
ABSTRACT 

CAIN, JESSICA LEIGH. Water Quality and Stratification in Jordan Lake: Assessment of 

Spatial, Temporal and Inter-Annual Variability. (Under the direction of Matt Polizzotto). 

 

B. Everett Jordan Lake supplies the drinking water for approximately 300,000 residents 

in the Towns of Cary, Apex, and Morrisville, North Carolina.  The lake was added to the North 

Carolina impaired waters list in 2002 due to over-enrichment of nutrients and algal growth.  

During summer stratification, low dissolved oxygen and high concentrations of dissolved iron, 

manganese, and nutrients occur near the bottom.  Additionally, phytoplankton, including species 

that produce geosmin and 2-methyl-isoborneol (MIB), grow abundantly near the surface.  Water 

quality concerns and taste and odor issues, along with the increased costs associated with water 

treatment needs, provided motivation for evaluating water quality and stratification patterns.  

Accordingly, the Town of Cary asked the United States Geological Survey to determine spatial 

and temporal variability in lake water quality parameters in the vicinity of their water-supply 

intake.  The research objectives are to assess water quality differences among sampling 

locations, determine the extent of seasonal and inter-annual variability in water quality 

parameters, and evaluate if chlorophyll a can be useful as an indicator of taste and odor 

compounds.  Biweekly samples were collected from April through November during 2012 and 

April through October 2013 at four locations in the New Hope arm of Jordan Lake.  Constituents 

for data collection included: secchi depth, the depth to one percent incident light, turbidity, iron, 

manganese, chlorophyll a, geosmin, 2-methylisoborneol, and nutrients (ammonia plus organic 

nitrogen, ammonia, total organic nitrogen, nitrate plus nitrite, total nitrogen, orthophosphate, and 

phosphorus).  Vertical profiles of pH, specific conductance, dissolved oxygen, and water 

temperature were also measured.  Based on regression analyses and Wilcoxon signed-rank tests, 

the occurrence of spatial variation among the study sites was low.  The parameters which varied 



significantly among sites included turbidity, secchi depth, depth to one percent light, total iron, 

and total manganese.  Spatial variation was most pronounced between the Intake site, which is 

the most downstream site, and Buoy 9, which is the most upstream site.  Seasonal and inter-

annual differences were observed for most parameters and constituents, with the exception of 

secchi depth, depth to one percent light, and orthophosphate.  Generally, metal and nutrient 

concentrations were consistently higher during summer stratification near the bottom, although 

some parameters differed by year.  Evaluation of chlorophyll a, MIB and geosmin correlation 

plots and timing of peak values determined that chlorophyll a is not a good predictor of taste and 

odor compounds.  Results suggest that only minor differences in water quality parameters were 

observed among the study sites, whereas more substantial differences were noted seasonally and 

between the two years of the study.  These results indicate the importance of sampling multiple 

years to account for natural water quality variability to support decision making.  Overall, the 

benefit of the project provides a more in-depth understanding of water quality and stratification 

in an area of the lake where the Town of Cary plans to install a large water-column 

destratification system.  Documenting pre-installation conditions will facilitate future evaluations 

of the effects of the mixing system on water quality in this high-profile reservoir. 
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1 INTRODUCTION 

1.1 Lake and Reservoir Ecosystems  

 Lakes and reservoirs are dynamic water systems, which many organisms depend on for 

their livelihood and existence.  These bodies of water are vital for many reasons including: 

sources of drinking water, aquatic habitat, fisheries, irrigation, dilution of pollutants, industrial 

activity, and recreation.  The management of lakes and reservoirs should be based on an 

understanding that these ecosystems are multifaceted and dynamic.  

 The primary issue facing many surface waters today is cultural eutrophication, which is 

defined as excessive plant growth resulting from nutrient enrichment by human activity (Smith 

and Schindler, 2009).  Eutrophication is a natural occurrence; however, human activity increases 

the rate in many lakes, reservoirs and streams.  Increases in agricultural fertilization and land 

development may result in higher inputs of nutrients, such as nitrogen and phosphorus, into both 

rural and urban streams and lakes.  According to the U.S. Environmental Protection Agency 

(USEPA), more than 100,000 miles of rivers and streams, close to 2.5 million acres of lakes, 

reservoirs and ponds, and more than 800 square miles of bays and estuaries in the United States 

have poor water quality because of nitrogen and phosphorus pollution (USEPA, 2017a).  

Implementation of restrictions of nutrient inputs will be essential for eutrophication management 

(Smith and Schindler, 2009). 

 

1.2 Water Quality Issues and Concerns  

 Phosphorus and nitrogen are two nutrients that can have a significant impact on the 

eutrophication of lake and reservoir systems.  They are essential for plant growth; however, 

excess nutrients can result in overproduction of organic matter.  The sources of nutrient 
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enrichment can be placed in two categories: point sources and nonpoint sources.  Point source 

pollution can be derived from industrial wastewater, domestic wastewater, treated water from 

sewage treatment plants, and wastewater from livestock or aquaculture (Inamori and Fujimoto, 

2010).  Nonpoint sources of nutrients include runoff from animal manure, excess fertilizer, and 

atmospheric deposition (U.S. Geological Survey, 1994).  The main factors that contribute to an 

escalation in nutrients in lakes and reservoirs include the increasing use of fertilizers, the 

disposal of wastes (livestock and human), and changes in land use (World Health Organization, 

2011a).  Specifically, changes in land use include erosion from agriculture, logging and 

construction, mine drainage, and hydrologic changes (Carpenter, et al., 1998).  These changes 

can also lead to siltation in lakes and further degradation of water quality.        

Nitrogen is a major nutrient that affects the productivity of lake systems.  The nitrogen 

cycle is a biogeochemical cycle by which nitrogen is altered by fixation, assimilation, and 

reduction of nitrate to molecular nitrogen by denitrification (Wetzel, 2001).  In lakes, this cycle 

is mostly microbial: bacterial oxidation and reduction of nitrogen compounds coupled with 

photosynthetic assimilation and utilization by algae, bacteria and larger aquatic plants (Wetzel, 

2001).  The dominant forms of nitrogen in lakes include: ammonia, nitrite, nitrate and organic 

nitrogen (e.g., amino acids, amines, nucleotides, proteins, and humic compounds of low nitrogen 

content).  Ammonia is the reduced form of inorganic nitrogen and is produced by bacteria under 

anaerobic conditions (Harter and Rollins, 2008).  Thus, levels of ammonia increase in conditions 

with low oxygen.  Nitrate and nitrite are the oxidized forms of nitrogen found in aerobic 

conditions (Harter and Rollins, 2008).  In conditions with low oxygen, nitrate and nitrite are 

rapidly denitrified to nitrogen, which is either fixed (converted to ammonia) or lost to the 
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environment (Wetzel, 2001).  Within lakes and reservoirs, the distribution of nitrogen can change 

rapidly based on depth, lake stratification and oxygen conditions.   

The over-enrichment of nitrogen may have many negative impacts to lakes, reservoirs, 

and human and aquatic health.  High concentrations of nitrogen in the form of nitrate can cause 

public-health problems and life-threatening conditions. Blue baby syndrome or 

methemoglobinemia, in which an infant may lose the ability to incorporate oxygen into his/her 

blood, can be the result of drinking water with nitrate levels higher than 10 milligrams per liter 

(mg/L) (United Nations Environment Programme, 2017).   Regarding the nutrient species, nitrate 

plus nitrite is the only nutrient fraction for which a NC state water quality standard currently 

exists for water supply (10 mg/L); however, the state is currently working on other nutrient 

standards (North Carolina Department of Environment and Natural Resources, 2017a).   

Additionally, phosphorus can be a limiting nutrient in biological productivity.  Even at 

low concentrations, the presence of phosphorus can result in overproduction of plants and algae, 

which contributes to eutrophication (Harter and Rollins, 2008).  Orthophosphate is the only 

directly functional form of soluble inorganic phosphorus (Wetzel, 2001).  The solubility of 

phosphorus is dependent on the redox status of the environment, oxygen supply, and activities of 

bacteria.  If oxygen levels are low, phosphate may become soluble due to reducing conditions 

and dissolution of redox-active minerals to which phosphate commonly binds (Wetzel, 2001).  

Thus, phosphorus levels may increase in anaerobic conditions.  Phosphorus is not considered to 

be directly toxic to humans and animals; therefore, a water quality threshold has not been set 

(Carpenter et al., 1998).       

Excessive masses of algae, supported by an overabundance of nutrients, may cause 

additional water quality issues.  Most major groups of freshwater algae contain some harmful or 
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nuisance species.  These groups include the eukaryotic green algae or chlorophytes, 

dinoflagellates, cryptophytes, chrysophytes, diatoms, and the prokaryotic blue-green algae or 

cyano-bacteria (Paerl, 2001).  Nuisance algae include taste and odor producers, toxin producers, 

food web disruptors, hypoxia-generating, and aesthetically undesirable types. Some species of 

cyanobacteria produce cyanotoxins, which accumulate during their development and can be 

released into the water when the algae die (Herman, 2016).  Toxic blooms have been linked to 

liver disease, human cancers, and deaths (Paerl, 2001).  The recreational value of lakes and 

reservoirs may decrease as a result of higher water turbidity, limited access for fishing, boating 

or swimming due to plant accumulation, and possible production of toxic substances.  Higher 

concentrations of algae, as well as nutrients and metals, also result in higher treatment costs for 

municipalities.  On a broader scale, biodiversity and abundance of aquatic organisms in a 

eutrophic system may decrease due to limited oxygen availability, less light penetration, and 

higher competition with algae and other aquatic plants (Bricker et al., 2008).  In general, the 

measure of chlorophyll a, a common photosynthetic pigment found in all plants, including algae, 

may be used to represent the population density of algae in a lake and can be a vital 

determination of water quality in lakes and reservoirs (Wetzel, 2001).   

As a consequence of nutrient loading and algal growth, taste and odor compounds from 

algae cause water quality issues in some lakes and reservoirs.  Geosmin and 2-methylisoborneol 

(MIB) have been identified to be the main taste and odor-causing compounds in drinking water 

obtained from surface water, and these compounds are mostly associated with cyanobacteria, or 

blue-green algae (Graham et al., 2010).  These compounds have a distinct earthy and musty taste 

and aroma when released.  Production of geosmin and MIB has been reported to occur during the 

active growth period, stationary period, and death (Journey et al., 2011).  The presence of these 
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taste and odor compounds is primarily an aesthetic concern and has not been connected to any 

health effects on humans or aquatic ecosystems; however, consumers may still perceive the 

odors as unsafe and file complaints with water treatment plants (Srinivasan and Sorial, 2011).   

Due to the non-toxic nature of geosmin and MIB, water quality standards for these 

parameters do not exist.  Odor threshold concentrations for geosmin and MIB generally range 

from 5 to 10 nanograms per liter (ng/L) (Water Research Foundation, 2013).  Geosmin and MIB 

cannot be removed from drinking water by traditional treatment processes.  Additional 

applications of powdered activated carbon (PAC) or other strong oxidants may be necessary to 

remove these compounds (Bruce et al., 2002).  With the aim of better detecting water quality 

issues and lowering water treatment costs, various water quality monitoring programs have 

attempted to establish correlations between taste and odor compounds, cyanobacteria densities 

and chlorophyll a concentrations.  

