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ABSTRACT 

 

 Any natural or anthropogenic process that affects water quality can also influence 

the abundance of algae, including harmful algal bloom (HAB) species. Understanding the 

connection between water quality and HAB species is therefore crucial for finding ways 

to control, manage, or prevent the spread of HABs. An HAB species of increasing 

concern in inland waters is Prymnesium parvum (golden alga, GA). Although the first 

GA bloom in North America occurred in the Pecos River in 1985, associations between 

water quality and GA abundance have not been examined in this basin. This knowledge 

gap for the Pecos River is addressed in Chapter II of this thesis. Specifically, the 

objective of Chapter II is to determine associations between water quality variables and 

the presence of GA. 

Although the Pecos River is naturally saline, anthropogenic activities over the last 

century have resulted in increased stream salinization. If this trend continues, it could 

potentially allow the further spread of GA or cause GA blooms to become more frequent. 

A better understanding of salt sources could therefore facilitate efforts to control both 

stream salinity and the spread of GA. One potential source is produced water (brine) 

leakage from unplugged oil and gas wells located near the river. The second objective of 

this study is therefore to examine the association between Pecos River salinity and 

density of nearby unplugged wells. This objective is addressed in Chapter III. 

For Chapter II, a total of eight sites were sampled monthly in the Pecos River 

basin: four in New Mexico and four in Texas. These sites were sampled from January 

2012 to July 2013 to measure water quality, including nutrients, and GA presence. 



Texas Tech University, Natascha Israël, December 2013 

 

vii 

 

Results of principal component and classification tree analyses suggested that there is an 

upper limit to specific conductance (salinity) above which the probability of detecting 

GA is reduced; this limit was ~8,500 μS/cm (~4.7 psu). Chloride, which was highly 

correlated with specific conductance, was also associated with reduced incidences of GA 

at levels ≥4,770 mg/L. No direct relationship between chlorophyll a and GA abundance 

values was observed. At relatively low salinity (<12,000 μS/cm), GA occurred at a wide 

range of nutrient levels, but at higher salinity (>12,000 μS/cm), GA was observed only at 

mid-to-high nutrient and primary productivity (chlorophyll a) levels. The highest 

probability of finding GA occurred when chlorophyll a was ≥4.29 μg/L, chloride was 

<4,770 mg/L, and fluoride was ≥1.95mg/L. This study is the first to report an apparent 

upper limit to salinity for GA occurrence in inland waters and interaction effects of 

salinity and nutrient levels on GA occurrence. The positive association between fluoride 

and GA occurrence is also of interest.  

For Chapter III, 32 sites were sampled in the winter (February) and summer 

(June) of 2013. These sites were distributed within the three main physiographical sub-

basins of the Pecos River basin: Roswell basin, Permian basin, Edwards plateau. Twenty-

six were mainstem sites and were used in statistical analyses, and six were tributaries. 

Specific conductance (SC), chloride, sulfate and fluoride levels were measured, and 

unplugged well density was estimated in respective 2 km-wide (1 km on either side of 

stream), 10 km-long stretches upstream of each sampling site using ArcGIS tools. 

Principal component analysis was used to examine global associations between 

unplugged well density and water quality, and Spearman’s correlation analysis was used 

to examine specific relationships between unplugged well density and SC at the sub-basin 
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level. Results of principal component analyses suggested that SC, chloride and fluoride 

were globally associated with unplugged well density on the mainstem when well density 

was used as a grouping variable (high density ≥ median; low density < median). 

Spearman’s correlation analysis yielded significant (r ≥ 0.04, p < 0.05) correlations 

between unplugged well density and SC in the Edwards plateau but not the other sub-

basins; in the latter, significant natural sources of fresh (Roswell) or saline (Roswell, 

Permian) water complicate assessments of anthropogenic salt sources.  

 In conclusion, results from Chapter II identified several water quality variables 

that were associated with GA occurrence in the Pecos River. This new information, 

especially knowledge of the positive relationship between nutrients and GA presence, 

may help develop water quality criteria for use in mitigating or preventing the further 

spread of GA within the Pecos River basin. Although other water quality variables may 

also be important, nutrients may represent the most realistic variable to manipulate. 

Results from Chapter III are consistent with the existence of an association between 

unplugged oil/gas well density adjacent to the stream (within 1 km on either side) and 

stream salinity at the basin-wide level, but at the sub-basin level a clear association was 

observed only in the Edwards plateau. It is interesting to note that results from Chapter II 

indicated the relationship between GA presence and salinity in the Pecos River basin is 

not simple, and that fluoride may play an important role. It would therefore be of interest 

to further explore potential relationships among absolute and relative levels of salinity 

and fluoride and their association with GA and oil field distribution. It should also be 

noted, however, that correlations between unplugged well density and stream salinity are 

not definitive evidence of cause-effect relationships. Future studies of the impacts of 
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produced water on stream salinity in the Pecos River should include “markers” of oilfield 

brines, such as boron and bromide and their ratios to chloride.   
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CHAPTER I 

 

INTRODUCTION AND OBJECTIVES 

 

General Background 

 

Anthropogenic activities and the aquatic environment 

Water is essential for all life to exist. It is the largest tissue constituent of 

organisms, provides habitat for aquatic forms of life, and contributes to driving Earth’s 

biogeochemical cycles and to controlling its climate. Humans depend on water for 

hydration, irrigation, seafood production and harvesting, and transportation, among other 

things (Butts 1997). Humans, like most other animal species, can modify their 

environment, sometimes with unintended consequences. This is readily apparent in most 

of the Earth’s freshwater systems (Vörösmarty et al. 2004). The physical, biological, and 

chemical composition of most water bodies have changed significantly over time due to 

anthropogenic activities (Heath 1995; Vitousek et al. 1997; Paul and Meyer 2001). 

Dams, reservoirs, and river diversions greatly affect the flow, hydrology, and health of 

water systems. Reservoirs are commonly used for hydroelectric power generation, source 

of water for agricultural irrigation and human consumption, flood control, and other 

ecosystem services (Allen et al. 2008). Physical changes to rivers and streams have 

resulted in decreased flows and increased salinities in many aquatic systems (Abramovitz 

1996; Revenga et al. 2000; McCully 2001; Kingsford 2010).  
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Changes in land-use within watersheds also greatly impact freshwater systems. In 

addition to causing physical alterations to watersheds, urbanization negatively affects the 

quality of its surface waters. Wastewater from septic tanks and treated effluent from 

wastewater treatment plants can contaminate surface and groundwater resources (Cole et 

al. 1993; Caraco 1995; Al-Kharabsheh and Ta’any 2003; Carey and Migliaccio 2009). 

Urban and agricultural runoff can export nutrients and other contaminants into water 

systems (Reckhow et al. 1980; Athayde et al. 1983; Dennis 1985; VanLandeghem et al. 

2012). These land-use activities result in enhanced eutrophication, which speeds up the 

natural aging process of aquatic ecosystems (Nixon 1995; Paerl et al. 2001; Anderson et 

al. 2002). Mining also affects freshwater quality through acid mine drainage, heavy metal 

contamination, and erosion and sedimentation; it also uses a considerable amount of 

water, which affects the available freshwater supplies (Maest et al. 2005).  

Activities related to oil/gas production, including its waste fluids, can impact the 

quality of nearby water systems (Otton 2006). These waste fluids are generated during 

the oil and gas extraction process when natural formation water is mixed with man-made 

fluids as part of the fracture stimulation process. They are extracted as produced water 

along with oil and gas. The volume of produced water is typically 7-10 times the volume 

of crude oil (Guerra et al. 2011), but in Texas the ratio can be much greater than 10:1 

(Kell 2011). Produced water is typically of high salinity (brine) and is injected into Class 

II disposal wells (USEPA 2012). Before inland disposal wells were made generally 

mandatory in the 1960’s, oilfield brine was disposed into shallow, unlined pits or directly 

into surface waters causing severe contamination problems (Frye and Brazil 1943; 

McMillion 1965; Helgesen et al. 1994; Gorman 1999). Contamination from oilfield brine 
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however, still occurs (Pettyjohn 1971; Rold 1971; Baker and Brendecke 1983; Richter 

and Kreitler 1987; Richter et al. 1990; Shipley 1991; Hudak 2003; Shevnin et al. 2005; 

Metwaly et al. 2012). Although most oilfield brine is at present re-injected into 

disposal/injection wells (Kell 2011), leakage from wells, particularly unplugged wells, 

poses a contamination threat. In Texas, for example, contamination of ground water by 

oilfield operations still occurs (Hudak 2003; Kell 2011); more specifically, over 200 

ground water contamination incidents were documented between 1993 and 2008, 

including legacy incidents linked to earlier practices (Kell 2011). In addition to 

unplugged wells, illegal oilfield brine dumping also still occurs (Eberstein 2009; Morgan 

2013). Contamination with brine can have serious consequences for water quality and 

aquatic life in impacted watersheds. 

