The bioclassifcations determined by the NCBI scores cal-
culated were relatively consistent with the data from the 
NCDEQ, but there were some differences. The NCDEQ 
rated Bolin Creek at State Road (BB330) and Village Road 
(BB449) “good-fair” in 2001 and “fair” in 2002, respectively. 
This study, however, rated them as “good” and “good-fair,” re-
spectively. These findings may indicate that the water quality 
of the two sites has improved.

The hypotheses that the UHI effect and that pH impact 
Bolin Creek were not supported. The correlation found be-
tween temperature and DO was the opposite of what would be 
expected chemically. The short time span of the data collection 
likely contributed to inconsistent findings on temperature. Fur-
ther studies should be conducted to investigate the relationship 
between temperature and land cover at Bolin Creek. In ad-
dition, further research is needed to clarify the relationships 
between the pH of the water of Bolin Creek and development 
in its watershed.

Limitations: 
Among the limitations encountered in this study, the most 

challenging was a lack of complex and precise equipment. The 
nitrate and phosphate tests provided a rounded measurement 
in ppm. The coliform (E. coli) test provided only qualitative 
results in the form of “positive” or “negative”; hence, there was 
a lack of precision in the density of coliform present in the 
streams. Another limitation encountered was the use of BMI 
to assess water quality. Although they are useful, BMI does not 
respond to all types of pollutants. The presence or absence of a 
species may be due to factors other than pollution, such as un-
favorable water currents, type of substrate, or drought, and their 
abundance and distribution may vary seasonally. Our tools for 
BMI identification, such as handheld magnifying glasses, did 
not have enough magnifying power to allow specific morpho-
typing of all BMI into genera and species. Another limitation 
of this study was the researchers’ general lack of experience and 
expertise in the collection and identification of BMI. Howev-
er, the data collected in this study were considered sufficient 
enough to support this study’s hypothesis and are consistent 
with NCDEQ findings. If this study were to be repeated with 
more sophisticated equipment, the results could be subject to 
small changes, but it is inferred that the overall conclusion 
would remain the same. Future research should be conducted 
to corroborate this study’s conclusions over a longer time span, 
a larger number of samples, and in different weather conditions 
and seasons.

Broader Issues and an Orientation to the Future: 
The continued study of urbanization, ISC, and water quality 

are crucial, both as it relates to Bolin Creek and water quality 
and ecosystems in general. Runoff is the third largest cause of 
water impairment in tested lakes, according to the National 
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Water Quality Inventory.⁶⁸ Chapel Hill, where the worst 
water quality of Bolin Creek was reported, is undergoing fur-
ther urbanization. This increased development will make the 
issue of declining water quality in the Bolin Creek watershed 
more relevant and apparent.²⁰ Biotic and abiotic components 
in ecosystems are complex and interconnected.⁸ The impacts 
of urbanization (both present and future increased levels) on 
Bolin Creek could be threats to more complex networks of 
ecosystems. 

The declining water quality of Bolin Creek falls under 
the broader development of urbanization. The process of ur-
banization has grown rapidly over a short amount of time. 
Urbanization mostly occurred over the past 200 years.⁹ Accord-
ing to data from the Census Bureau, 40% of the US population 
lived in urban areas in 1900.9 In current times, in the US, 80% 
of the population lives in urban areas.¹² With increased tech-
nological power, and exponential improvements in technology 
and sciences,69 the rapid growth of urbanization does not ap-
pear to be slowing. By 2050 it is predicted that more than ⅔ of 
the world population will live in urban areas, amounting to 7 
billion people.⁹ The rapid growth of urbanization suggests that 
in addition to having to deal with the effects that urbaniza-
tion has already had, the future effects of urbanization must be 
managed even more effectively.

Future Mitigation Strategies: 
A major factor damaging the water quality of Bolin Creek 

was identified, both in previous studies and this study, as urban 
runoff linked to impervious surfaces. In areas with high urban 
development, it is important to develop conservation strategies 
to mitigate the impacts of urbanization.¹⁰ Replanting native 
vegetation to restore the riparian buffer along Bolin Creek 
would retard runoff and erosion.⁷⁰

Due to the ability of street contaminants to pollute streams 
in the form of runoff, Sartor et al. (1974) sought to explore the 
general efficacy of conventional street cleaning operations on 
the reduction of street contaminants.²¹ The typical mechanical 
street cleaning operations conducted by U.S. cities were found 
to be unable to remove a majority of street contaminants. It 
was found that when the “effort” of mechanical street cleaning 
practices was increased, such as through conducting multiple 
“sweeps” of an area or operating at a slower speed, up to 90% of 
concentrations of dust and dirt could be removed from street 
surfaces. Ongoing research is exploring the efficacy of street 
cleaning as a best management tool.⁷¹ However, the Town of 
Chapel Hill may still benefit from exploring street cleaning as 
an option to decrease the impact of urban runoff on aquatic 
ecosystems.