High concentrations of dissolved iron and manganese also cause water-treatment 

concerns.  During summer stratification, bacterial decomposition exhausts oxygen in the bottom 

of the water column.  In these conditions where oxygen has been depleted, metals such as iron 

and manganese become increasingly soluble and are released from the sediments into the 

hypolimnion (USEPA, 1990).  Iron and manganese are essential micronutrients for human, 

animal and plant growth.  Iron in drinking water is unlikely to cause adverse effects for humans, 

with the exception of lethal doses at 200,000 micrograms per kilogram (g/kg) of body weight 

(World Health Organization, 2011b).  Ingesting manganese in drinking water is considered one 

of the least toxic elements; although some cases of ingesting high levels of manganese have 

caused neurological impairment (World Health Organization, 2011b).  Generally, effects of iron 

and manganese in drinking water are aesthetic, leading to water discoloration, laundry staining, 

https://asu.pure.elsevier.com/en/publications/removal-of-2-methylisoborneol-and-geosmin-in-surface-water-treatm
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and metallic taste and odors.  Thus, water quality standards for North Carolina do not exist for 

these metals.     

  

1.3 Lake Stratification and Mixing  

 Vertical stratification is a natural phenomenon in lakes and reservoirs (Wetzel, 2001). 

The properties of water density and the heating effects of sunlight result in an annual cycle of 

mixing and stratification of the water column.  Figure 1 provides an illustration of typical mixing 

and stratification in temperate lakes during each season (Young, 2004). During the winter, lakes 

in central North Carolina typically are isothermal, with a constant temperature throughout the 

entire water column, and the water column is uniformly mixed.  During the summer, the water 

temperature on the lake’s surface (epilimnion) warms due to solar heating and heat exchange 

with the overlying air; however, the bottom (hypolimnion) of the lake remains cool.  As a result, 

a thermocline develops between the upper and lower levels (Monismith and MacIntyre, 2009).  

Cold water is denser than warm water and resists mixing (Dodds and Whiles, 2010).  The 

thermocline is the horizontal plane of water across the lake through the point of the greatest 

temperature change.  Annual stratification patterns vary based on location.  In central North 

Carolina, lakes typically mix once per year (monomictic).  Turnover, or complete mixing of the 

water column, occurs once a year in the fall after surface temperatures cool. Because ice rarely 

covers lakes in this region, under-ice stratification and spring turnover rarely occur. 

 In eutrophic lakes, stratification can produce unfavorable water quality conditions in both 

surface and bottom waters. Surficial waters may contain high concentrations of algae, which 

could increase the formation of disinfection by-products and (or) result in taste-and-odor issues 

(Graham et al., 2010). The epilimnion may have very high levels of dissolved oxygen during 
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daylight hours, due to phytoplanktonic photosynthesis.  However, as previously stated, as the 

plankton die and sink to the bottom, the process of decomposition depletes the dissolved oxygen 

levels.  Thus, the hypolimnion may have hypoxic conditions where the dissolved oxygen levels 

are less than 1.0 mg/L.  Hypoxic conditions lead to high concentrations of dissolved iron, 

manganese, and nutrients (Wetzel, 2001). If lake bottom waters are being utilized as a source of 

drinking water, these water quality issues can result in high treatment costs for water treatment 

plants.         

 

1.4 B. Everett Jordan Lake  

 Numerous studies of stratification and water quality concerns have been conducted on B. 

Everett Jordan Lake (Jordan Lake), located in Chatham County, NC.  Construction of Jordan 

Lake began in 1967 with the purpose of modulating flow in the Cape Fear River Basin.  

Following a devastating hurricane in 1946, which caused catastrophic flooding in the Cape Fear 

River Basin, the U.S. Congress directed the U.S. Army Corps of Engineers (USACE) to study 

the need for, and potential consequences of a new reservoir on the Haw River.  In 1963, 

Congress authorized impoundment of the New Hope Reservoir, whose name was later changed 

to B. Everett Jordan Lake (Kreutzberger and Baughman, 2014).  Construction of the lake was 

delayed due to litigation from stakeholders and the North Carolina Conservation Council, citing 

expectations of consequential decreases in water quality.  However, the litigation was terminated 

in 1977.  The lake was impounded in September 1981 and ready for use in 1982.  According to 

the USACE, additional uses for Jordan Lake were authorized, including recreation, water supply, 

fish/wildlife support, and water quality.  
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Currently, Jordan Lake covers an area of 13,940 acres, which extends 17.9 miles up the 

New Hope River and 4.7 miles up the Haw River (U.S. Army Corps of Engineers, 2017).  The 

total length of the shoreline is about 200 miles.  Development has increased in the Jordan Lake 

watershed, and eutrophication continues to be a concern.  Non-point sources, such as runoff from 

the towns of Cary, Chapel Hill, and Durham as well as point sources from wastewater inputs 

from Durham and Chapel Hill create a mixture of nutrient-rich inputs into Jordan Lake.  These 

inputs can support eutrophication and algal growth in Jordan Lake.  High levels of dissolved 

oxygen near the surface and photic zone result from algal photosynthesis.  Additionally, hypoxia 

occurs near the bottom of the lake along with high levels of iron, manganese and nutrients.    

Jordan Lake became popular for recreational use soon after it was filled, and it is used for 

sources of drinking water for nearby developing communities.  North Carolina declared the 

reservoir a Nutrient Sensitive Water (NSW) in 1983 and required waste treatment plants to 

reduce their phosphorus inputs; however, nonpoint sources were not regulated (Manuel, 2010).   

Subsequently, the lake was listed on the federal “impaired” waters [303(d)] list in 2002 (Manuel, 

2010).  In 2009, nutrient reduction goals for Jordan Lake were passed into law by the General 

Assembly.  The goal for the Upper New Hope arm was 35 percent reduction in nitrogen load and 

8 percent reduction in phosphorus load relative to a 2001 baseline (Manuel, 2010).  The Haw 

River arm reduction goal for nitrogen was 8 percent for nitrogen and 5 percent for phosphorus.  

Additionally, the goal for the Lower New Hope arm was to match the 2001 baseline year 

(Manuel, 2010).  Modifications and disapproval of the rules by the General Assembly delayed 

implementation from 2009 to 2013.  In 2013, the Jordan Lake Rules were effectively delayed to 

allow time for testing of a lake circulation technology known as “SolarBees” (Kreutzberger and 
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Baughman, 2014).  Removal of the SolarBees was announced in May 2016, due to lack of 

effectiveness in improving water quality.  

The hydraulic retention time is the average length of time that a compound remains 

within a lake or impoundment (Martin and McCutcheon, 1998).  The mean water volume is 

divided by the mean flow to calculate the hydraulic retention time.  This retention time can 

influence water quality and mixing characteristics.  The New Hope arm of the lake has an 

average hydraulic retention time of 418 days (North Carolina Department of Environment, 

Health, and Natural Resources, 1992).  In comparison, mean residence times in the Great Lakes 

range from three years for Lake Erie to 180 years for Lake Superior (Martin and McCutcheon, 

1998). 

    Approximately 300,000 residents in the towns of Cary, Apex, and Morrisville depend 

on Jordan Lake for their source of drinking water provided by the Cary/Apex Water Treatment 

Plant.  The water treatment plant has a maximum daily capacity of approximately 40 million 

gallons (Town of Cary, 2017).  When Jordan Lake is at full pool, the top of the water-supply 

intake pipe is approximately 2.7 meters deep.  This depth is considered to be marginally below 

the projected photic zone depth.  The centerline of the water-supply intake pipe is approximately 

3.4 meters deep.  When the lake levels are lower from drought or increased withdrawals, the 

treatment plant must withdraw raw water from the lower intake, which may have more water 

quality concerns than the top intake.  Currently, the Cary/Apex Water Treatment Plant utilizes 

treatment techniques such as activated carbon adsorption and advanced oxidation by ozone to 

minimize taste and odor issues (Town of Cary, 2017).  The plant also monitors the raw water 

withdrawn from the Intake site daily for iron and manganese, turbidity, pH, conductivity, and 

several additional constituents.    
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The Town of Cary currently (May 2017) is installing a mechanical mixing system near 

the intake in Jordan Lake.  The goal of the mixing system is to improve the raw water quality 

prior to intake and water treatment.  The system is designed to de-stratify the water column, 

increase dissolved oxygen levels throughout the column, and decrease levels of dissolved iron 

and manganese.  Most likely, the mixing also will impact nutrient and algal dynamics.  The 

desired result is a reduction in taste and odor issues from Jordan Lake, improved raw water 

quality from the Intake, and a decrease in costs for the Cary/Apex Water Treatment Plant.     

 

1.5 Research Goals 

The overall goal of this thesis is to evaluate water quality and stratification patterns in 

one segment of the New Hope arm of Jordan Lake.  In particular, the research objectives are to 

assess water-quality differences among sampling locations and depths, seasonal patterns, and 

inter-annual variability resulting from hydrologically different years.     

Specifically, the following research questions are addressed with the goal of evaluating 

water quality and stratification patterns in Jordan Lake:  

• How does water quality differ spatially among the four sampling locations in the 

study area? 

• How does water quality vary annually and seasonally? 

• Is chlorophyll a useful as an indicator of the presence of taste and odor 

compounds? 

To address the study objectives and research questions, biweekly samples were collected 

at four sites during the 2012 and 2013 growing seasons.   Constituents for data collection 

included: secchi depth, the depth to one percent incident light, turbidity, iron, manganese, 
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chlorophyll a, geosmin, MIB, and nutrients (ammonia plus organic nitrogen, ammonia, total 

organic nitrogen, nitrate plus nitrite, total nitrogen, orthophosphate, and phosphorus).  

Additionally, vertical profiles of pH, specific conductance, dissolved oxygen, and water 

temperature were measured.  To interpret data, various statistical analyses, including regression 

analyses and the Wilcoxon signed-rank test, were performed to summarize the spatial patterns 

among the four sampling locations.  Date and scatter plots were utilized to compare seasonal and 

inter-annual variability. 

The benefit of the project is a more comprehensive assemblage of water quality and 

stratification data in an area of Jordan Lake where the Town of Cary plans to install a large 

water-column destratification system.  Results will be useful for the water treatment plant to 

determine the best location for the proposed vertical mixing system.  In the future, the results 

presented in this thesis will be compared with results following installation of the mixing system 

to evaluate the effectiveness of the system on improving the raw water quality.  Providing 

baseline data will be valuable for Jordan Lake water management.  Ideally, the town of Cary can 

utilize the analysis from this thesis to improve raw water quality near their drinking water intake 

and lower their water treatment costs. 
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2 MATERIALS AND METHODS 

 

2.1 Site Description 

The U.S. Geological Survey collected samples approximately biweekly during April 

through October in 2012 and 2013, from four different locations in the New Hope arm of Jordan 

Lake.  The study area extends from the Farrington Road Bridge downstream to the U.S. Highway 

64 causeway (Figure 2).  Data collection was spatially and temporally dense relative to other 

monitoring efforts in Jordan Lake.  The four study sites include: Jordan Lake above US Highway 

64 at Wilsonville, NC (Intake); Jordan Lake White Oak Creek Arm below secondary road (SR) 

1008 at Bells, NC (White Oak); Jordan Lake near Buoy 8 near Bells, NC (Buoy 8); and Jordan 

Lake at Buoy 9 near Farrington, NC (Buoy 9).   

The Intake site is the location closest to the intake for the Cary/Apex Water Treatment 

Plant and in proximity to the proposed location of the destratification system.  The White Oak 

site is located east of the Intake site, near the White Oak Creek tributary.  The northernmost site 

is Buoy 9, and Buoy 8 is situated south of Buoy 9.  The study area map shows the specific 

sampling locations (fig. 3, table 1).  