A perhaps less direct effect of increasing human populations is climate change 

(Murtaugh and Schlax 2009). Climate change poses risks to natural resources and the 

ecosystem services they provide. Increased air temperatures can cause concomitant 

increases in surface water temperatures and rates of evaporation (Rahel and Olden 2008). 

These changes can diminish water availability and alter stream-flow patterns, and 

deteriorate water quality by increasing salinity (Poff et al. 2002). Naturally saline aquatic 

systems in arid regions, such as the southwest of the United States, may experience 

increased desiccation and salinization with increasing temperatures (Seager et al. 2007). 

This process can lead to less water available for human use, potentially prompting 

construction of new reservoirs to increase water supplies and new canals and aqueducts 

to transport the water (Poff et al. 2002; Vörösmarty et al. 2004). The further deterioration 

of surface water quality may also contribute to the spread of invasive species better suited 
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to the new environments, including harmful algal species (Rahel and Olden 2008; Roelke 

et al. 2011).   

Many non-native species, both plants and animals, have naturally spread or been 

introduced to new ecosystems. In the southwestern United States, saltcedar (Tamarix 

spp.) is of particular concern. Saltcedar is a facultative phreatophyte shrub that utilizes 

groundwater to meet part of its water needs. This shrub was introduced in the United 

States in the early 1800’s as an ornamental plant and it was later used to control stream 

bank erosion along rivers (Everitt 1998; Gladwin and Roelle 1998). Saltcedar can deplete 

water levels and change the channel morphology of the affected water system (Blackburn 

et al. 1982; Smith et al. 1998; Shafroth et al. 2005). Saltcedar control and the consequent 

re-vegetation of native grasses seem to result in water savings (Hatler and Hart 2009). 

There is, however, some debate about whether saltcedar uses more water than native 

vegetation, such as cottonwoods and willows (Nagler et al. 2003; Glenn and Nagler 

2005). Saltcedar also excrete salts through their leaves and when they drop them to the 

ground, the salt is released into the system causing soil and surface water salinities to rise 

(Taylor and McDaniel 1998). Saltcedar has replaced most of the native vegetation along 

several rivers, such as the Pecos, Canadian, and Colorado Rivers (Hays 2003), which has 

led to a reduced amount of water in rivers and an increase in both surface water and soil 

salinity. They are therefore considered a serious threat to the diversity and well-being of 

riverine systems. Mesquite (Prosopis spp.) is another potentially harmful plant to aquatic 

environments. Mesquite is native to the southwest region of the country but it has 

increased in density to levels much greater than those found in undisturbed natural 

habitats (Brown and Archer 1989). Mesquite trees use large quantities of water, 
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especially groundwater (Le Maitre 1999). Their extensive root systems can reach water 

tables at depths of at least 15 m and sometimes more than 50 m (Phillips 1963; Canadell 

et al. 1996). They can negatively affect both the flow and water table of watersheds. 

Any anthropogenic activity, climate or land cover change that affects water 

quality can also influence the abundance of algae including harmful algal blooms (HAB) 

species (O’Neil et al. 2012; Paerl and Paul 2012; Roelke et al. 2012). Harmful algal 

blooms can occur in coastal, estuarine and freshwater systems. Understanding the 

connection between water quality and HAB species is therefore crucial for finding ways 

to control, manage, or prevent the spread of HAB species. 

 

Harmful Algal Blooms 

General. Most HAB species are plant-like photosynthetic algae and produce harm 

in one of two ways (Anderson et al. 2002). Some HAB species produce toxins. Others 

cause harm by accumulation of biomass which can lead to shading of submerged 

vegetation and a depletion of oxygen in the affected waters (Anderson et al. 2002). Their 

impacts on other organisms can modify aquatic food webs (Anderson et al. 2002). Many 

HAB species are capable of completely altering or degrading ecosystem functions during 

a blooming event, and are often referred to as ecosystem disruptive algal blooms 

(EDABs) (Sunda et al. 2006). These disruptive blooms are often caused by toxic or 

unpalatable species that decrease grazing rates by planktonic and benthic herbivores, 

disrupt the transfer of nutrients and energy to higher trophic levels, and reduce nutrient 

recycling (Sunda et al. 2006). An HAB (and EDAB) species of increasing interest is 

Prymnesium parvum, or golden alga (GA). Though originally a marine species, it has 
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invaded brackish inland waters throughout the world including at least 23 states of the 

United States (Sager et al. 2008; Weber and Janik 2010; Bertin et al. 2012b; Hambright 

2012) (Figure 1). 

Golden alga is a unicellular mixotrophic haptophyte with two flagella used for 

motility and a rod-like shaped structure called a haptonema that can be used for 

attachment to a substrate. Its body is oblong, usually 8 to 16 µm in length and 4 to 10 µm 

wide (Larsen 1998). While it has two golden brown chloroplasts for photosynthesis, it 

also ingests bacteria and small phytoplankton species. There are several characteristic 

pigments that are present throughout its entire life cycle: chlorophyll a, c1, c2, and c3, 

fucoxanthin, violaxanthin, diadinoxanthin, diatoxanthin, zeaxanthin, and β–carotene 

(Wilhelm and Manns 1991; Zapata et al. 2004; Errera 2006). It is believed that GA has a 

sexual haplo-diploid life cycle that consists of four distinct morphological stages: two 

flagellated haploid cell types, one flagellated diploid cell type, and a non-flagellated non-

motile cyst. The cyst stage is considered to be the cell’s resting stage and is often the 

dominant form of GA cells at the end of a bloom formation (Larsen and Edvardsen 1998; 

Reynolds 2006; Michaloudi et al. 2009). Encystment may also be a survival strategy 

during suboptimal conditions (Green et al. 1982; Johnsen et al. 2010). 

When GA cells are physiologically stressed, they produce a suite of toxins that 

affect gilled aquatic organisms such as fish, bivalves, crayfish, and (gilled) amphibians 

(Edvardsen and Imai 2006). Golden algal blooms have led to massive fish mortalities 

worldwide, including several river systems in the United States. (Sager et al. 2008; 

Southard et al. 2010). Some non-gilled organisms are also affected by GA toxins. Several 

phytoplankton and zooplankton species have shown decreased survival, population 
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growth and reproduction rates during GA blooms (Michaloudi et al. 2009; Brooks et al. 

2010). Golden alga blooms disrupt zooplankton grazing, often causing detrimental 

decreases in biomass for several primary grazers such as rotifers and cladocerans 

(Michaloudi et al. 2009). While daphniid zooplankton readily consume GA cells with 

little acute toxicity effects, ingesting GA cells results in long-term life history 

consequences such as decreased juvenile growth rates, fecundity, and survivorship 

(Hambright et al. 2010). From an ecological point of view, it is advantageous to GA 

populations if toxin production increases when conditions are stressful as this would 

allow GA to outcompete co-occurring algae (Johansson and Granéli 1999).  

Golden alga toxins do not seem to be harmful to terrestrial or air-breathing 

species (Paster 1973; Henrikson et al. 2010; TPWD 2013). Terrestrial animals have been 

observed drinking the water or eating dead or dying fish during a GA bloom with no 

adverse side-effects (TPWD 2013). Additionally, when toxic waters were accidentally 

used for irrigation and rinsing vegetables, no deleterious effects occurred (Lindholm et al. 

1999). The GA toxins are acid-labile, meaning that they will lose their potency in acidic 

conditions such as found in the stomach of most terrestrial vertebrates (Prescott 1968; 

Spiegelstein 1969). This may explain why GA toxins seem to be non-toxic to terrestrial 

organisms. There are some however, who believe GA toxins do have a negative effect on 

non-aquatic organisms. Moustaka-Gouni et al. (2004) found that a GA bloom coincided 

with a massive bird kill in Lake Koronia located in Greece. Although avian deaths had 

not been linked with GA blooms before, it is believed this may be due to poor records 

(Shumway et al. 2003). Although no human-related incidences have yet occurred, people 
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are still advised not to pick up dead or dying fish for eating (Sallenave 2010; TPWD 

2013). 

 

Water quality. The quality of surface waters can influence GA cell densities and 

the potency of its toxins. These factors include temperature, salinity, hardness, irradiance, 

pH, turbidity, and nutrients. Temperature and salinity are important variables to GA 

population growth and toxicity. Although GA is a euryhaline and eurythermal species, in 

the laboratory its growth rate is highest at moderate salinities (10-20 psu) and relatively 

warm temperatures (20-30°C) (Edvardsen and Paasche 1998). However, in North 

America, GA has been found in waters of relatively low salinities (<3 psu) and cooler 

temperatures (10-20°C) (Roelke et al. 2007; Schwierzke et al. 2010; Roelke et al. 2011). 

Baker et al (2009) found that the optimum temperature for growth in the laboratory 

decreases with decreasing salinities. Because inland waters have lower salinities than 

coastal marine waters, this may explain why inland blooms in brackish waters occur at 

cooler temperatures. Conditions suboptimal for GA growth and abundance interestingly 

cause an increase in GA toxin production (Baker et al. 2007, 2009). 