Green infrastructure (GI), such as green roofs, is also an op-
tion that the Town of Chapel Hill could explore. GI is defined 
by the Conservation Fund to describe the interconnected net-
work of features, natural areas, semi-natural areas, and green 
spaces that maintain ecological processes in rural and urban 
areas.⁷² GI has been identified as a sustainable method of 
managing stormwater.⁷³-⁷⁵ Green roofs in partsicular contain 
vegetative layers that can slow and reduce stormwater runoff 
as well as filter pollution from rainfall.⁷⁶ Costs may discourage 
investment in green roofs; however, those costs may be offset 

by the environmental benefits green roofs can offer.76 Simi-
larly, various types of permeable surfaces, surfaces that allow 
the infiltration of water, are effective at reducing runoff and 
the peak flow of floods.⁷⁷,⁷⁸ Although the reduced durability of 
permeable surfaces serves as a challenge deterring their wide-
spread adoption, the ability of permeable pavements to mitigate 
the aforementioned negative effects attributed to urbanization 
may still validate its consideration by the Town of Chapel Hill 
as a form of stormwater management.⁷⁷, ⁷⁸ Additionally, future 
research should be conducted on the efficacy of other GI, such 
as the bioretention pools constructed as part of the BCRP, to 
prove if they are an effective solution to improve water quality.

A supplemental resource for the Town of Chapel Hill to con-
sider is the Clean Water State Revolving Fund (CWSRF).⁷⁹ 
This government-sponsored program allows eligible recipients 
to receive low-interest loans for water infrastructure projects.⁷⁹ 
Chapel Hill could explore this program as a financing resource 
for water infrastructure projects aimed at improving the water 
quality of its aquatic ecosystems.

Lastly, it is important to raise the awareness of the commu-
nity of Chapel Hill about the health of its aquatic ecosystems. 
Many adults and children live in urban areas; therefore, ecol-
ogists and education systems have a unique opportunity to 
educate the general public on ecological processes.⁵ As specific 
outreach to reach many children, Bolin Creek could be used as 
an example in classrooms to demonstrate the negative effects 
of urbanization. Citizens with an increased awareness of the is-
sues affecting their town may feel more inclined to support the 
mitigation of such issues. The implementation of some or all 
of the proposed solutions may lead to the improvement of the 
water quality of Bolin Creek as well as of other creeks affected 
by urbanization.
�   Conclusion
This study found meaningful correlations between metrics 

of developed land use and declining water quality. The sites at 
Bolin Creek declined further downstream as its immediate wa-
tershed became increasingly urbanized. The site at East Franklin 
Street consistently showed worse water quality than the other 
tested sites in terms of its conductivity, nitrates, phosphates, 
NCBI score, biodiversity, and DO levels. Biodiversity alone, 
however, was not found to meaningfully predict NCBI scores, 
and the UHI was not reflected by this study’s data on tempera-
ture. Nonetheless, sensitive BMI such as EPT declined as ISC 
increased, and nutrient pollution due to developed land cover 
was reflected by the data of this study. Bolin Creek’s site at East 
Franklin Street has not improved since 2001, and impervious 
surfaces in Chapel Hill are at high levels. Prior research as well 
as the data of this study prompted the researchers to determine 
runoff from impervious land cover to be the major probable 
cause of urbanization affecting Bolin Creek. 

Due to the interconnected nature and sensitivity of eco-
systems, and the ecosystem services provided by them, Bolin 
Creek’s case cannot be viewed in isolation. The biological con-
cerns of Bolin Creek are relevant both to the residents living 
near it, as well as to urban ecosystems in general. The findings 
of this study on the effects of urbanization are relevant and 
important because of the rapid growth of urbanization tak
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ing place in the US and globally. The authors hope that Bolin 
Creek’s water quality will be restored to healthy levels and that 
further mitigation of the effects of urbanization will be a pri-
ority in the future.
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