 

2.2 Data Collection 

The U.S. Geological Survey planned to collect samples approximately biweekly during 

April through October in 2012 and 2013; however, due to a Federal government shutdown in 

October 2012, sampling was extended into early November.  Samples generally were not 

collected during November through March because Jordan Lake is mixed during that time.  At 

all four of the sites, the secchi depth, the depth to one percent incident light, and turbidity were 
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measured near the surface.  The secchi depth, defined as the water clarity of the sampling 

location, is measured by using a secchi disk (Wetzel, 2001).  The disk, typically an 8-inch-

diameter black and white metal or weighted plastic disk, is attached to a measured line and 

lowered into a lake until it can no longer be seen.  This measurement is multiplied by two to 

estimate the lower extent of the photic zone.  The photic zone reflects the depth where only one 

percent of the surface photosynthetic available radiation (PAR) remains (Kirk, 1994).  The 

photic zone not only measures the water clarity, but it is also an important indicator for the depth 

which primary production takes place.  The depth to one percent light measurement is used as 

companion data to the secchi and photic depths.   

Vertical profiles of the water column were also documented to include readings at one-

meter intervals at each of the four study locations.  The parameters for the vertical profiles 

included pH, specific conductance, dissolved oxygen, and water temperature (table 2).  A YSI 

600XLM multi-parameter water quality sonde was used for each vertical profile.  The water 

quality sonde was calibrated each morning before sampling for each parameter based on USGS 

protocol (Gibs et al., 2007).   

Water quality samples were collected from 3 depths at each lake site (table 2), following 

protocols described by Oblinger (2004).  Iron and manganese (total and dissolved fractions) were 

sampled from depths near the top and bottom of the water column.  These grab samples were 

collected using a Wildco® Van Dorn water sampler.  Additionally, a vertical-composite sample 

of the photic zone was collected using a Lab-Line sampler, consistent with North Carolina 

Department of Environmental Quality lake-sampling protocols. Photic-zone samples were 

analyzed for nutrients (ammonia plus organic nitrogen, ammonia, organic nitrogen, nitrate plus 

nitrite, total nitrogen, orthophosphate, and phosphorus) and chlorophyll a.  Nutrients were also 
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collected from the bottom using a Van Dorn sampler.  Only at the Intake site, additional samples 

for taste and odor compounds (geosmin and 2-methylisoborneol) were collected from the photic 

zone and the bottom.  Pall Versapor® 0.45 micrometer (m) capsule filters were used to filter 

samples for dissolved-phase analyses (orthophosphate, nitrate plus nitrite, ammonia, iron and 

manganese). 

Quality-control samples, including blank and replicate environmental samples, were 

collected throughout the project to ensure that project data quality objectives were met.    USGS 

protocols were followed for all equipment cleaning, sample collection, and sample processing 

(U.S. Geological Survey, variously dated). 

Additionally, several government websites were utilized to gather information regarding 

the drought index, precipitation and streamflow.  Monthly Palmer Hydrological Drought Index 

scores for the Central Piedmont area of North Carolina, 2012 and 2013, were obtained from the 

State Climate Office of North Carolina (http://www.nc-climate.ncsu.edu/climate/climdiv.php).  

Monthly precipitation data from the Raleigh-Durham International Airport were also obtained 

from the State Climate Office of North Carolina (http://www.nc-climate.ncsu.edu/cronos) for the 

2012-2013 study period.  Long-term (30-year), monthly mean precipitation data for the Raleigh-

Durham International Airport were gathered from the National Oceanic and Atmospheric 

Administration website (http://www.ncdc.noaa.gov/cdo-web/datatools/normals).  Additionally, 

average streamflow data from the USGS station 02097314, New Hope Creek near Blands, NC, 

in the Cape Fear River Basin were collected from the U.S. Geological Survey’s WaterWatch 

website (https://waterwatch.usgs.gov/index.php).       

 

 

http://www.nc-climate.ncsu.edu/climate/climdiv.php
http://www.nc-climate.ncsu.edu/cronos
http://www.ncdc.noaa.gov/cdo-web/datatools/normals
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2.3 Laboratory Analysis 

Nutrient, iron, and manganese analyses were performed at the USGS National Water 

Quality Laboratory in Denver, Colorado.  Chlorophyll a analyses were performed by Meritech, 

Inc. in Reidsville, NC.  Taste and odor compound (geosmin and MIB) analyses were performed 

by Eurofins Eaton Analytical in Monrovia, CA.  All field parameters including secchi depth, the 

depth to one percent incident light, turbidity, pH, specific conductance, dissolved oxygen, and 

water temperature were measured directly by USGS personnel.  Specific measurement and 

analytical methods for all analyses are summarized in table 3. 

 

2.4 Graphical and Statistical Analysis 

The spatial and annual differences among the four study sample locations were analyzed 

using various graphical and statistical methods.  Linear regressions were computed with R 

software (R Foundation for Statistical Computing, Vienna, Austria) comparing Buoy 8, Buoy 9, 

and White Oak with the base site (Intake).  Three regressions were computed for each parameter 

using Buoy 8, Buoy 9, or White Oak as the dependent variable and the Intake site as the 

independent variable.  The comparison being made for each parameter’s regression is that Buoy 

8, Buoy 9, and White Oak will have similar slopes and intercepts (not significantly different) to 

the Intake site.  The slope of the regression was used to determine if a significant relationship 

exists.  A probability level of 5 percent (p<0.05) was chosen as the significance level because it 

is the default of statistical tradition (Helsel and Hirsch, 1992).  If the regression was significant, 

with slope approximately equal to one and the intercept approximately equal to zero, then the 

parameters at the two sites were considered to be coincident.  The R-squared (R2) values indicate 

the percent variability accounted for by the regression.  For these computations, the adjusted R2 
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value was used, which adjusts for the number of predictors.  If the R2 value is high, then the two 

sites being compared are highly correlated.  A value of greater than 75 percent was chosen as the 

criteria to determine correlation.  This value was chosen because there is no general rule for R2 

values for a useful regression equation (Helsel and Hirsch, 1992).     

The Wilcoxon signed-rank test was used to further explain variability among sampling 

sites, but it was only computed if all of the following occurred: the regression was found to be 

significant, the regression was not coincident and percent of variance explained by the regression 

was less than 75 percent.  The Wilcoxon signed-rank test with continuity correction was 

performed using R software (wilcox.test).  Date and scatter plots were used to determine annual 

and seasonal variability between the four study sites.  Also, correlation plots with corresponding 

R2 values comparing chlorophyll a with geosmin and MIB are provided. 

 

2.5 Quality Assurance 

Quality-control samples, consisting of sampling-equipment blanks, field blanks and 

replicate samples, were collected and reviewed throughout the period to ensure that project data-

quality objectives were met (appendixes 1, 2; Oblinger, 2004).  Deionized water was produced in 

the USGS Raleigh laboratory and was used to clean sampling equipment. The source solution for 

field blanks was inorganic-blank water obtained from the USGS National Field Service Supply. 

Approximately 14.7 percent of the sample load consisted of quality-control samples.  Quality-

control samples and collection procedures are described in Chapter 4 of the USGS National Field 

Manual (U.S. Geological Survey, variously dated). 

During April 2012 through October 2013, 1 deionized-water blank, 2 sampling-

equipment blanks, and 29 field blanks were collected and analyzed for iron, manganese, 



 

17 

nutrients, chlorophyll a, geosmin, and 2-methylisoborneol (appendix 1).   In all, 12 constituents 

were analyzed and 206 blank results were generated.  Almost 95 percent of the results were 

below censoring levels, indicating minimal contamination during this period.  Overall, 11 

quantified blank results were detected (results above constituent censoring levels) which 

represented approximately 5% of the results.  Five of these were low-level detections of filtered 

manganese; the remaining six detections were distributed among five different constituents.  It 

therefore does not appear that the corresponding environmental samples have been 

compromised. 

A detection rate of less than 10 percent was deemed acceptable for this study (Mueller, et 

al., 2015). If a constituent was detected in greater than 10 percent of the combined deionized, 

equipment and field blanks, then its results were assessed for the potential to positively bias the 

environmental results.  Only 2 constituents exceeded the 10 percent blank-detection threshold, 

including chlorophyll a (25 percent) and filtered manganese (33 percent).  For these constituents, 

blank detections were further evaluated based on proximity to censoring levels and relevance to 

corresponding environmental concentrations.  Environmental concentrations less than five times 

the median of the quantified blank detections generally were considered to have some potential 

for contamination.    

Chlorophyll a was detected in one of four field blanks with a concentration of 0.6 g/L, 

which is below the censoring level of 1.0 g/L. Environmental samples with chlorophyll a 

concentrations less than 3.0 ug/L would have been potentially biased; however, all 

environmental samples had chlorophyll a concentrations above this threshold. Thus, the 

detection of chlorophyll a in one field blank likely does not indicate a positive bias in the 

environmental data.  
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 Filtered manganese was detected in 5 field blanks with a median detection concentration 

of 0.22 g/L. Therefore, environmental filtered manganese concentrations greater than or equal 

to 0.16 (the censoring level) and less than 1.10 g/L were considered potentially biased due to 

contamination.  During April 2012 through October 2013, approximately 32 percent of the 

filtered manganese concentrations were within this range and should be interpreted with caution.  

The filtered manganese detections in the field blanks were likely caused by manganese 

contamination in water samples processed with 0.45-m high-capacity Pall Versapor® capsule 

filters (U.S. Geological Survey, 2016b). Filtered manganese concentrations <0.16 g/L 

(censored values) were not considered to be positively biased, since they were reported as non-

detections. 

The variability of sampling and analysis is presented with 34 sets of field replicates 

(appendix 2).  Among the 34 sets of field replicates, there were a total of 163 replicate-result 

pairs.  Paired concentrations with a relative percent difference (RPD, absolute difference times 

100 divided by the average) less than 25 percent were considered to demonstrate acceptable 

reproducibility (Mueller, et al., 2015).  Of the 163 replicate set pairs, approximately 91 percent 

had RPDs less than 25 percent. 

Ammonia, nitrate plus nitrite, orthophosphate, chlorophyll a, and 2-methylisoborneol 

each had a single replicate set with a RPD greater than 25 percent, while filtered manganese and 

filtered iron had six and three replicate sets, respectively, with RPDs greater than 25 percent.  

The occurrences of high RPDs for ammonia, nitrate plus nitrite, and 2-methylisoborneol were 

isolated and not representative of the dataset as a whole. Large RPD values are common and 

accepted without further discussion when they result from small absolute differences near the 

constituent censoring level.  For example, one ammonia replicate set had an RPD of 46.2; 
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however, the absolute difference was 0.01 mg/L, and the censoring level was 0.01 mg/L, so that 

the difference is considered to be negligible.   

When the absolute concentration difference is greater than or equal to three times the 

censoring level and is associated with a large RPD, high variability is indicated.  Two of the 

filtered manganese, one filtered orthophosphate, and one chlorophyll a replicate pair met these 

criteria.  The filtered manganese pairs had RPDs of 27 percent and 29 percent and absolute 

differences of 1.03 g/L and 1.14 g/L, respectively.  Some variability may have occurred due to 

manganese contamination in water samples processed with 0.45-m high-capacity Pall 

Versapor® capsule filters (U.S. Geological Survey, 2016b).  The orthophosphate replicate pair 

with an RPD of 157 percent and an absolute difference of 0.03 mg/L appears to be an isolated 

occurrence during this period.  The chlorophyll a pair with an RPD of 60 percent and an absolute 

difference of 8.60 g/L also appears to be an isolated occurrence.  Overall, results for replicate 

pairs indicated acceptable reproducibility for all water quality constituents measured during this 

period. 
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3 RESULTS AND DISCUSSION 

  

3.1 Meteorological and Hydrological Conditions during Study Period 

There were notable differences in precipitation and hydrologic conditions between 2012 

and 2013, which influenced water quality conditions in the Jordan Lake study area among years.  