Vanlandeghem et al. (2012) found a positive relationship between water hardness 

and GA-like ichthyotoxicity in the field. A hardness of around 700 mg/L as CaCO3 

seemed to represent a cut-off value for increased toxicity and, in the laboratory, the 

hardness cations seem to enhance GA toxin potency (Yariv and Hestrin 1961; Ulitzur and 

Shilo 1964, 1966).Lowering the pH of ambient water or laboratory cultures during active 

blooms reduces the toxicity of GA (Ulitzur and Shilo 1964, 1966; Valenti et al. 2010); 

however, in the field, relationships between ambient pH and GA toxicity were not 
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apparent at the landscape scale (VanLandeghem et al. 2012, in review). An irradiance of 

275 µmol/m
2
/sec seemed be optimal for GA growth (Baker et al. 2007). Johnsen et al. 

(2010), however, found that GA can grow in the dark as well. When GA toxins are 

exposed to UV at 255 nm and visible light between 400 and <520 nm, extracellular 

ichthyotoxins are inactivated (Granéli et al. 2008). James et al. (2011) found that there 

was a monotonic decrease in the magnitude of acute toxicity with increased duration of 

sunlight exposure in cell-free filtrates. Photolytic degradation of the GA toxin molecules 

is a likely explanation for this observation (James et al. 2011). Golden alga blooms may 

be favored during periods of increased residence time of inland brackish water (Kaartvedt 

et al. 1991; Roelke et al. 2010). These conditions arise when there is relatively low 

currents and decreased advection. On the other hand, high turbulence, mixing and 

advection are believed to benefit other phytoplankton species (Reynolds 2006; Hambright 

et al. 2010). 

The relationship between GA and nutrients has been extensively studied over the 

past few years (Johansson and Granéli 1999; Granéli and Johansson 2003; Roelke et al. 

2007; Granéli et al. 2012). Most lakes are limited in phosphorus (P), and consequently P 

is the usual limiting nutrient for algal growth (Dillon and Rigler 1974; Schindler 1977; 

Schindler et al. 1978). While maximum GA growth is modest compared to other algal 

species when nutrients are replete, GA has a higher competitive ability for P under P 

limitation than most of the other algal species (Kaartvedt et al. 1991). Thus, GA may be 

better able to maintain high growth rates during P limitation than other algal species. 

These observations suggest that GA may be physiologically pre-adapted to invade P-
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limited brackish inland waters, as only a severe P depletion would reduce GA’s potential 

to form blooms (Baker et al. 2009).  

Nutrient concentrations and their ratios also affect GA toxin production. When the 

water’s nitrogen (N) to P balance (N: P ratio) is disrupted, GA cells undergo 

physiological stress that can stimulate increased production of allelochemicals and toxins 

(Granéli and Johansson 2003; Barreiro et al. 2005; Uronen et al. 2005; Granéli et al. 

2008). Johansson and Granéli (1999) found that the allelopathic activity, or toxicity, of 

cell-free filtrates is greater when GA is cultured in nutrient-deficient media than in 

nutrient-replete media. This enhanced GA toxicity/allelopathy occurred irrespective of 

which nutrient (N or P) was limiting. By killing cells of co-occurring phytoplankton 

species and also bacteria, GA and other allelopathic compound-producing species can 

utilize the available inorganic nutrients from the surrounding waters as well as organic 

nutrients released by lysed cells. Disruptions of the N:P balance in water systems can also 

lead to high-biomass algal blooms. Cellular respiration and eventual decomposition of 

these cells causes O2 depletion in the water column, especially in the bottom waters. This 

has negative effects on the benthic community, which in turn is likely to negatively affect 

the pelagic food web (Granéli et al. 2008).   

 

Golden alga toxins and mode of action. The biological activity of GA toxins is likely not 

due to a single compound but to a set of toxins with ichthyotoxic, cytotoxic, hemolytic, 

neurotoxic, allelopathic, grazer deterrent, and antibacterial activities (Shilo 1981; 

Edvardsen and Imai 2006). Golden alga toxins appear to alter cell membrane functions 

and change their permeability. This condition can have lethal consequences to aquatic 
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gill-breathing animals due to the resulting loss of selective permeability of the gill’s 

epithelium, disrupting ionoregulation (Johansson and Granéli 1999; Edvardsen and Imai 

2006) as well as other important functions such as gas exchange and waste excretion. 

Golden alga toxins are also able to paralyze other coexisting unicellular organisms in the 

water column, such as competing algae and zooplankton grazers (Fistarol et al. 2003; 

Granéli and Johansson 2003; Tillmann 2003). 

Two compounds were initially isolated by Igarashi et al (1999) that seemed to 

have GA toxin activity: prymnesin 1 and prymnesin 2. More recently, several other 

compounds have been proposed to be part of a suite of toxins produced by GA, primarily 

fatty acids or their derivatives (Henrikson et al. 2010; Bertin et al. 2012a,b) Consistent 

with previous laboratory and field  reports (Shilo and Aschner 1953; Yariv and Hestrin 

1961; Ulitzur and Shilo 1964, 1966; Valenti et al. 2010; VanLandeghem et al 2012), the 

toxicity of some of the fatty acid-based toxins is enhanced with increased levels of 

hardness cations and pH (Bertin et al. 2012b).  Overall, however, the nature of the GA 

toxin or suite of toxins remains unclear. 

It is commonly believed that GA toxins are released into the water (Johansson and 

Granéli 1999). An alternative path, however, has recently been reported where GA cells 

attach to the target organism, thereby causing mortality (Remmel and Hambright 2012). 

Some prymnesiophytes, such as Chrysochromulina, have haptonemas that possess a 

secretory function, using it to release glycolipid compounds (Inouye and Kawachi 1994). 

As the structure of GA’s haptonema is very similar to the Chrysochromulina haptonema, 

it may be possible that it also has a secretory function (Manning and La Claire II, 2010). 
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However, further research is necessary to verify this mode of toxin delivery and its 

toxicological mechanisms. 

 

Control strategies. Golden alga blooms have caused great ecological and economic 

impacts. A substantial fish kill in Norway resulted in a loss of almost 135 metric tons of 

salmon, with economic losses around 1.3 million U.S. dollars (Johnsen et al. 2010). An 

estimated 34 million fish valued at 13 million U.S. dollars were lost due to GA toxicity in 

Texas alone between 1985 and 2009 (Southard et al. 2010). Economic losses suffered by 

towns surrounding affected water-bodies have also been considerable (Oh and Ditton 

2005; 2006). It is therefore crucial to find ways to control and manage this harmful algal 

species in inland water systems. 

The most effective control strategy for GA currently available for use in fish 

hatchery ponds or small impoundments is the use of ammonium sulfate or copper sulfate 

to reduce GA cell densities, and potassium permanganate to oxidize GA toxins which 

will provide short-term toxicity relief (Shilo and Aschner 1953; Barkoh et al. 2010). 

These methods, however, are not completely effective and are costly and labor intensive. 

Several alternative methods have recently been proposed for fish hatchery ponds. The 

experimental use of inorganic N and P fertilizers to increase nutrient levels, for example, 

has been showing promising results (Guo et al. 1996; Kurten et al. 2010). Inorganic 

fertilization seems to be successful in creating conditions that favor other algae over GA 

(Kurten et al. 2007). Another alternative method is the application of flumioxazin, an 

aquatic herbicide (Umphres IV et al. 2012). In both laboratory and field experiments, this 

chemical caused significant decreases in GA densities with minimal deleterious effects to 
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fish or other plankton species (Umphres IV et al. 2013). Flumioxazin seemed to be most 

effective during bloom initiation and when the water’s turbidity is low (Umphres IV et al. 

2012).  

 

The Pecos River 

 

The Pecos River originates from the Sangre de Cristo Mountains in northern New 

Mexico and travels 1,480 km in a southeast direction until it confluences with the Rio 

Grande River in West Texas just upstream of Lake Amistad. The Pecos River is one of 

the few perennial rivers that stretch through this part of the continent (Miyamoto et al. 

2008).  The Pecos River supplies water for irrigated farming along much of its length in 

New Mexico and Texas and also to Lake Amistad (Figure 2), which has a volume of 6.8 

billion m
3
 and provides water to towns in the United States and Mexico (Miyamoto et al. 

2008). Although the river contributes only 10 percent of flow into Lake Amistad, it 

accounts for almost 30 percent of its total salt load (Miyamoto et al. 2008). When flow in 

the Pecos River increases above average, it can cause Lake Amistad to reach salinities 

greater than the Texas drinking water standard set at > 1,000 mg/L (Miyamoto et al. 

2005; Texas Administrative Code 2000). The Pecos River attracts tourists for fishing, 

hiking and swimming, and tourism stimulates the economies of towns in the area 

(Daggett 1984). In addition, the river is home to several state or federally listed fishes 

(Echelle et al. 1997; Jensen et al. 2006). Therefore, water quality and quantity and the 

health of the riverine ecosystem are important to many stakeholders. 
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The first North American record of a toxic GA bloom was for the Pecos River in 

1985 (James and De La Cruz 1989). The relatively high salinity of the Pecos River 

presumably provides a suitable habitat for this originally marine algal species. To date, 

GA blooms have occurred throughout much of the river’s mainstem causing devastating 

fish kills (Rhodes and Hubbs 1992; Southard et al. 2010).  