Meteorological and hydrological data, including precipitation records, a hydrologic drought 

index, and streamflow conditions, discussed below, aided interpretation of observed seasonal and 

inter-annual differences in water quality.  

Precipitation measured at the Raleigh-Durham International Airport, North Carolina 

(National Weather Service station KRDU) from April 2012 through October 2012 totaled 28.0 

inches, which is 1.7 inches higher than the long-term mean precipitation of 26.3 inches for April 

through October (fig. 4; State Climate Office of North Carolina, 2016b; National Oceanic and 

Atmospheric Administration, 2016).  From April 2013 through October 2013, precipitation at the 

Raleigh-Durham Airport measured 30.8 inches, which is 4.5 inches above the long-term mean 

precipitation of 26.3 inches for April through November. The sampling period for 2013 

measured approximately 2.8 inches of precipitation higher than the sampling period for 2012.  

The highest monthly precipitation for the two-year period occurred in June 2013 (10.1 inches) as 

of a result of precipitation associated with Tropical Storm Andrea 

(www.nhc.noaa.gov/data/tcr/AL012013_Andrea.pdf).  Additionally, September 2012 had the 

second highest monthly precipitation during the study period (7.8 inches), which was tied to a 

low pressure system that moved north out of the Gulf of Mexico 

(https://www.ncdc.noaa.gov/sotc/national/201209). 

http://www.nhc.noaa.gov/data/tcr/AL012013_Andrea.pdf
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An indication of hydrologic conditions is provided by the monthly Palmer Hydrological 

Drought Index scores for water years 2012 and 2013 (fig. 5; State Climate Office of North 

Carolina, 2016a).  This index reflects the long-term, cumulative impacts of drought on 

hydrologic characteristics such as reservoir levels and streamflow. Negative values designate dry 

periods, and positive values designate wet periods.  The Palmer Hydrological Drought Index is 

separated into 11 categories as defined by Palmer (1965).  Among these categories are values 

greater than or equal to 4.00 which are classified as extremely wet.  Near normal conditions are 

considered to be from 0.49 to -0.49, and extreme drought conditions are considered to be less 

than or equal to -4.00.  In the Central Piedmont (including Chatham and Wake Counties) of 

North Carolina (fig. 5), mild drought to moderate drought conditions were observed in the area 

from April 2012 through February 2013.  Incipiently drought conditions were seen in the region 

from March 2013 through May 2013.  During June 2013 through October 2013, slightly wet to 

very wet conditions were seen in the Central Piedmont. 

As indicated by the Palmer Hydrological Drought Index scores, the 2012 sampling period 

was classified as drought, even though this period had 1.6 more inches than the long-term mean 

precipitation.  The winter leading up to the 2012 sampling period was very dry, which explains 

the drought classification for the 2012 sampling period.    

In-stream flow conditions during the study period are illustrated using records from 

USGS station 02097314, New Hope Creek near Blands, NC, located upstream from the study 

area in the Cape Fear River Basin (figs. 2, 6; U.S. Geological Survey, 2017a).  The black line on 

the hydrograph is the seven-day moving average of streamflow in cubic feet per second (cfs).  

For reference, it is overlain on the period-of-record flow percentiles (fig. 6).  During water year 

2012, streamflow was generally below the normal range, which is defined by the 25th to 75th 
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percentiles.  During the late summer of 2012, streamflow briefly rose into the normal range.  

Streamflow was well below normal during November 2012 to January 2013, below to near 

normal during spring 2013, and within the normal to high range during summer 2013.  The 

higher streamflow in the 2013 sampling period could have resulted in higher inputs of nutrients.  

The hydraulic retention time is the average length of time that a compound remains 

within a lake or impoundment (Martin and McCutcheon, 1998).  The mean water volume is 

divided by the mean flow to calculate the hydraulic retention time.  This retention time can 

influence water quality and mixing characteristics.  The New Hope arm of the lake has an 

average hydraulic retention time of 418 days (North Carolina Department of Environment, 

Health, and Natural Resources, 1992).  In comparison, mean residence times in the Great Lakes 

range from three years for Lake Erie to 180 years for Lake Superior (Martin and McCutcheon, 

1998).  

 

3.2 Overview of Water Quality 

3.2.1 Data Presentation 

Water quality data were reviewed, quality assured, and published in the USGS 2012 and 

2013 Water Data Reports (http://nc.water.usgs.gov/reports/WDR/) (U.S. Geological Survey, 

2016a). The data are presented in appendix 3 and also are available online via the National Water 

Information System (NWIS) (http://dx.doi.org/10.5066/F7P55KJN) (U.S. Geological Survey, 

2017b). Dissolved oxygen percent saturation and total nitrogen were computed by using NWIS 

algorithms.   

Ranges of concentrations observed at each site for 22 water quality properties or 

constituents are summarized and grouped by position in the water column (table 4).  Top (near 

http://nc.water.usgs.gov/reports/WDR/
http://dx.doi.org/10.5066/F7P55KJN
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the water surface) and photic-zone results are grouped together because they represent conditions 

in the epilimnion. Bottom, or hypolimnetic, results are summarized separately.  Box plots of 

selected parameters are provided, grouped by top or photic and near-bottom observations with 

2012 and 2013 data combined (fig. 7-13).  The box plots provide the median along with the 25th 

and 75th percentiles of the data.  Additionally, the 5th and 95th percentiles are illustrated with 

closed circles in each plot; outliers were not included in the graphic display. 

Relevant North Carolina ambient water quality criteria are provided for comparison 

(North Carolina Department of Environment and Natural Resources, 2017a).  Maximum 

contaminant levels (MCLs) and secondary drinking water regulations (SDWR) values are 

applicable only to treated drinking water rather than untreated surface waters; however, they are 

also provided for reference and not further discussed (USEPA, 2017b).     

 

3.2.2 Temperature, Dissolved Oxygen, pH, and Specific Conductance 

The highest and lowest water temperatures of 30.2 and 10.2 degrees Celsius were 

measured at White Oak on August 2, 2012 and April 3, 2013, respectively (fig. 7A, table 4).  The 

highest dissolved oxygen of 13.1 mg/L was measured on April 3, 2013 at the Intake and the 

lowest dissolved oxygen of 0.1 mg/L was measured on July 5, 2012 at Buoy 9, near the bottom 

of the water column (fig. 7B, table 4).  The box plots for temperature and dissolved oxygen 

demonstrate similarities between sites for the top and near-bottom observations (fig. 7).  

Concentrations of dissolved oxygen below the State standard of 5.0 mg/L (daily average) are 

expected in lake bottom waters due to natural causes and are not considered to indicate problems.  

Dissolved oxygen may also be expressed in terms of percent saturation, which is computed using 

dissolved oxygen concentration, water temperature, and barometric pressure.  Dissolved oxygen 
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percent saturation levels greater than the State standard for dissolved gases of 110 percent were 

periodically observed at all four sites in Jordan Lake (table 4). 

The State’s acceptable range for pH values is 6.0 to 9.0 standard units.  Almost all of the 

pH values measured during this study were within this range.  Only one recorded reading of 9.1 

standard units at Buoy 8 on July 5, 2012 exceeded the State’s range.  The ranges appeared to be 

similar among the sites when comparing the near-bottom observations; however, the top 

observations had more variability (fig. 8A).  The lowest pH value of 6.6 standard units was 

measured at the Intake and Buoy 9 on May 28, 2013 and April 16, 2013, respectively.   

The range in measurements for top and near-bottom observations was similar among the 

sites (fig. 8B).  The highest specific conductance of 229 microsiemens per centimeter (S/cm) at 

25 degrees Celsius was measured on August 15, 2012 at the Intake.  Buoy 9 had the lowest 

conductance value of 94 S/cm measured on July 9, 2013.      

 

3.2.3 Measures of Water Clarity: Turbidity, Secchi Depth, Depth to One Percent Light 

The State’s standard for non-trout lakes and reservoirs is 25 nephelometric turbidity units 

(NTU).  The turbidity results for the Jordan Lake study are in nephelometric turbidity ratio units 

(NTRU) due to the optics of the specific meter used.  For comparative purposes, the units can be 

considered equivalent.  During the study period, no turbidity measurements exceeded the State’s 

threshold of 25 NTU.  The box plots illustrate variation between the sampling sites, particularly 

the higher values at Buoy 9 (fig. 9A).  The highest turbidity reading of 18 NTU was measured at 

Buoy 9 on October 11, 2012, which is the most upstream sampling site.  Buoy 8 had the lowest 

turbidity reading of 4.3 NTU on April 30, 2013.   

The variation in values between the study sites for secchi depth and depth to one percent 

light is demonstrated by the box plots (fig. 9B, 9C).  Secchi depths ranged from a minimum of 
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0.5 m at Buoy 9 (April 3, 2013, June 25, 2013, and July 23, 2013), to a maximum of 1.3 m at the 

Intake site (June 21, 2012).  Approximately 1.1 m was the minimum depth to one percent light 

measured at Buoy 9 on September 12 and 26, 2012, at Buoy 8 on September 26, 2012 and at 

White Oak on November 7, 2012.  Comparatively, 3.6 m was the maximum depth to one percent 

light, measured at Buoy 8 on April 30, 2013 and White Oak on June 21, 2012.     

 

3.2.4 Iron and Manganese  

The State aquatic-life standards for total recoverable iron and total recoverable 

manganese were previously 1,000 mg/L and 200 mg/L, respectively; however, the U.S. EPA 

approved removal of these standards in 2016 because iron and manganese occur naturally in the 

State’s water systems (http://deq.nc.gov/document/trirev-epa-decisiondoc-2007-2015; North 

Carolina Department of Environment and Natural Resources, 2017b).  Thus, these standards are 

not discussed further in this thesis.   

The box plots provide a display of the variation among the study sites and depths for total 

and filtered iron (fig. 10A, 10B).  Higher concentrations were measured at the near-bottom 

depths for all the sites.  The maximum total recoverable iron was measured on September 26, 

2012 at White Oak at a concentration of 2,570 µg/L; the minimum was measured on July 18, 

2012 at White Oak at a concentration of 45.8 µg/L.  The highest filtered iron value of 918 µg/L 

was measured on June 25, 2013 at the Intake site; however, many values throughout the 

sampling period were less than the reporting limit of 3.2 g/L.       

The box plots provide a display of the variation among the study sites and depths for total 

and filtered manganese (fig. 10C, 10D).  Higher concentrations were measured at the near-

bottom depths for all the sites.  The maximum total recoverable manganese concentration of 

http://deq.nc.gov/document/trirev-epa-decisiondoc-2007-2015
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2,710 µg/L was measured on June 25, 2013, in the hypolimnion at the Intake.  The minimum of 

37 µg/L was measured on April 16, 2013 at White Oak.  The maximum filtered manganese value 

of 2,710 µg/L was measured on June 25, 2013 at the Intake site, and the lowest value of 0.26 

µg/L was found on October 30, 2013 at the Intake site. 

 

3.2.5 Nutrients  

The nutrient species that were analyzed included ammonia plus organic nitrogen, 

ammonia, nitrate plus nitrite, orthophosphate, and total phosphorus.  Total nitrogen and total 

organic nitrogen were computed using data from the other nitrogen fractions.  Nitrate plus nitrite 

is the only nutrient constituent for which a State water quality standard currently exists (10 mg/L 

as N); however, the State is in the process of developing updated nutrient standards (North 

Carolina Department of Environment and Natural Resources, 2017a).  There were no 

concentrations which exceeded the State water quality standard for nitrate plus nitrite during this 

study.   