 

Hydrology, geology, and water chemistry 

The Pecos River basin can be physiographically divided into several sub-basins 

(Thomas 1972): Fort Sumner-Carlsbad sub-basin, Carlsbad-Iraan sub-basin, and Iraan-

Langtry sub-basin (Figure 2). The Fort Sumner-Carlsbad sub-basin is also known as the 

Roswell basin and extends from Fort Sumner (New Mexico) to Carlsbad (New Mexico); 

the Carlsbad-Iraan sub-basin, known to some as the Permian, or Delaware basin, extends 

from Carlsbad to Iraan (Texas); the Iraan-Langtry sub-basin, or Edwards plateau, extends 

from Iraan to Langtry (Texas) (Johnson et al. 2003; Yuan et al. 2007; Hoagstrom 2009; 

Stafford et al. 2009).  

The Pecos River basin has a semi-arid climate where the average annual rainfall is 

around 30 cm (Miyamoto et al. 2008). Stream flows are rapid in the Rocky Mountains 

until the river reaches the western margin of the Great Plains near the town of Santa Rosa 

(Yuan et al. 2007). Flows are usually tranquil (<10 m
3
/sec) for the remainder of the river 

but can reach levels as high as 1,000 m
3
/sec during the rainy season (Yuan et al. 2007). 

The main meteoric water inputs into the Pecos River are snowmelt from winter storms 

and runoff from warm season monsoon rainfall (Yuan et al. 2007). Snowmelt mostly 

derives from the southern Rocky Mountains located in the upper reach of the river and 
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leads to a water discharge peak throughout the entire extent of the Pecos River in May 

and June. The lower valley of the Pecos River (Texas) is where most of the seasonal 

rainfall occurs. Runoff from rainfall causes a surge in water discharge in September and 

October (Yuan et al. 2007). In addition to seasonal inflow (e.g. snowmelt and rainfall), 

the San Andres Formation within the Roswell basin provides a considerable amount of 

groundwater flow into the Pecos River (Miyamoto et al. 2005). Natural springs add a 

significant amount of freshwater below Sheffield, Texas (Miyamoto et al. 2008). The 

abundance of freshwater springs and the volume of water contributed by these springs, 

however, is decreasing. According to Brune (2002), only 17 of the 31 large springs once 

known remain. Many spring systems in the Pecos River basin have dried up due to water 

overuse (Brune 2002).  

The underlying rock formations of the Pecos River basin greatly affect the water 

quality of the river. The ages of these rocks range from the Pre-Cambrian period up to the 

Quaternary period (Yuan et al. 2007). The Roswell basin contains Quaternary alluvial 

deposits and underlying San Andres limestone. The Permian basin contains a wide and 

deep trough filled with Quaternary alluvial deposits and the underlying Castile and 

Salado evaporites of the Permian age. The Edwards plateau contains Edwards limestone 

(Fiedler and Nye 1933; Bean 1949; Armstrong and McMillion 1961; Ogilbee and 

Wesselman 1962; Thomas 1963; Theis 1965).  

The Pecos River basin was once under an ancient sea (Miyamoto et al. 2008; 

Stafford et al. 2009). When this sea evaporated, salts were left behind. The two main salts 

in the Pecos River basin are halite (NaCl) and gypsum (CaSO4∙2H2O). The tributaries 

entering the Pecos River above Acme, New Mexico are primarily composed of gypsum. 
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However, downstream from Acme overflow from the Bottomless Lakes of New Mexico 

mostly add halite to the Pecos River (McAda and Morrison 1993). The dissolution of 

halite causes the concentrations of calcium and sulfate to approach the solubility limit of 

gypsum. This occurs near Artesia, New Mexico (Miyamoto et al. 2008).The Glen Rose 

Formation found within the Edward plateau is mainly composed of limestone (CaCO3) 

and marl (a softer limestone with some clay in it), although it also has some shale (mud) 

and evaporites that are composed mainly of gypsum and anhydrite (CaSO4) (Walker 

1979). Water from these evaporite beds tends to be slightly saline and high in sulfate 

content.  

Historically, the Pecos River was known for its high salinity (Lingle and Linford 

1961; Dearen 1996). The dissolution of evaporites (halite and gypsum) is one of the main 

causes of the high salinity. Malaga Bend, located in the Permian Basin, also greatly 

contributes to the salinity of the Pecos River (Figure 2). Malaga Bend, which is where the 

Pecos River “bends” near Malaga (New Mexico), has underlying salt beds, mostly 

composed of NaCl, that are part of the Rustler Formation. Surface water is thought to 

enter the Rustler Formation and then move into the Pecos River by Malaga Bend. The 

brine from these underlying salt beds is estimated to yield a salt loading of 140,000 tons 

into the Pecos River each year (Miyamoto et al. 2008). There are also several saline 

tributaries flowing into the Pecos River. Some are capable of impacting the mainstem 

salinity, especially in the stretch of river between Red Bluff Dam and Girvin, Texas. Salt 

Creek is the only perennial tributary in this span and as its name suggests, it is known for 

its very high salinity. Salt Creek alone provides an estimated salt load of 41,000 tons per 

year into the mainstem (Miyamoto et al. 2008). The source of Salt Creek’s salinity is not 
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yet known, although it is hypothesized to be a saline spring from the Rustler Formation 

(Miyamoto et al. 2008). The high salt loads accumulated in the Roswell and Permian 

basins of the river are reduced at the Edwards plateau. Freshwater inflow from 

groundwater seepage, tributaries, and springs is most prevalent in this reach of the Pecos 

River especially downstream of Girvin, Texas (Davis 1987). Independence Creek is a 

perennial tributary to the Pecos River that adds a significant amount of high quality (low 

salinity) water to the river. This creek doubles the flow of the Pecos River and reduces its 

salinity by half or more (Gregory and Hatler 2008). 

Yuan et al. (2007) examined the hydrochemistry of the Pecos River at selected 

sites along the length of the river, from Santa Rosa (New Mexico) through Langtry 

(Texas). Flow-weighed means of data collected from 1959 through 2002 indicated that 

calcium and sulfate predominate in the upper reaches of the Pecos River (headwaters and 

Roswell basin) and are still the most prominent ions until the river reaches Malaga Bend. 

Although the levels of calcium and sulfate continue to increase in the Texas reach (except 

at Langtry), from Pierce Canyon Crossing (New Mexico) to Girvin (Texas) sodium and 

chloride become the most abundant ions. Levels of individual major elements and total 

dissolved solids at Langtry (Texas) return to values observed in the upper reaches of the 

Pecos River, likely because of upstream dilution in the stretch of the river from Sheffield 

through the confluence with Independence Creek. 

  

Anthropogenic activities and water quality 

The Pecos River is among the saltiest river systems in the southwestern United 

States (Yuan and Mayer 2012). Much of the salt and resulting dissolved solid 
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concentrations in the Pecos River basin originate from natural sources or processes, but 

hydrological development and land use practices have also had considerable impacts on 

stream salinity (Yuan and Miyamoto 2005; Yuan et al. 2007; Yuan and Mayer 2012). 

Water from the river is being diverted to irrigate crops in nearby fields. This water is then 

returned to the river by irrigation-return flows, which are rich in salts recovered from 

topsoil and other dissolved solids. Dams, including Brantley Dam and Red Bluff Dam, 

were built for irrigation storage and flood control purposes. Evaporation rates tend to be 

greater in reservoirs due to their relatively large surface areas leading to an increase in 

water salinity (Irelan 1971; Pionke and Workman 1974; McCully 2001). Since the 1900s, 

aquifer overdrafts have led to the depletion of most fresh groundwater aquifers, as these 

were most useful for crops (Thomas et al. 1963; Ashworth 1990). This left behind the 

more saline aquifers (Hood 1963; Havenor 1968; Ashworth 1990). With the irrigation-

return flows filling up these already saline aquifers, their salinity has increased 

substantially (Ashworth 1990). Since the 1980s, the flow of the Pecos River decreased 

greatly due to surface water diversions and dams (Dearen 1996). Flooding became 

increasingly rare (Longworth and Carron 2003). A decreasing occurrence of floods led to 

salt-buildup in the river, as dilution and export of salts were reduced. Between 1990 and 

2000, the average salinity of the Pecos River was approximately 7,000 mg/L and its peak 

salinity was on average 12,000 mg/L at Girvin, Texas (Miyamoto et al. 2005). 

Land surrounding the Pecos River is mostly used as rangeland in New Mexico 

and for cotton and livestock in Texas (Texas Agricultural Statistics Service 1998; 

NMDGF 2006). Oil and gas production are also major activities in the lower reaches of 

the Roswell basin, the Permian basin, and the upper part of the Edwards plateau. The 
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production of cotton involves the application of arsenic-based defoliants and other 

chemicals prior to harvesting (Peryea 1991; Rutherford et al. 2003). These may be 

sources of pollutants entering the Pecos River. Livestock production causes feedlot waste 

runoff and reduces the recharge of groundwater in these areas due to overgrazing and soil 

compaction (Davis 1987).  

Oil production is a major source of income for most counties along the Pecos 

River (Thompson 2008). This is especially true for the stretch of river that runs through 

the Permian basin (see Figure 2). Many landowners in the Pecos River basin are 

concerned about the effect of oilfield production on the river’s water quality (Gregory 

and Hatler 2008). Some have reported leaking wells and improper brine (produced water) 

disposal on their lands or adjacent lands (Gregory and Hatler 2008). All such reports in 

Texas are made to the Railroad Commission of Texas (RRC). The RCC is the regulatory 

agency for oil and gas production in Texas. The Oil Conservation Division of the New 

Mexico Energy, Minerals and Natural Resources Department regulates all oil, gas and 

geothermal activities in New Mexico. The United States Environmental Protection 

Agency (USEPA) also enforces oil and gas related federal regulations. Despite the 

increased enforcement of proper oilfield brine disposal procedures since the late 1960s, 

contamination of groundwater due to oil and gas field operations still occurs in Texas 

(GWPC 2011). Illegal brine dumping on roads and highways, improper brine disposal 

into disposal wells, and failing or overflowing disposal wells are contamination threats 

still faced today (Gregory and Hatler 2008). Abandoned unplugged or improperly 

plugged wells, which pose a risk of contamination of surface and groundwater, are a 

common feature of the Pecos River basin (Gregory and Hatler 2008).  
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Saltcedar invasions have greatly affected the water available and overall well-

being of the Pecos River system (Hatler and Hart 2009). The shrubs were planted along 

the Pecos River in the early 1900s to control stream bank erosion (Everitt 1998) and have 

now spread along the entire extent of the river. Observed declines in the river’s flow were 

partly attributed to saltcedar invasion (Thomas 1959). Mesquite is another plant taking 

over the Pecos River basin. According to earlier reports, mesquite was not nearly as 

abundant or widespread along the Pecos River as it is now (Humphrey 1958; Johnston 

1963). Areas that used to have no trees or shrubs along its banks are now full with 

saltcedar, mesquite, and other woody plants (Richardson 2003).   

 

Fish fauna 

The Pecos River is home to several state and federally listed species. The Pecos 

Pupfish (Cyprinodon pecosensis) is listed as vulnerable by Texas and New Mexico. This 

species is endemic to the Pecos River and is threatened by habitat loss, the emergence of 

GA blooms (see below), and the introduction of the Sheepshead Minnow (Cyprinodon 

variegatus) (Echelle et al. 1997). The resultant hybrids (Sheepshead Minnow x Pecos 

Pupfish) have displaced the pure pupfish in most places along the Pecos River. Salt 

Creek, a tributary to the Pecos River in Texas, is the only area that still contains 

genetically pure Pecos Pupfish, as do two other areas in New Mexico, Roswell (Bitter 

Lake National Wildlife Refuge and Bottomless Lakes State Park) and Malaga (Echelle et 

al. 1997). Federally listed fish species in the Pecos River include Pecos Gambusia 

(Gambusia nobilis), Comanche Springs Pupfish (Cyprinodon elegans), and Leon Springs 

Pupfish (Cyprinodon bovinus). While some invasive species have had clear negative 
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impacts on the fish fauna within the Pecos River (Hybognathus placitus and Cyprinodon 

variegatus), impacts of other invasive species are uncertain (Smith and Miller 1986). The 

latter include Fundulus grandis, Cyprinus carpio, Cyprinella venusta, and Lepomis 

auritus. 

Changes in the flow and salinity of the Pecos River due to hydrological and land 

development have resulted in a shift in its fish and aquatic life (Linam and Kleinsasser 

1996; Cheek 2012). Since the arrival of European settlers in the 1850s, the diversity and 

populations of native fish species have declined by more than 50 percent; the numbers of 

non-native fish species that prefer saline waters, however, have increased significantly 

(Hoagstrom 2001). The Texas Parks and Wildlife Department (TPWD) conducted a study 

to examine changes in the fish species present in the Texas portion of the Pecos River 

(Linam and Kleinsasser 1996). Only 26 of the more than 40 species previously present in 

the Pecos River were documented, and the study concluded that reduced flows, increased 

salinity from both natural and man-made sources, and contaminants from oil production 

and agricultural activities may have negatively influenced the aquatic biology of the 

Pecos River basin (Linam and Kleinsasser 1996). Some of these associations, however, 

have not yet been rigorously evaluated for the Pecos River basin, such as the link 

between oil production activities and water quality.  

Cheek (2012) recently repeated the Linam and Kleinsasser’s (1996) study in 

Texas and found two major zones of fish assemblages: upstream and downstream. These 

zones are mostly delineated by salinity and habitat heterogeneity. Salinity is greater in the 

upstream zone, causing euryhaline species with high salinity tolerance to be most 

successful here. Habitat, particularly substrate heterogeneity is due to the different basins 
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where the zones fall in: Permian basin and Edwards plateau. The Permian basin has fewer 

riffles and pools and its substrate is mostly mud. The Edwards plateau is mostly 

composed of large substrate, such as cobble, boulder, and bedrock. Therefore, the greater 

salinity and lower habitat heterogeneity of the upstream zone may explain why fish 

diversity has decreased in this zone with a concomitant increase in high-salinity tolerant 

species (Cheek 2012). 

 

Golden algal blooms 

Water quality may influence GA abundance and toxicity in brackish inland waters 

of Texas (Roelke et al. 2010; Valenti et al. 2010; Roelke et al. 2011; VanLandeghem et 

al. 2012). The associations among water quality variables and GA abundance and 

toxicity, however, may vary among river basins. A recent study found that fish 

populations from different river basins in Texas respond differently to GA or its toxins 

(VanLandeghem et al. 2013). Thus, basin-specific information on the associations 

between water quality and GA are required for successful management of GA blooms. 

The first reported GA bloom in North America was in the Pecos River in 1985 

(James and De La Cruz 1989). Large-scale fish kills throughout the Pecos River have 

occurred since that time. Between 1988 and 1989, 1.5 million fish and other aquatic 

species were killed due to GA blooms in the lower Pecos River (Southard et al. 2010). 

Aquatic biodiversity in some reaches of the river has been greatly impacted by these GA 

blooms (Rhodes and Hubbs 1992; Gregory and Hatler 2008).  

Cultural eutrophication due to the development or urban centers and other land-

use activities within the Pecos River basin may play a role in creating water quality 
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conditions favorable for GA, as reported for other basins (Hambright et al. 2010; 

VanLandeghem et al. 2012). Also, compared to most freshwater systems, the high 

salinity of the Pecos River may provide a habitat that is conducive for GA to thrive, as 

this species originally occupied coastal and marine habitats (Rhodes and Hubbs 1992; 

Gregory and Hatler 2008). There are, however, some high-salinity sites along the Pecos 

River where toxic GA blooms have not been reported (e.g. Salt Creek, Texas). Thus, the 

distribution of GA in the Pecos River basin cannot be explained by salinity alone.  

Efforts are underway in Texas, New Mexico and elsewhere to find effective ways 

of controlling GA growth and toxicity. A few methods have been reported to effectively 

control GA in small impoundments (see earlier discussion). While these methods may be 

effective for smaller waterbodies, they are too costly for larger systems (e.g., reservoirs) 

and may also have negative effects on natural ecosystem functions. A better 

understanding of associations between water quality and GA presence and bloom 

formation in the Pecos River would be useful to the management of surface water and its 

associated watershed either to prevent or to mitigate conditions that result in toxic algal 

blooms. 

 

Objectives of Present Study 

 

The chemical composition of surface waters can influence both the abundance 

and toxicity of GA (Roelke et al. 2010; Valenti et al. 2010; Roelke et al. 2011; 

VanLandeghem et al. 2013, in review; Patiño et al. in review). A better understanding of 

environmental conditions that promote or regulate GA bloom formation may therefore 
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facilitate the development of water quality criteria to mitigate or prevent the further 

spread of this harmful species. The first objective of this study is to determine 

environmental conditions, specifically water quality variables that associate with GA 

presence or bloom formation in the Pecos River basin. Eight sites were selected and 

sampled through an 18-month time-span to account for seasonal and phenological 

variation. A suite of multivariate statistical techniques were used to search for geographic 

and temporal patterns in water quality and to relate GA occurrence to environmental 

factors. 