Generally, low variation of ammonia plus organic nitrogen occurred in concentrations 

between the study sites; however, values were higher at the near-bottom depths for all the sites 

(fig. 11A).  A maximum concentration of ammonia plus organic nitrogen (2.7 mg/L as N) was 

measured on April 3, 2013 at White Oak.  The source of this unusually high ammonia plus 

organic nitrogen (attributed to the total organic nitrogen value) is unknown.  There may have 

been an influx of nutrients from the White Oak Creek tributary after a rainfall event, which could 

have caused a spike in the total organic nitrogen concentration.  The subsequent sampling event 

on April 16, 2013 remained relatively high (1.1 mg/L as N).  The lowest values of 0.61 mg/L as 

N were measured on June 6, 2012 and June 11, 2013 at White Oak and the Intake, respectively.  

Box plots of ammonia illustrate higher concentrations for the near-bottom observations 
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compared to the photic observations (fig. 11B).  The highest concentration of ammonia (0.781 

mg/L as N) was observed on August 2, 2012 at the Intake site in the hypolimnion, but 

approximately 41 percent of ammonia concentrations were less than the detection level (0.01 

mg/L as N).   

As previously discussed, the highest value of total organic nitrogen (2.7 mg/L as N) was 

measured at White Oak on April 3, 2013.  The ranges in concentrations were similar among the 

study sites and depths for total organic nitrogen values (fig. 11C, table 4).  Ranges for nitrate 

plus nitrite were similar among the study sites with higher values at the Intake site (fig. 11D, 

table 4).  The highest value of nitrate plus nitrite (0.23 mg/L as N) was measured on May 10, 

2012 at the Intake site, but approximately 64 percent of nitrate plus nitrite values were less than 

the detection level (0.01 mg/L as N).  The total nitrogen box plots demonstrate higher values and 

greater variation in ranges near the bottom (fig. 12A).  The photic values appear similar between 

the sites with some slight variation at the Intake site.  The maximum value of total nitrogen was 

calculated to be 2.7 mg/L White Oak on April 3, 2013; however, the minimum of 0.62 mg/L was 

measured at White Oak on June 6, 2012 and the Intake site on June 11, 2013. 

Generally low variation between sites and limited values above the detection level are 

demonstrated by the box plots for orthophosphate (fig. 12B).  Approximately 94 percent of 

orthophosphate concentrations were less than the detection level of 0.004 mg/L as P.  The 

maximum value of orthophosphate was 0.033 mg/L as P on several dates at the Intake.  Box 

plots for phosphorus concentrations show generally low variation between sites, with the 

exception of a few high values at near-bottom observations (fig. 12C).  The maximum and 

minimum values of phosphorus were 0.286 mg/L as P and 0.03 mg/L as P at White Oak on 

September 26, 2012 and the Intake on July 5, 2012, respectively.   
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3.2.6 Chlorophyll a, Geosmin and MIB 

During the study period, chlorophyll a concentrations greater than the North Carolina 

water quality standard of 40 µg/L were observed once at the Intake site, six times at Buoy 9, and 

three times at Buoy 8.  Box plots grouped by study site are provided for chlorophyll a values 

(fig. 13A).  Overall, the chlorophyll a ranges appear similar among sites.  A maximum 

chlorophyll a value (63.7 µg/L) was recorded at Jordan Lake near Buoy 8 on July 5, 2012.  A 

minimum chlorophyll a value (9.1 g/L) was recorded at Buoy 8 on June 6, 2012. 

As previously stated, geosmin and MIB were collected only at the Intake site for this 

study.  Box plots of geosmin and MIB grouped by photic and near-bottom observations are 

provided (fig. 13B, 13C).  A maximum geosmin value of 250 nanograms per liter (ng/L) was 

recorded on April 16, 2013.  During the study, approximately 45 percent of geosmin samples 

were below the reporting level of 3 ng/L.  A maximum MIB value (49 ng/L) was recorded on 

September 3, 2013.  Approximately 77 percent of samples had MIB below the lab reporting level 

of 5 ng/L.   

 

3.3 Comparison of Spatial Variability among Sampling Sites  

3.3.1 Approach to Assessing Spatial Variability 

The box plots provided in the previous section give a broad overview of water quality 

variability at Jordan Lake; however, the plots do not allow for evaluation of variations between 

each study site.  Thus, regressions and Wilcoxon signed-rank tests were used for selected 

parameters to provide water quality specifics that the U.S. Geological Survey and Town of Cary 

need for this project.  Instead of grouping both years together, these analyses were separated by 
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year because water quality conditions can vary between years, due to hydrological and 

meteorological conditions, as well as anthropogenic factors.  As previously stated, the Intake site 

was used as the independent variable in the regressions, and Buoy 8, Buoy 9, and White Oak 

were used as the dependent variables.  The Intake site was used as the independent site because 

conditions near the intake are of the most critical interest to the Town of Cary.  A goal of the 

USGS investigation is to evaluate the spatial extent of the mixer’s effects, once it’s operational.  

Analyzing whether there are differences among the sites can inform future monitoring strategies.  

Sites that are found to have redundant results could be removed from the sampling regime.   

The regression analysis and the Wilcoxon signed-rank approaches, rather than more 

traditional approaches such as analysis of variance (ANOVA) or the Kruskal-Wallis test, were 

used because the data in this thesis do not have a normal distribution.  A parametric test is 

typically used if the data follow a particular distribution, usually a normal distribution, but a 

nonparametric test is used if the data do not follows a particular distribution (Helsel and Hirsch, 

1992).  ANOVA was initially computed for this thesis; however, the results were not useful in 

determining differences between the study sites.  When parametric tests are applied to non-

normal data, their power to detect differences which are truly present is much lower than that for 

the equivalent nonparametric test (Bradley, 1968).  Even though the regression is a parametric 

test, it was used to describe the statistical relationship between the independent variable (the 

Intake site) and the dependent variables (Buoy 9, Buoy 8 and White Oak sites).  The hypothesis 

test in regression is useful to determine whether the slope coefficient is significantly different 

from zero (Helsel and Hirsch, 1992).    

The Wilcoxon signed-rank test was only computed if all of the following occurred: (a) 

the regression was found to be significant; (b) the regression was not coincident; and (c) percent 
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of variance did not exceed 75 percent.  The signed-rank test is nonparametric and is used to 

determine whether the median difference between paired observations equal zero (Helsel and 

Hirsch, 1992).  In this case, the sign-rank test was used to determine if the median difference 

between selected parameters of the Intake site compared to the other three sites was significantly 

different than zero.     

The top and photic data were combined for these computations and summary statistics; 

however, the bottom data are not discussed in this section.  Temperature, dissolved oxygen, and 

pH were not included in the statistical calculations, because they vary more with season and (or) 

time of day than sampling location.  Summaries of the regression statistics and the Wilcoxon 

signed-rank test for selected parameters or constituents are provided in tables 5 and 6.   

 

3.3.2 Specific Conductance and Turbidity 

The regression is plotted for specific conductance for Buoy 9, Buoy 8 and White Oak 

against the Intake site, grouped by year (fig. 14).  As illustrated by the regressions, each site had 

low variation for 2012, as well as 2013 when regressed against the Intake site.  Based on the 

slope of the regressions, there is a statistically significant relationship between data from the 

Intake site and the remaining three sites for both years.  Buoy 8 and Buoy 9 are coincident when 

regressed against the Intake for 2013 (slope is approximately equal to one and intercept is 

approximately equal to zero), and the percentage of variance exceeds 75 percent; thus, these data 

are not analyzed further.  The regression for specific conductance for Buoy 8 in 2012 and White 

Oak for both years was not coincident; however, the R2 value exceeds criterion.  Buoy 9 is 

coincident in 2012, but the R2 value does not exceed criterion.  Thus, the Wilcoxon signed rank-



 

31 

test was not computed for specific conductance data, because the relationships were not 

statistically significant.   

A significant relationship for turbidity exists between data from the Intake site and Buoy 

9, Buoy 8 and White Oak for both years (fig. 15).  The R2 values do not exceed the criteria for 

turbidity at Buoy 8 for both years, Buoy 9 for 2012 and White Oak for 2012; however, these 

regressions are all coincident and not discussed further.  The regression for White Oak for 2013 

is not coincident, but the percent of variability does exceed criterion.  The regression for Buoy 9 

against the Intake site for 2013 was not coincident and had an R2 value less than 75 percent, 

which suggests that the pair should be further tested. 

The Wilcoxon signed-rank test was used as a comparison test for Buoy 9 against the 

Intake site for the 2013 data.  Based on this test, the p-value equals 0.0058, which is considered 

significant and suggests that the data between the two sites are different over time.  Thus, 

turbidity data for April 2013 through October 2013 between the Intake site and Buoy 9 appear to 

be spatially different.  Buoy 9 is the most upstream site and greatest distance from the Intake site, 

which may explain the variability in turbidity data.       

 

 

3.3.3 Secchi Depth, Depth to One Percent Light, and Chlorophyll a  

 

Based on the regression slopes, there is a statistically significant relationship between the 

Intake site and Buoy 9, Buoy 8 and White Oak for secchi depth data (fig. 16).  The R2 values are 

greater than 75 percent and the data are coincident for both years at Buoy 8 and 2013 at White 

Oak.  The regressions for both years at Buoy 9 with the Intake site and 2012 for White Oak were 

not coincident and the R2 values did not exceed the criteria, which suggests that these pairs 

should be further examined. 
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The Wilcoxon signed-rank test was performed for Buoy 9 compared to the Intake site for 

both years of data, as well as White Oak for the 2012 data.  Based on these tests, White Oak is 

not statistically significant; however, both years of data for Buoy 9 are statistically significant.  

Buoy 9 is the most upstream site, which may explain the secchi depth data variation when 

compared to the Intake site.  

    The regression was plotted for the depth to one percent light data for Buoy 9, Buoy 8 

and White Oak against the Intake site (fig. 17).  The relationship between the Intake site and 

Buoy 9 for 2013 is not statistically significant, but there is a statistically significant relationship 

with the remaining sites regressed against the Intake site.  The R2 value exceeds criterion for 

White Oak for both years of data, but does not exceed for Buoy 8 for 2013.  Additionally, these 

three sets of data are coincident.  The regressions for Buoy 8 and Buoy 9 for 2012 were not 

coincident and did not exceed criterion of correlation; thus, these pairs are further examined.  

The Wilcoxon signed-rank test was computed for Buoy 8 and Buoy 9 with the Intake site 

for 2012.  The test comparing Buoy 8 with the Intake site is not significant, but the test 

comparing Buoy 9 with the Intake site is significant.  Based on the statistical analyses, the depth 

to one percent light data for April 2012 through November 2012 between the Intake site and 

Buoy 9 is spatially different.  Buoy 9 is the most upstream site, which may explain why the depth 

to one percent light data is statistically different when compared to the Intake site.   