One particular water quality variable, salinity, is believed to be a primary factor 

influencing GA distribution (Roelke et al. 2011; Patiño et al. in review; VanLandeghem 

et al. in review). Therefore, any anthropogenic contributor to changes in salinity may 

have an impact on GA blooms. Oil well brine from unplugged oil wells could potentially 

affect salinity of nearby stream waters. Knowledge of the potential spatial association 

between unplugged oil/gas wells and stream salinity may assist in understanding the 

relationship between oil and gas production activities, stream water quality, and the 

spread of GA. The second objective of this study is therefore to examine the association 

between Pecos River salinity and the density of unplugged oil and gas wells along the 

mainstem of the river. Multiple sites in the Pecos River, New Mexico and Texas were 

sampled to determine salinity levels in winter and summer. Unplugged oil and gas well 

densities in proximity to the river at the selected sites were determined using ArcGIS 

tools. Differences in regional geology were taken into account by separating sites into the 

main physiographical sub-basins of the Pecos River basin. 
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Figures 

 

 

Figure 1.1. Map of the United States (US) indicating the distribution of golden alga. 

Twenty-two US states have so far had documented cases of GA (Sager et al. 2008; Weber 

and Janik 2010; Bertin et al. 2012b; Hambright 2012). The first GA bloom in North 

America was recorded in Texas (Pecos River) near the New Mexico border (James and 

De La Cruz 1989).
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Figure 1.2. Map of Pecos River basin showing the three major structural sub-basins 

(Thomas 1972): Roswell basin (I), Permian basin (II), and Edwards plateau (III). Sites of 

interest are marked with red stars. The Pecos River confluences with the Rio Grande 

River near Langtry, Texas to eventually form Lake Amistad.
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CHAPTER II 

 

ASSOCIATIONS BETWEEN SURFACE WATER QUALITY AND GOLDEN 

ALGA PRESENCE IN THE PECOS RIVER BASIN, TEXAS AND NEW MEXICO 

 

Abstract 

 

Prymnesium parvum (golden alga, GA) is a harmful algal species of increasing 

concern in inland waters. Although the first GA bloom in North America occurred in the 

Pecos River in 1985, associations between water quality and GA abundance have not 

been examined for this basin. Eight sites were sampled monthly in the Pecos River basin, 

four in New Mexico and four in Texas. These sites were sampled from January 2012 to 

July 2013 to measure water quality, including nutrients, and GA presence. Results of 

principal component and classification tree analyses suggested that there is an upper limit 

to specific conductance (salinity) above which the probability of detecting GA is reduced; 

this limit was ~8,500 μS/cm (~4.7 psu). Chloride, which was highly correlated with 

specific conductance, was also associated with reduced incidences of GA at levels ≥4,770 

mg/L. No direct relationship between chlorophyll a and GA abundance values was 

observed. At relatively low salinity (<12,000 μS/cm, mostly New Mexico sites), GA 

occurred at a wide range of nutrient levels, but at higher salinity (>12,000 μS/cm, Texas 

sites), GA was observed only at mid-to-high nutrient and primary productivity 

(chlorophyll a) levels. The highest probability of finding GA occurred when chlorophyll 

a was ≥4.29 μg/L, chloride was <4,770 mg/L, and fluoride was ≥1.95mg/L. This study is 



Texas Tech University, Natascha Israël, December 2013 

 

48 

 

the first to report an apparent upper limit to salinity for GA occurrence in inland waters 

and interaction effects of salinity and nutrient levels on GA occurrence. The positive 

association between fluoride and GA occurrence is also of interest. This information may 

be useful to understand what environmental factor control the growth and spread of GA 

and to develop water quality criteria to control it. 

 

Introduction 

 

Algae play a vital role in primary production, nutrient cycling, and food webs of 

aquatic ecosystems (Dawes 1998; Reynolds 2006). Under certain conditions, some algal 

species can undergo excessive growth and develop blooms. Bloom episodes associated 

with harmful ecological or economic consequences are known as harmful algal blooms 

(HABs). Some HAB species cause harm by accumulation of biomass which can lead 

anoxia (Anderson et al. 2002), but HABs can also occur at low abundances if the harmful 

algal species produces toxins (Anderson et al. 2012). Many HAB species are capable of 

completely altering or degrading ecosystem function during a bloom event, and are often 

referred to as ecosystem disruptive algal blooms (EDABs) (Sunda et al. 2006).  

An EDAB species of increasing concern is Prymnesium parvum, or golden alga 

(GA). Though originally believed to be a coastal and estuarine species (Nicholls 2003), 

GA has invaded brackish inland waters throughout the world including 23 states of the 

United States (Sager et al. 2008; Weber and Janik 2010; Bertin et al. 2012; Hambright 

2012). Toxins produced by GA can be lethal to fish and other gilled aquatic organisms 

(Ulitzur and Shilo 1966). Golden alga blooms have caused great ecological and economic 
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impacts to the affected areas. Since first identified in Texas in 1985 (James and De La 

Cruz 1989), an estimated 34 million fish were lost through the late 2000s due to GA 

toxicity in Texas alone (Southard et al. 2010). While some water treatments seem to have 

potential for controlling GA in small impoundments, such as fish hatchery ponds (Guo et 

al. 1996; Kurten et al. 2007; Barkoh et al. 2010; Kurten et al. 2010; Grover et al. 2013), 

these treatments have not been fully tested in larger lentic systems (lakes, reservoirs) or 

in flowing waters. In addition, potential negative effects of water chemistry manipulation 

for GA control on natural ecosystem functions are not fully understood. 

The physicochemical properties of aquatic habitats, such as salinity, temperature, 

hardness, pH, and nutrients, can influence the abundance and toxicity of GA. Field 

observations suggest that the minimum salinity for toxic bloom events to occur in inland 

waters is about 0.5-0.6 psu (Roelke et al. 2011; Patiño et al. in review), and that there is a 

positive relationship between salinity and cell abundance (Hambright et al. 2010; 

VanLandeghem 2013). The optimum temperature for GA growth decreases as salinity is 

reduced in laboratory cultures (Baker et al. 2007, 2009). Because inland waters are of 

lower salinity than coastal marine waters, this may explain why inland blooms can occur 

at cooler temperatures (e.g. winter) (Roelke et al. 2011). The presence of hardness cations 

(Ca, Mg) enhances the potency of GA toxin extracts in laboratory assays (Yariv and 

Hestrin 1961; Ulitzur and Shilo 1964, 1966), and a positive relationship between water 

hardness and GA-like ichthyotoxicity was reported in the field (Vanlandeghem et al. 

2012). Lowering the pH of ambient water or laboratory cultures during active blooms 

reduces the toxicity of GA (Ulitzur and Shilo 1964, 1966; Valenti et al. 2010); however, 

in the field, relationships between ambient pH and GA toxicity are not consistent among 
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systems (Roelke et al. 2011; VanLandeghem et al. 2012, in review). Golden alga has the 

ability to obtain nutrients via photosynthetic and heterotrophic mechanisms, including 

phagotrophy (Granéli et al. 2012). This trait of GA, known as mixotrophy, is likely to 

contribute to its invasive and bloom potential. Total amounts of nitrogen (N) and 

phosphorus (P) as well as their ratio (N:P) seem to influence toxic GA bloom formation 

(Hambright et al. 2010; Granéli et al. 2012). Namely, depleted nutrient levels or altered 

N:P ratios causes GA cells to undergo physiological stress that can stimulate increased 

production of toxins (Granéli and Johansson 2003; Barreiro et al. 2005; Uronen et al. 

2005; Granéli et al. 2008). In the field, GA abundance seems to be positively associated 

with overall nutrient levels (Hambright et al. 2010). 

While GA abundance and toxicity are associated with water quality, results of a 

recent study indicate that patterns of bloom formation and dynamics and their consequent 

ecological impacts can vary greatly among basins (VanLandeghem et al. 2013). Thus, 

basin-specific information on the associations between water quality and GA are 

necessary for successful management. This study focuses on the Pecos River basin, 

which begins at Sangre de Cristo Mountains in northern New Mexico and flows 1,480 

km in a southeast direction until it confluences with the Rio Grande River in West Texas. 

The first reported GA bloom in North America occurred in the Pecos River in 1985 

(James and De La Cruz 1989). Since then, toxic blooms have occurred throughout much 

of the basin killing millions of fishes and other aquatic organisms (James and De La Cruz 

1989; Rhodes and Hubbs 1992; Southard et al. 2010). Golden alga blooms have greatly 

impacted the aquatic biodiversity of some reaches of the river (Rhodes and Hubbs 1992; 

Linam and Kleinsasser 1996; Gregory and Hatler 2008), and pose a threat to the state-
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listed Pecos Pupfish (Cyprinodon pecosensis), which is a species endemic to the Pecos 

River (Dixon 1996; Echelle et al. 1997). Compared to most other freshwater systems, the 

high salinity of the Pecos River is believed to provide for habitat that is conducive for GA 

to grow (Rhodes and Hubbs 1992; Gregory and Hatler 2008).  

The objective of this study is to determine environmental conditions, specifically 

water quality variables that are associated with GA presence or bloom formation in the 

Pecos River basin. Several sites were selected and sampled through an 18-month time-

span to account for seasonal and phenological events. A suite of multivariate statistical 

techniques were used to search for geographic and temporal patterns in water quality and 

to relate GA occurrence to environmental factors. A better understanding of 

environmental conditions that promote or regulate the presence of GA may facilitate the 

development of water quality criteria to mitigate or prevent the further spread of this 

harmful species.  