The slopes of the regressions indicate there is a statistically significant relationship 

between the Intake site and the remaining three sites for chlorophyll a (fig. 18).  The percentage 

of variance exceeds criterion for Buoy 9 for the data in 2013 but not for any of the remaining 

sites.  In contrast, all the regressions are coincident.  Thus, the Wilcoxon signed-rank test was not 

computed for chlorophyll a data because the relationships were not statistically significant.    
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3.3.4 Iron and Manganese  

Regression plots are provided for filtered iron data for Buoy 9, Buoy 8 and White Oak 

regressed against the Intake site (fig. 19).  Most of the filtered iron points are clustered with low 

concentration, with the exception of a few elevated points.  The slopes specify that a statistically 

significant relationship exists between the Intake site and the remaining three sites.  Buoys 8 and 

9 for 2013 are not coincident; however, the remaining sites are coincident.  In contrast, the R2 

values exceed criterion for all the sites regressed against the Intake site, which means the sites 

are highly correlated.  Thus, the Wilcoxon signed-rank test was not computed for filtered iron 

data because the relationships were not statistically significant.   

Based on the slopes of the regressions for total iron, there is a statistically significant 

relationship between the Intake site and the remaining three sites (fig. 20).  White Oak for 2012 

is not coincident with the Intake site; however, the percent of variance exceeds criterion.  Buoy 8 

for 2012 is coincident with the Intake site and the percent of variance exceeds criterion.  The 

remaining sites, with the exception of Buoy 9 for 2012, are coincident but the percentage of 

variance do not exceed criterion.  The regression for Buoy 9 for 2012 is not coincident and does 

not exceed the percentage of variance criterion, which suggests that this pair are not highly 

correlated and should be further examined.  

The Wilcoxon signed-rank test was performed to compare Buoy 9 with the Intake site for 

2012.  Based on this test, the p-value is 0.006, which is statistically significant and illustrates that 

the data are different through time.  Variation occurs when comparing the total iron data of Buoy 

9 with the Intake site for April 2012 through November 2012.  Buoy 9 and the Intake site 
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account for the greatest distance between sites, which may explain why the total iron data are 

statistically significant.   

In general, most of the filtered manganese values are clustered within a small range of 

relatively low concentrations, with the exception of outliers at Buoy 9 in 2013, Buoy 8 in 2013 

and White Oak in 2012 (fig. 21).  Reasons for these outliers are not known.  The regression plots 

for filtered manganese for Buoy 9, Buoy 8 and White Oak regressed against the Intake site 

indicate that a significant relationship exists between the Intake site and Buoy 9 and Buoy 8 for 

2012.  There is no statistically significant relationship between the Intake site and the remaining 

sites.  The percent of variance does not exceed criterion for Buoy 9 and Buoy 8 for 2012, nor are 

they coincident, which suggests that these pairs are not highly correlated and should be further 

tested.  

 The Wilcoxon signed-rank test was performed to compare the Intake site with Buoy 9 

and Buoy 8 for 2012 for filtered manganese.  Based on this test, the p-values are 0.266 and 0.132 

when comparing the Intake site to Buoy 9 and Buoy 8 for 2012, respectively, which means the 

comparisons are not statistically significant and the filtered manganese data are similar through 

time.  The reasons for the outliers at Buoy 9 on September 17, 2013 and White Oak on 

September 26, 2012 are not known.    

The regressions were plotted for total manganese data for Buoy 9, Buoy 8 and White Oak 

against the Intake site (fig. 22).  A significant relationship does not exist between the Intake site 

and Buoy 9 for 2012; however, there is a statistically significant relationship between the Intake 

site and the remaining sites.  The variance does not exceed 75 percent for Buoy 9 for 2013, Buoy 

8 for 2012 and White Oak for 2013, but they are all coincident.  Buoy 8 for 2013 is coincident 

and the percent of variance exceeds 75 percent.  The regression for White Oak for 2012 is not 
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coincident and does not exceed the criterion of variance, which suggests that this pair is not 

highly correlated and should be further tested.  

The Wilcoxon signed-rank test was performed to compare the Intake site with White Oak 

for 2012.  Based on this test, the comparison is statistically significant and the total manganese 

data are different through time.  Spatial variation of total manganese occurs when comparing 

White Oak to the Intake site for the period April 2012 through November 2012.  White Oak 

receives inputs from the White Oak Creek tributary, which may explain why the total iron data 

are statistically significant.   

   

3.3.5 Nutrients  

Regression analysis was performed for ammonia plus organic nitrogen for Buoy 9, Buoy 

8 and White Oak against the Intake site (fig. 23).  The reason for the unusually high value at 

White Oak in 2013 is unknown.  Statistically significant relationships occur between the Intake 

site and the remaining three sites.  The percent of variance is less than criterion for Buoy 8, Buoy 

9 and White Oak for the data in 2012 and Buoy 9 for 2013; however, all of these regressions are 

coincident.  The regressions for Buoy 8 and White Oak for 2013 were not coincident and did not 

exceed the R2 value criterion, which suggests that these pairs are not highly correlated and 

should be further tested.  

The Wilcoxon signed-rank test was used as a comparison for Buoy 8 and White Oak with 

the Intake site for 2013.  These comparison tests with the Intake site are not statistically 

significant, which means the ammonia plus organic nitrogen data are similar over time for Buoy 

8 and White Oak.   
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The regressions were plotted for ammonia for Buoy 9, Buoy 8 and White Oak against the 

Intake site (fig. 24).  The slopes suggest a significant relationship between the Intake site and the 

remaining three sites for both years of data.  All the sites are coincident, with the exception of 

Buoy 9 for 2012.  Additionally, the percentage of variance of the regression exceeds criterion for 

all the sites, with the exception of Buoy 9 for both years.  Thus, the Wilcoxon signed-rank test 

was performed for Buoy 9 compared the Intake site for the 2012 data.  Based on this test, the 

ammonia data are not statistically significant among the study sites. 

Significant relationships exist between the Intake site and the remaining sites for total 

organic nitrogen (fig. 25).  As previously noted, the reason for the unusually high value at White 

Oak in 2013 is unknown.  The regressions do not explain much of the variation among the sites; 

although, the remaining sites are coincident, with the exception of White Oak for 2013.  The 

Wilcoxon signed-rank test was completed for White Oak compared with the Intake site for the 

2013 data.  Based on this test, the total organic nitrogen data are not statistically significant and 

do not appear to have spatial variability among the study sites. 

Most of the nitrate plus nitrite values were below the reporting limit (0.01 mg/L as N), 

thus fewer points are visible on the regressions (fig. 26).  Based on the regressions, a significant 

relationship does not exist between the Intake site and Buoy 9 for 2013; however, there is a 

statistically significant relationship between the Intake site and the remaining sites.  The 

remaining sites are not coincident, but the R2 values exceed criterion for these sites, with the 

exception of White Oak for 2013.  The Wilcoxon signed rank test was computed to compare 

White Oak with the Intake site for the 2013 data; however, the relationship between the pair is 

not significant and does not differ through time.  Based on the statistical analyses, there does not 

appear to be spatial variability among the sites for nitrate plus nitrite concentrations. 
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Significant relationships exist between the Intake site and the remaining sites for total 

nitrogen (fig. 27).  The regression’s percent of variance does not exceed 75 percent for these 

sites, but the remaining sites are coincident, with the exception of Buoy 8 for 2013.  Thus, the 

Wilcoxon signed rank-test was performed to compare Buoy 8 with the Intake site, and the p-

value does not differ through time and is not significant.  In conclusion, the total nitrogen data do 

not appear to be spatially different. 

Approximately 94 percent of orthophosphate concentrations from April 2012 through 

October 2013 were less than the detection level of 0.004 mg/L as P; therefore, the regressions 

were not plotted and figures are not provided for this parameter.  Spatial variation does not occur 

among the sites for orthophosphate concentrations. 

The regressions were plotted for phosphorus data for Buoy 9, Buoy 8 and White Oak 

regressed against the Intake site (fig. 28).  Based on the slopes of the regressions, a significant 

relationship does not exist between the Intake site and White Oak for 2013; however, there is a 

statistically significant relationship between the Intake site and the remaining sites.  The percent 

of variance does not exceed criterion for these sites, but the remaining sites are coincident, with 

the exception of White Oak for 2012.  The Wilcoxon signed-rank test was performed for White 

Oak compared with the Intake site.  Based on this test, the data are not statistically significant.  

The phosphorus data do not appear to be spatially different among the sites. 

   

3.4 Seasonal and Inter-Annual Variations in Water Quality  

3.4.1 Approach to Assessing Seasonal and Inter-Annual Variability 

Seasonal and inter-annual variations in water quality were evaluated.  As would be 

expected, water quality varied from April through October each year in response to changes in 
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temperature and other seasonal factors.  The Intake site was used solely as the focus for 

comparing water quality between the 2012 and 2013 sampling periods since this site is the most 

significant to the Town of Cary.  Vertical profile-plots, scatter plots, and date plots of the in-lake 

data, grouped by season and year, were useful for illustrating seasonal and annual variations.  

The spring season is defined as measurements between March 20 and June 20, summer is 

defined as measurements between June 21 and September 21, and fall is defined as 

measurements between September 22 and December 21.       

 

3.4.2 Water Temperature, Dissolved Oxygen, Specific Conductance, and pH  

Vertical-profile plots of water temperature and dissolved oxygen for selected dates 

illustrate the progression of stratification at the Intake site during 2012 and 2013 (fig. 29). 

Although the overall pattern of stratification was similar in both years, the timing of key events 

differed.  During 2012, stratification of the water column had begun to develop on April 4 (fig. 

29A).  At 0.2 m, the temperature was 18.4 degrees C, and the dissolved oxygen was 5.5 mg/L; 

however, at 4.0 m, the temperature was lower at 16.3 degrees C, and the dissolved oxygen was 

1.6 mg/L.  Also, hypoxia was evident on this date, with dissolved oxygen concentrations less 

than 1.0 mg/L from 6.0 m to 8.0 m.  By the May 10, 2012 site visit, hypoxia was fully 

established below the photic zone.  In contrast, in early April 2013, water temperatures were 

cooler than in April 2012, and the entire water column was well mixed and oxygenated (fig. 

29B).  On April 3, 2013, water temperatures measured 12.6 degrees C, 12.4 degrees C, and 10.5 

degrees C at 0.2 m, 4.0 m, and 8.6 m, respectively.  The surface temperature was 5.8 degrees C 

higher in April 2012 than April 2013.  Also, dissolved oxygen measured 13.1 mg/L, 12.8 mg/L, 

and 10.2 mg/L at 0.2 m, 4.0 m, and 8.6 m, respectively.  Thus, hypoxia was not evident in April 



 

39 

2013, but was first noted during the May 28, 2013 site visit.  The earlier onset of hypoxia in 

April 2012 was due to the high surficial water temperature and low precipitation, which resulted 

in lower than normal water inflows into Jordan Lake and stagnant lake water. 

The temperature and dissolved oxygen profiles were similar during the June and August 

site visits in 2012 and 2013.  Hypoxia was fully established below the photic zone during the 

summer measurements for both years of sampling.  During these sampling events, hypoxia 

extended upward in the water column (0.5 mg/L at 5.0 m on August 8, 2012 and 0.2 mg/L at 5.5 

m on August 6, 2013).  The September measurements for both years are similar as well; 

however, turnover occurred slightly earlier in 2013.  As the surficial water temperatures cool, the 

water becomes denser and begins to sink.  The water column mixes completely, and higher 

dissolved oxygen levels return to the bottom (fig. 1). 

Specific conductance varied seasonally, particularly during 2013, and also differed 

notably between 2012 and 2013 (fig. 30).  In the spring of both years, specific conductance was 

in the range of 183-207 S/cm.  However, during the summer and fall of 2013, specific 

conductance was lower.  The 2012 measurements did not have as much seasonal variability as 

2013.  This difference can be attributed to higher rainfall in 2013, which dilutes the water and 

lowers the specific conductance. 