 

Materials and Methods 

 

Study Area 

Eight sites along the Pecos River were selected for this study: four in New 

Mexico and four in Texas (Figure 1, Table 1). Sites were chosen on the basis of their 

accessibility, records of GA blooms, and to the extent possible, general similarities in 

water quality, especially salinity. Because salinity is already known to be a major 

determinant of GA bloom occurrence (Nicholls 2003; Roelke et al. 2011; Patiño et al. in 

review; VanLandeghem et al. in review), a selection of sites of similar salinity but 
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differing in their history of GA blooms may facilitate discovery of water quality factors 

other than salinity that are important for GA growth.  

The New Mexico sites are, in a downstream direction, Lea Lake (Lea), Devil’s 

Inkwell Lake (Inkwell), Brantley Lake (Brantley), and a Pecos River free-flowing site 

just downstream of Highway 31 bridge (HW31) (Figure 1). Lea is a gypsum sinkhole 

lake with no history of GA blooms and is a popular swimming destination. It provides 

habitat for the state-listed Pecos Pupfish as well as Mexican Tetras (Astyanax 

mexicanus), Mosquitofish (Gambusia affinis), Red Shiner (Cyprinella lutrensis), Green 

Sunfish (Lepomis cyanellus), Bluegill (Lepomis macrochirus), and Common Carp 

(Cyprinus carpio) [S. Denny, New Mexico Department of Game and Fish (NMDGF), 

personal communication]. Inkwell is also a gypsum sinkhole but with a history of GA 

blooms beginning in May 2006 (S. Denny, NMDGF, personal communication). Prior to 

the onset of GA blooms, Inkwell had Green Sunfish, Plains Killifish (Fundulus zebrinus), 

Mosquitofish, and stocked Rainbow Trout (Oncorhynchus mykiss), but today it has only 

Mosquitofish and Rainbow Trout (S. Denny, NMDGF, personal communication). Lea 

and Inkwell are both located in Bottomless Lakes State Park near Roswell, New Mexico. 

Brantley is a large (1,619 hectares) reservoir near Carlsbad, New Mexico, that has been 

impacted by GA blooms since 2003. It is no longer a popular fishing site due to the 

blooms as well as the discovery of DDT-contaminated fish (Arvidson 2006). The HW31 

site is located downstream from Brantley. Golden alga was first identified at this site in 

September 2003 and the highest abundance for this site was recorded in February 2004 

(269,000 cells/mL) (S. Denny, NMDGF, personal communication). 
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The Texas sites are, in a downstream direction, Red Bluff Reservoir (Red Bluff), 

Salt Creek (tributary that confluences with Pecos River downstream of Red Bluff), a 

Pecos River free-flowing site near Coyanosa, Texas (Coyanosa), and a Pecos River free-

flowing site near Girvin, Texas (Girvin) (Figure 1). Red Bluff, located near the border 

with New Mexico, had its first reported GA-related fish kill as early as 1985 (Southard et 

al. 2010). It is no longer a popular fishing destination due to the numerous GA-related 

fish kills and low water levels. Salt Creek, a saline tributary to the Pecos River, is thought 

to be the last place in Texas that has a population of genetically-pure Pecos Pupfish 

(Hoagstrom and Brooks 1995). The specific site examined along Salt Creek has no 

history of GA blooms and is free-flowing. Coyanosa had its first recorded appearance of 

GA in 2006 (TPWD 2013). Biologists from Texas Parks and Wildlife Department 

(TPWD) have since recorded the presence of GA at this site multiple times (TPWD 

2013). In the last site, Girvin, GA has been recorded since at least 2006 (M. Scott, 

TPWD, personal communication). The impact of GA on fish species abundances in the 

Texas portion of the Pecos River basin was previously documented (James and De La 

Cruz 1989; Rhodes and Hubbs 1992). 

 

Sampling schedule and variables measured 

All sites were sampled every month from January 2012 to July 2013 for 

temperature (°C), specific conductance (μS/cm), pH, dissolved oxygen (DO; mg/L), and 

GA abundance (cells/mL). Additional variables were measured during the odd-numbered 

months: turbidity (Nephelometric Turbidity Unit; NTU), fluoride (mg/L), chloride 

(mg/L), sulfate (mg/L), hardness (total, calcium, magnesium; as CaCO3 equivalents), 
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alkalinity (mg/L; as CaCO3 equivalent), pheophytin (μg/L), extracted chlorophyll a, b, 

and c (μg/L), in vivo chlorophyll a (relative fluorometric units), organic nitrogen (mg/L), 

inorganic nitrogen (mg/L), organic phosphorus (mg/L), and inorganic phosphorus 

(mg/L). Personnel from Texas Tech University sampled the odd-numbered months while 

biologists from TPWD and NMDGF sampled the even-numbered months.  

 

Field measurements and sample processing 

Basic water quality variables were measured at the time of sampling using 

standard field instruments that were calibrated daily using the appropriate protocols and 

standards. Temperature, specific conductance, pH, and DO were measured using a YSI 

556 multi-parameter probe (5563-4; Yellow Springs Instrument Company, Inc., Yellow 

Springs, OH, USA). In addition to specific conductance, instrument-based estimates for 

total dissolved solids (TDS; g/L) were also recorded so that data from this study could be 

compared with studies that did not report specific conductance values.  

Turbidity was measured on site by optical density (Oakton T-100 turbidimeter, 

EW-35635-00; Oakton Instruments, Vernon Hills, IL, USA), and in vivo chlorophyll a by 

fluorescence using a precalibrated instrument (Aquafluor Fluorometer, 998-0851; Turner 

Designs, Sunnyvale, CA, USA). A calibrated kit with four standards (800, 100, 20.0, and 

0.02 NTU) (13-300-252; Fisher Chemical) was used for calibrating the turbidimeter and a 

solid secondary standard (8000-952; Turner Designs) was used for calibrating the 

fluorometer. In vivo chlorophyll a measurements were used as back up for in vitro 

(extracted) measurements of chlorophyll a that fell below limits of detection as the 
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fluorometer method is more sensitive at low chlorophyll a concentrations (Turner 

Designs 2005) (see Laboratory analyses). 

Grab water samples were taken at each sampling site for laboratory analyses of 

specific ions and nutrients. Samples for nutrient analyses (see Laboratory analyses) were 

collected in bottles containing sulfuric acid (except for bottles designated for the 

orthophosphate procedure) and shipped in wet ice (0 °C) overnight to Tarleton Institute 

for Applied Environmental Research (TIAER) in Stephenville, Texas. For measurement 

of extracted chlorophyll a, additional grab samples collected at an approximate depth of 

25 cm using 500 mL plastic bottles and filtered in the field (250-500 mL) using a portable 

filtration apparatus and 47-mm GF/B glass fiber filters (1821-047; Whatman, Maidstone, 

Kent, UK). Filters were stored on dry ice in the field or in an ultracold refrigerator at -70 

°C until processed.  

 

Laboratory analyses 

Alkalinity and hardness analyses were conducted using a digital titrator (HACH 

model 16900; HACH, Loveland, CO, USA). Alkalinity analysis was based on method 

8203, total hardness on method 8213, and calcium hardness on method 8204; magnesium 

hardness was calculated by subtracting calcium hardness from total hardness (HACH 

2013a). Fluoride and sulfate analyses were conducted using a colorimeter (HACH model 

DR/890). Fluoride analysis was based on method 8029 and sulfate analysis on method 

8051 (HACH 2013b). Chloride was measured with a YSI Professional Plus probe 

(Yellow Springs Instrument Company, Inc.) precalibrated with a chloride standard 
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solution (1,000 mg/L; HACH). Most samples had to be diluted with deionized water to 

bring chloride concentrations within the appropriate detection range of the equipment.  

Extracted chlorophyll a, b, and c and pheophytin were measured using method 

10200H (trichromatic method and monochromatic method) described in APHA (1998). 

Positive and negative controls were processed according to French (2010). The limit of 

detection and method detection limit were calculated for extracted chlorophyll and 

pheophytin following the “statistical” approach (Anderson 1989; Thomsen et al. 2003). 

The method detection limit was the limit of detection adjusted for extraction volume. The 

method used for GA cell counts was as described by Southard (2005), where GA cells 

were counted using a hemocytometer. 

Samples sent to TIAER were analyzed for nitrite-nitrate nitrogen (low level 

modification; SM 4500-NO3 F), ammonia nitrogen (SM 4500-NH3 G), total Kjeldahl 

nitrogen (SM 4500-NH3 G), orthophosphate phosphorus (low level modification; SM 

4500-PE), and total phosphorus (low level modification; EPA 365.4). Organic nitrogen 

was calculated by subtracting ammonia nitrogen from total Kjeldahl nitrogen, and 

inorganic nitrogen was calculated by adding nitrite-nitrate nitrogen and ammonia 

nitrogen. Inorganic phosphorus was calculated by subtracting organic phosphorus, or 

orthophosphate phosphorus, from total phosphorus. 