During the spring and summer, pH values had a wider range in variation; however, the 

fall for both years appears to have a smaller range (fig. 31).  Overall, pH is higher and more 

variable at the top of the water column than near the bottom.  Both the seasonal and top/bottom 

differences likely reflect the influence of algal productivity near the surface.  In lakes with low 

alkalinity, like Jordan Lake, algal uptake of carbon dioxide for photosynthesis results in higher 
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pH levels. It must be noted that all measurements for this study were collected during daylight 

hours when phytoplankton were likely to have been actively photosynthesizing.  

 

3.4.3  Secchi Depth, Depth to One Percent Light, and Chlorophyll a 

The secchi depth, depth to one percent light, and chlorophyll a were measured only 

within the photic zone; therefore, there are no “bottom” data for these parameters.  The spring 

and summer data for secchi depth and depth to one percent light have more variability than do 

the fall data (figs. 32, 33).  Also, the summer appears to exhibit a wider range of measurements 

for both parameters.  Overall, seasonal variation appears to be minimal for the secchi depth and 

depth to one percent light. 

The ranges of chlorophyll a data observed each year were fairly similar, but 

concentration patterns during April through July differed among years (fig. 34).  The spring of 

2013 had higher concentrations compared to the spring of 2012; however, during the July 

samples, chlorophyll a values were higher in 2012 than 2013.  The higher chlorophyll a values in 

2013’s spring may have been due to higher precipitation, which could have brought in a flux of 

nutrients.  Also, the late fall concentrations were higher during 2012 than 2013.    

 

3.4.4  Iron and Manganese 

Concentrations of iron and manganese near the surface were at or below detection limits 

and did not vary much seasonally or between years.  In contrast, iron and manganese (both total 

and filtered) concentrations in bottom waters were high during both summers (figs. 35-38).  

Elevated concentrations coincided with periods when the lake was stratified and dissolved 

oxygen was depleted in the hypolimnion (fig. 29). The majority of the iron and manganese in the 
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bottom of the water column was in the dissolved form, likely resulting due to reductive 

dissolution and release from the lake bottom sediments.         

 

3.4.5  Nutrients 

Photic-zone samples were analyzed for nutrients (ammonia plus organic nitrogen, 

ammonia, total organic nitrogen, nitrate plus nitrite, total nitrogen, orthophosphate, and 

phosphorus).  These nutrients were also collected one meter above the lake bed.  Total organic 

nitrogen was computed by subtracting ammonia from ammonia plus organic nitrogen.  Total 

nitrogen was computed by summing nitrate plus nitrite with ammonia plus organic nitrogen.   

Surface concentrations for ammonia plus organic nitrogen did not show a distinct 

seasonal pattern.  Bottom concentrations generally were higher than those from surface, with the 

most pronounced deviations during summer stratification.  During periods when the water 

column was well mixed, such as during the fall of both years and April 2013, surface and bottom 

concentrations were very similar (figs. 39, 29).  Forms of organic nitrogen (dead phytoplankton, 

detritus, and other organic matter) sink and accumulate in the hypolimnion over the growing 

season.  Also, ammonia is produced from decomposition by bacteria under anaerobic conditions 

(Harter and Rollins, 2008), which explains why bottom ammonia plus organic nitrogen 

concentrations were generally higher than surface concentrations.  

A sizable portion of the variation observed for hypolimnetic ammonia plus organic 

nitrogen could be attributed to fluctuations in ammonia, which showed a similar seasonal pattern 

(fig. 40).  Ammonia is a reduced form of inorganic nitrogen; thus, it is more likely to be present 

during anaerobic conditions (Harter and Rollins, 2008).  During summer stratification, 

decomposition generates a large demand for oxygen in the hypolimnion. The thermocline 
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prevents the hypolimnion from mixing with the better-oxygenated epilimnion.  As a result, 

dissolved oxygen is depleted from the hypolimnion, producing conditions which favor ammonia 

production.    In contrast, low ammonia concentrations were typically observed in top waters of 

Jordan Lake, where oxygen was plentiful and phytoplankton would readily take up any available 

ammonia.   

Total organic nitrogen tended to be relatively higher in the late summer and fall of both 

2012 and 2013.  Unusually high values of total organic nitrogen were observed during April 

2013, coinciding with a taste-and-odor event.  Although minor differences between top and 

bottom concentrations were observed, patterns were inconsistent (fig. 41).  Total organic 

nitrogen is present in the form of photosynthetic producers and other living organisms in the 

epilimnion during the growing season.  However, the hypolimnion consists of organic nitrogen 

in the form of detritus and decomposing organic matter. 

Nitrate plus nitrite is an oxygenated form of inorganic nitrogen that is readily taken up by 

phytoplankton.  Therefore, concentrations tended to be very low in surface samples from Jordan 

Lake during times when phytoplankton were actively growing (fig. 42).  Because nitrate and 

nitrite are rapidly reduced when dissolved oxygen is low, concentrations in the hypolimnion tend 

to be very low during stratification.  For this study, nitrate plus nitrate generally was observed in 

the hypolimnion only when the water column was well mixed and/or the hypolimnion was 

oxygenated, as was the case during April-May 2012, April-May 2013, and November 2013 (fig. 

42).  The source of the unusually high nitrate in the hypolimnion in May 2012 is unknown.  

However, Jordan Lake was relatively warm and already thermally stratified in April 2012.  It is 

possible that inflows from springtime storm events were cooler than the lake surface water and 
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therefore entered the lake as interflows—meaning they sunk to a deeper layer of water with a 

similar temperature (Martin, 2013). 

Total nitrogen was computed by summing nitrate plus nitrite with ammonia plus organic 

nitrogen.  Because nitrate plus nitrate concentrations were generally low in Jordan Lake, 

temporal patterns observed for total nitrogen closely tracked with those observed for ammonia 

plus organic nitrogen (fig. 43). 

Seasonal patterns for total phosphorus were similar to ammonia plus organic nitrogen and 

ammonia (fig. 44).  The maximum values were measured near the bottom of Jordan Lake during 

the summers of 2012 and 2013.  Phosphorus typically becomes elevated in the hypolimnion of 

eutrophic lakes through decomposition of organic matter in the water column. Under hypoxic 

conditions, phosphorus is also released from the sediment into the water overlying the lake bed.  

Approximately 94 percent of measured orthophosphate concentrations from April 2012 through 

October 2013 were less than the laboratory method detection level; thus, seasonal and inter-

annual variations were not evaluated. 

 

3.5 Relation of Chlorophyll a with Geosmin and MIB 

The relationships between concentrations of chlorophyll a with those of geosmin and 

MIB have not been widely researched, but the prediction and consequent modeling of taste and 

odor compounds are often based on chlorophyll a data.  Geosmin and MIB measurements were 

collected at the Intake site from the photic and bottom depths during the sampling period; 

however, chlorophyll a measurements were only collected at the photic depth.  Thus, only 

samples from the photic zone for geosmin, MIB, and chlorophyll a will be used in this 

discussion.   



 

44 

Peak values for chlorophyll a generally occurred in the late summer, but also occurred in 

April 2013 (fig. 45B).  The maximum chlorophyll a value of 41.3 g/L occurred on April 3, 

2013, which was the only time the data from the Intake site exceeded the North Carolina water 

quality standard of 40 g/L.  Concentrations remained relatively low during the late spring and 

early summer of each year.   

A maximum geosmin value of 250 ng/L was recorded on April 16, 2013 (fig. 45A).  

During the study, approximately 39 percent of geosmin samples were below the lab reporting 

level of 3 ng/L.  Geosmin values exceeded the human perception threshold of 5 to 10 ng/L three 

times in 2012 and five times in 2013.  Approximately 81 percent of MIB samples were below the 

lab reporting level of 5 ng/L.  In general, MIB was only detected during late summer to early fall 

in both years of sampling.  The maximum MIB concentration of 24 ng/L was recorded on 

September 3, 2013 (fig. 45A).  MIB values exceeded the human perception threshold of 5 to 10 

ng/L three times in both 2012 and 2013.      

Correlation analysis of geosmin with chlorophyll a yields an R2 value of 0.109, which is 

considered low (fig. 46A).  Correlation of MIB with chlorophyll a yields an R2 value of only 

0.08, which indicates essentially no relationship (fig. 46B).  Based on these correlation analyses, 

neither geosmin nor MIB concentrations had strong relationships with chlorophyll a 

concentrations in Jordan Lake during the study period.  When outliers were removed from the 

correlation analysis of geosmin with chlorophyll a, the R2 value equaled 0.237, which resulted in 

an inverse relationship.  Moreover, the inverse relationship between the two constituents that is 

suggested by the correlation plot is counter-intuitive and provides further evidence of poor 

agreement.         
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Overall, the peaks for geosmin and MIB occurred in April 2013 and September 2013, 

respectively; however, the peaks for chlorophyll a typically occurred in the late summer and 

April 2013.  In general, geosmin and MIB were not always detected when chlorophyll a was 

high.  Geosmin and chlorophyll a share a peak in April 2013; however, MIB remained below its 

respective detection level.  MIB only exceeded its detection level in the late summer of 2012 and 

2013.  In conclusion, chlorophyll a did not correlate well with geosmin and MIB and was not 

useful as an indicator of the presence of these compounds in this study.   

According to a taste and odor study performed by the U.S. Geological Survey, geosmin 

and MIB production occur across all cyanobacterial community types (Graham et al., 2010).  

Additionally, the release of geosmin and MIB compounds can vary during the growth phase or 

during death.  With this amount of variation, it is difficult to determine which type of algae is 

releasing the taste and odor compounds and at which life stage.  Taylor (2006) reported that 

chlorophyll a density is only a good predictor of geosmin if the geosmin-producing species make 

up a significant portion of the total algal biomass.  Obtaining chlorophyll a concentrations does 

not determine which specific type of algae is producing taste and odor compounds and which 

type is not involved in the compound production.   

Similar development of tools to predict the onset of geosmin and MIB have had varying 

results.  Smith et al. (2002) observed a good correlation between the concentration of taste and 

odor compounds to the concentration of chlorophyll a and concluded that the trophic state of a 

reservoir was a good predictor of geosmin and MIB.  In contrast, one study revealed that 

increasing light intensity resulted in increased geosmin concentrations with a corresponding 

decrease in chlorophyll a production in cultures of an Anabaena species (Blevins, et al., 1995).  
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Thus, predictions of geosmin and MIB are complex and may have different results among 

reservoirs or lakes with various types of algae.     

 

3.6 Discussion of Thesis Results 

There were noticeable differences in precipitation and hydrologic conditions between 

2012 and 2013, which influenced water-quality conditions in the Jordan Lake study area among 

years.  The sampling period for 2013 was wetter than the sampling period for 2012.  Streamflow 

was generally below the normal range in 2012, but within the normal to high range in 2013.  

Jordan Lake is relatively slow-moving with the hydraulic retention time for the New Hope arm at 

418 days.  Also, two water quality parameters exceeded the State’s standards during the 

sampling period at Jordan Lake.  The State’s range for pH was exceeded at Buoy 8 in July 2012.  

Chlorophyll a exceeded the State’s standard once at the Intake site, six times at Buoy 9, and 

three times at Buoy 8 during the sampling period.   

Buoy 9 had the highest turbidity, lowest dissolved oxygen, lowest secchi depth and 

lowest depth to one percent light.  This site is the furthest upstream site in the study area and is 

the first recipient from the flow of nutrients and metals from an upstream segment of the lake 

and its tributary streams.  Accordingly, sediment and other constituents may settle out when 

moving southward along the lake.  The remaining three sites consistently had lower turbidity and 

greater secchi depths.  

Maximum values of temperature, total iron, ammonia plus organic nitrogen, phosphorus, 

organic nitrogen, and total nitrogen were measured at White Oak.  The high concentrations at 

White Oak may be due to the White Oak Creek tributary located northeast of the White Oak 

sampling site.  Influxes of these constituents during rainfall events may be causing higher values 
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at the White Oak site compared to the remaining sites.  The highest values of dissolved oxygen, 

secchi depth, specific conductance, filtered iron, total and filtered manganese, ammonia, nitrate 

plus nitrite, orthophosphate were observed at the Intake site.  The greater depth of the water 

column in the vicinity of the Intake site may be contributing to the relatively higher 

concentrations of metals and inorganic nutrients.  During summer months, stratification and 

hypolimnetic hypoxia are strong at this location and likely influence nutrient and metals 

dynamics. The maximum pH, depth to one percent light, and chlorophyll a concentrations were 

located at Buoy 8. 

Based on a combination of regression analyses and Wilcoxon signed-rank tests, the 

occurrence of spatial differences in water quality parameters between Buoy 9, Buoy 8, White 

Oak and the Intake site was low.  The exception of parameters include turbidity data for 2013 at 

Buoy 9,  the secchi depth data for both years of sampling at Buoy 9, depth to one percent light 

and total iron data for 2012 at Buoy 9, and total manganese data for 2012 at White Oak.  Buoy 9 

and the Intake site account for the greatest distance between the sites and Buoy 9 is the most 

upstream site, which may explain why the majority of spatial differences occur between these 

sites. 

 Additionally, the seasonal and annual variations were analyzed using vertical profile-

plots, date plots and scatter plots.  Water quality varied from April through October each year in 

response to fluctuations in temperature and other seasonal influences.  Hypoxia had an earlier 

onset in 2012 than 2013.  It was noted in April for the 2012 sampling year; however, it was not 

noted until May 28 for the 2013 sampling year.  The earlier onset of hypoxia in April 2012 was 

due to warmer weather and low precipitation, which resulted in high surficial water temperature 
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and below-normal water flow into Jordan Lake.  Also, fall turnover occurred slightly earlier in 

2013 than 2012, which may be due to higher precipitation and an increase in inflow. 

Seasonal and inter-annual differences were noted for most parameters, with the exception 

of secchi depth, depth to one percent light, and orthophosphate.  Chlorophyll a concentrations 

patterns during April through July differed among years with higher concentrations in the spring 

of 2013 compared to the spring of 2012.  This inter-annual difference may have been due to 

higher precipitation and an influx of nutrients in the spring of 2013.   

Iron (filtered and total), manganese (filtered and total), ammonia plus organic nitrogen, 

ammonia, total nitrogen, and phosphorus concentrations were consistently higher during summer 

stratification near the bottom, although some parameters differed by year.  Under anoxic 

conditions, these metals and nutrients are more likely to accumulate in the bottom.  Generally, 

surface concentrations for the nutrients and metals in this study did not vary seasonally or 

between years.  In contrast, total organic nitrogen in 2013 and nitrate plus nitrate for both years 

measured higher values in the spring as opposed to the other seasons.  Nitrate and nitrite are 

rapidly reduced when dissolved oxygen is low, thus, concentrations in the hypolimnion tend to 

be very low during summer stratification.   

Evaluation of chlorophyll a, MIB and geosmin correlation plots and timing of peak 

values determined that chlorophyll a is not a good predictor of taste and odor compounds.  Given 

that the release of taste and odor compounds can occur across all cyanobacterial types, it can be 

difficult to determine which type of algae is releasing the compounds and at which stage in their 

life cycle.          

Overall, hydrologic and climate conditions can affect water quality parameters, algal 

growth, onset of stratification and mixing, and seasonal and inter-annual patterns of constituent 
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concentrations.  To obtain an understanding of water quality at Jordan Lake, therefore, it is 

essential to obtain multiple years of data.  Biweekly sampling described both seasonal and inter-

annual trends.  It is also important to note that hypolimnetic sampling provided a much more 

comprehensive picture of water quality than would have been observed by only sampling the top 

and photic zone. 

Similar conclusions regarding hydrologic and climate conditions affecting water quality 

parameters were noted from a study evaluating Lake Erie’s 2011 algal bloom.  Due to the long-

term trends in agriculture, coupled with meteorological conditions, Lake Erie experienced 

record-breaking nutrient loads in 2011.  It was concluded that nutrient yields (specifically 

phosphorus) were related to precipitation intensity (higher intensity increasing yields) (Michalak, 

et al., 2013).  Additional factors that contributed to the algal bloom included warmer 

temperatures, weak lake circulation, and calm water conditions.  This conclusion was further 

supported in 2012 with substantially lower discharge leading to lower nutrient concentrations 

and a weaker algal bloom (Michalak, et al., 2013). 
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4 CONCLUSION 

 

4.1 Summary of Thesis 

Water quality and stratification patterns in one segment of the New Hope arm of Jordan 

Lake were assessed by collecting biweekly samples during 2012 from April through November 

and 2013 from April through October.  This thesis considered spatial differences among the four 

sampling locations, studied annual and seasonal variance of water quality, and evaluated if 

chlorophyll a could be a useful indicator of taste and odor compounds.   

Regression analyses and Wilcoxon signed-rank tests were utilized to determine spatial 

variations between Buoy 9, Buoy 8, White Oak and the Intake site.  The differences were 

limited, with the exception of turbidity data for 2013 at Buoy 9, the secchi depth data for both 

years of sampling at Buoy 9, depth to one percent light and total iron data for 2012 at Buoy 9, 

and total manganese data for 2012 at White Oak.  The majority of spatial variation occurred 

between Buoy 9 and the Intake, which may be due to Buoy 9 being the most upstream site.  

Seasonal and inter-annual differences were observed for the majority of parameters, with 

the exception of secchi depth, depth to one percent light, and orthophosphate.  Most of the 

nutrient and metal concentrations were higher during summer stratification near the bottom and 

generally stable near the surface between seasons.  The variations, including onset of hypoxia 

and timing of turnover, may have been due to fluctuations in precipitation, temperature, and 

other climate and hydrologic conditions.  Overall, water quality varied from April through 

October each year in response to these influences. 

Correlation plots and timing of peak values determined that chlorophyll a is not a good 

predictor of taste and odor compounds in this study.  The release of MIB and geosmin 
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compounds can transpire across all cyanobacterial types, and the specific types in Jordan Lake 

releasing these compounds are not known.  Predictions of geosmin and MIB are complex and 

may have contrasting outcomes among reservoirs or lakes with various types of algae.  

 

4.2 Local Implications of Research 

The local benefit of this research is a more in-depth understanding of the water quality 

and stratification in the area where the Town of Cary plans to install a large vertical mixing 

system.  This system is intended to de-stratify the water column in the vicinity of the drinking 

water intake.  The envisioned results of destratification include decreases in dissolved iron, 

manganese and nutrients, and increases in dissolved oxygen near the bottom.  This research data 

can also be helpful for the Cary/Apex Water Treatment Plant to determine the best depths from 

which to draw water for better water quality.  These data thus provide pre-installation conditions, 

which can be used post-installation to evaluate if the mixing system is working as intended.  

Ideally, the water treatment plant will be able to improve its cost efficiency. 

This research suggests that there are still many unknowns about the long-term trends of 

water quality at Jordan Lake.  This thesis provided a detailed evaluation of water quality and 

stratification during the growing seasons of 2012 through 2013.  However, a comprehensive 

assessment of water quality from the time of the lake’s impoundment to present has not been 

done to determine if the lake has become more eutrophic.  Many stakeholders agree; efforts to 

lower nutrient loads in Jordan Lake must be made (Manuel, 2010).  Jordan Lake is unique and 

courses of action from management and regulatory perspectives can be complex.  As suggested 

by results of the correlation plots comparing chlorophyll a with geosmin and MIB, there is not 

much known about taste and odor compounds and exactly which type of algae are releasing these 
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compounds.  Understanding the mechanisms of algae growth is the key to prevention.  Also, the 

effectiveness and consequences of the vertical mixing system once installed and operational are 

not known.   

 

4.3 Studies of Artificial Mixing Systems 

Artificial circulation of the water column during stratification is one of the common 

methods used to manage lake water quality and will be implemented at Jordan Lake.  Water 

circulation by pumps, jets, and bubbled air or other gases destratifies the water strata, which 

results in raising the temperature of the whole lake (Cooke, et al., 2005).  A study of artificial 

circulation at Crystal Lake in Robbinsdale, MN concluded that circulation: (1) led to a 2- to 3-

fold increase in the phosphorus by increasing the availability of internal phosphorus supplies; (2) 

maintained the dominance of blue-green algae and increased their overall abundance; and (3) 

was not at an adequate rate, so weak stratification existed and oxygen depletion occurred, 

increasing the likelihood of summertime fish kill, which also occurred (Osgood, et al., 1990).  

The lake had been circulated for 12 years and the study examined differences in the two years 

after circulation ceased.  An additional study of Bleiloch Reservoir in Thuringia, Germany 

concluded that artificial mixing caused an increase in algal biomass and diversity due to supply 

of hypolimnetic nutrients to the epilimnion and expansion of favorable habitat for phytoplankton 

(Becker, et al., 2006).     

In contrast, a small eutrophic reservoir (18.8 acres) in LaMoure County, North Dakota 

was evaluated for two years to study the effectiveness of a destratification system placed in the 

deepest area of the reservoir.  Overall, the mean chlorophyll a concentration decreased 
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significantly with the aeration and suggested a shift of the dominant algae group (Balangoda, 

2015).       

Based on aforementioned studies of artificial mixing systems, each lake or reservoir is 

unique and requires a detailed understanding and evaluation of destratification effects.  The 

results of the destratification system to be utilized at Jordan Lake are unknown.  These studies 

suggest the need for in-depth research of the proper mixing rate to achieve desired results and 

evaluation of algal community effects.  Depending on the mixer’s effects, the water treatment 

plant may want to alter the depth at which water is taken or adjust mixing rates accordingly.            

 

4.4 Global Effects 

The water quality concerns evaluated at Jordan Lake are increasingly common 

throughout lakes and reservoirs across the United States and worldwide.  For example, Lake 

Okeechobee in Florida has experienced accelerated eutrophication and increases in the biomass 

of bloom-forming taxa associated with post-1950s escalation of agriculture (Engstrom, et al., 

2006).  Eutrophication has emerged on a global scale to include Lake Victoria in Africa, Lake 

Taihu in China, and Lake Baikal in Russia (United Nations Environment Programme, 2017).  

With growing use of fertilizers and pesticides and rapid development, nutrients are entering lakes 

and streams at alarming rates.  Continued exposure to these and other pollutants can lead to 

changes in biological communities, loss of habitat availability, and a loss of freshwater 

biodiversity (Wetzel, 2001).  Regulation efforts can be complex due to many stakeholders 

involved including developers, agricultural, environmental, and local government. 

Aside from the regulation of pollutants, there are a variety of options that could be 

utilized to help minimize nutrient inputs. Various options include a worldwide increase in the use 
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of sustainable farming methods and the restoration of wetlands and riparian vegetation that help 

buffer nutrient loading (Carpenter, et al., 1998). It is likely that any successful effort to reduce 

nutrient loading will include the combination of many options to meet the varied needs of 

diverse ecosystems.  Effective lake and reservoir management on a global scale is essential to 

meet the growing demands for freshwater and continued ecosystem biodiversity.  Reservoir 

management is also vital at Jordan Lake to maintain over-enrichment of nutrients and continue to 

provide cost-efficient drinking water to growing communities.  
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