 

Precipitation data 

Precipitation data were collected from the National Oceanic and Atmospheric 

Administration (NOAA; http://www.ncdc.noaa.gov/cdo-web) for the study period from 

selected weather stations (Table 1). These data were used to calculate the cumulative 

http://www.ncdc.noaa.gov/cdo-web


Texas Tech University, Natascha Israël, December 2013 

 

57 

 

precipitation for a period of time of 7 days prior to sample collection (7-day 

precipitation).  

 

Data processing and analysis 

Fluorometric chlorophyll a readings taken in the field were corrected for turbidity 

(Turner Designs 2012). These corrected fluorometer readings were linearly regressed 

against spectrophotometry readings (Appendix A), and the regression model (y = 0.9628x 

+ 0.0989; R
2
 = 0.8773) was used to estimate extracted chlorophyll a values for samples 

whose concentration fell below detection limits. Some of the nutrient values also fell 

below detection limits. As one of the multivariate analyses used in this study (principal 

component analysis) is sensitive to missing data, values below detection limits were 

replaced with values estimated using a distribution-based single imputation model 

(PROC MI) in SAS software, Version 9.2 (SAS Institute Inc. SAS/STAT®, Cary, NC, 

USA). The mean of six estimated values was used to replace each value that was below 

detection limits. This procedure generated a complete dataset suitable for multivariate 

analyses. Several extracted chlorophyll a values for January 2012 fell below detection 

limits and fluorometry-based measurements were not collected at this sampling event. 

For these cases, the PROC MI procedure was used to impute missing values.  

Two separate series of analyses were performed in this study using two different 

datasets. One dataset included variables that were measured every month (temperature, 

specific conductance, pH, DO, GA abundance, and 7-day precipitation). This all-month 

dataset will be henceforth referred to as Dataset 1. The second dataset included the entire 
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suite of variables (including those in the first dataset) measured in the odd-numbered 

months. This odd-numbered-month dataset will be referred to as Dataset 2. 

Principal component analysis (PCA) reduces complex datasets of potentially 

correlated, multiple variables into a lower number of linearly uncorrelated, canonical 

variables without much loss of information. This analysis is especially useful for 

exploring patterns in data (Ringnér 2008). Classification/regression tree analysis provides 

a hierarchical, easy-to-interpret classification of data according to the most important 

predictor variables (De‘ath and Fabricius 2000). Thus, PCA was used to determine 

patterns in water quality grouped according to various criteria, and classification tree 

analysis was used to examine associations between water quality variables (predictor 

variables) and GA presence/absence (response variable). [Regression tree analysis could 

not be conducted for this study (see Results).]  In addition, logistic regressions between 

case PC scores generated for each principal component (PC) and GA presence/absence 

were conducted to further explore relationships suggested by results of the PCA. 

The PCA was conducted using PROC PRINCOMP in SAS; grouping variables 

for this analysis were sampling site and GA presence/absence. Eigenvalues, scree plots, 

and percent variances were used to determine the number of principal components (PCs) 

to be retained in the analysis. Factor loadings ≥ │0.40│were used to evaluate the 

predominant water quality variables in each retained PC (Manly 1994). These factor 

loadings were obtained using PROC FACTOR in SAS. Logistic regressions were 

performed in SAS using PROC LOGISTIC. Case PC scores in each selected PC and GA 

presence (event category) were used in these analyses. A total of 17 models relating GA 

presence to calculated PCs were constructed for each dataset. These models included 
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combinations of individual PCs and 2-way interactions hypothesized from relationships 

between GA and water quality suggested by PCA plots. Akaike information criterion 

(AIC) values were calculated for each of the logistic regression models. Models were 

then ranked based on AIC values, and Akaike weights were calculated from the 

difference in AIC from a given model to the top-ranked model (Burnham and Anderson 

2002). The confidence set of models was reported as the set of models with a cumulative 

Akaike weight > 90% of the total Akaike weight (Burnham and Anderson 2002). 

Classification tree analysis was conducted using the default specifications of the 

‘rpart’ package (Therneau and Atkinson 2010) in Program R (R Foundation for Statistical 

Computing, Vienna, Austria). The ‘prune’ function was used to trim the trees via the 

cross validation method (Therneau and Atkinson 2010), and additional pruning was 

conducted using the ‘minsplit’ and ‘minbucket’ statements. The ‘minsplit’ statement was 

set at a value of 20% of the total sample size, and the ‘minbucket’ statement was set to 

one-third of the ‘minsplit’ value. This procedure serves to reduce tree size and simplify 

interpretation while avoiding over fitting and maintaining high predictive ability. 

Classification rates, defined as the rate at which data points were correctly classified, 

were recorded for each final tree to generally assess model performance.  

Spearman’s rank correlation analysis was conducted to examine bivariate 

associations in Dataset 2, in which values for all variables were available. Only those 

correlations significant at p < 0.05 and of moderate magnitude (r ≥ |0.40|; De Muth 2006) 

were interpreted.  

 

 



Texas Tech University, Natascha Israël, December 2013 

 

60 

 

Results 

 

General observations 

A total of 151 samples were collected during the entire study and used to build 

Dataset 1, which included the following variables: GA abundance, temperature, specific 

conductance, DO, and pH (Tables 2-3), as well as 7-day precipitation (Table 3). A total 

of 79 samples were collected in the odd-numbered months and used to build Dataset 2, 

which included all water quality variables measured in this study as well as 7-day 

precipitation (Tables 4-5). The Salt Creek site was not sampled in January 2012 due to 

accessibility problems. 

Golden alga was not detected in Lea, Salt Creek, and Coyanosa at any time during 

the sampling period, and GA was absent multiple times at all other sites (Table 2). Sites 

with the highest incidence of GA presence were Inkwell, Brantley, HW31 and Red Bluff, 

and these sites also showed at least one bloom event (GA abundance ≥10,000 cells/mL; 

Roelke et al. 2007; Harris et al. 2010; Schwierzke et al. 2010) (Table 2). Golden alga was 

observed at similar overall rates of occurrence in winter (December – February), spring 

(March – May), and summer (June – August) and was lowest in fall (September – 

November) (Table 2), and the highest levels of abundance and bloom events were 

observed in summer (Table 2). Fish-kills were not observed during this study. 

Standard water quality (grouped by site) revealed a general trend for higher but 

more variable levels of specific conductance and ions (anions and hardness cations) in 

Texas sites relative to New Mexico sites (Table 3 and 4). Total and organic phosphorus 

also seemed to be higher in Texas sites than New Mexico sites, and total and organic 
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nitrogen as well as chlorophyll a were notably highest at HW31 and Red Bluff (Table 5). 

Winter was associated with lower temperatures and generally higher levels of DO, 

turbidity, and inorganic nitrogen (Tables 3-5). Both organic nitrogen and chlorophyll a 

were highest during the summer and fall (Table 5). No other general trends in water 

quality variables were apparent. Most values (>75%) of extracted chlorophyll b and c and 

of pheophytin fell below their detection limits and were not included in statistical 

analyses.   

Specific conductance was strongly correlated with all anions and hardness cations 

measured (Table 6). Inorganic nitrogen was negatively correlated with specific 

conductance (and individual ions) and temperature, and turbidity was positively 

correlated with chlorophyll a, organic and total nitrogen, and phosphorus. Chlorophyll a, 

however, only correlated with organic and total nitrogen among the nutrients (Table 6). 

Inorganic phosphorus and 7-day precipitation did not correlate with any other variable 

(Table 6). 

Analysis of the bivariate relationship between chlorophyll a and GA abundance is 

of interest to this study because of the intrinsic value of the information and to validate 

the use of chlorophyll a as independent (predictor) variable in multivariate analyses 

where GA presence/absence is the response variable. There was a large overlap in 

chlorophyll a values between grab samples with GA (1.70 – 69.01 μg/L) and without GA 

(1.01 – 25.34 μg/L), and the highest chlorophyll a value (69.01 μg/L) was observed at a 

relatively low GA abundance (3,000 cells/mL). Also, excluding cases where GA 

abundance was zero, Spearman’s rank correlation analysis showed that chlorophyll a and 

GA abundance are not associated (r = 0.25, n = 24, p > 0.05). Overall, these observations 
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validate the use of chlorophyll a as independent variable. Although nonparametric 

correlation analyses (e.g. Spearman’s) are robust to deviations from normality and tied 

ranks, the exceedingly large number of zero GA values (70% of total cases) can 

compromise the reliability of the results if included in the analyses. 

 

Principal Component Analysis 

Using Dataset 1, the first three PCs were retained as their eigenvalues were 

greater than one and together they explained 74.5% of the total variance. PC1 was 

predominated by DO, pH, and temperature; PC2 was predominated by specific 

conductance, pH and temperature; and PC3 by cumulative 7-day precipitation (Table 7). 

Biplots of PC1 and PC2 using site as labeling variable indicated that Texas sites were 

generally of higher specific conductance than New Mexico sites, that GA occurrence was 

confined to the mid-to-low range of specific conductance, and bloom events (cells 

≥10,000/mL) to the mid-range (Figure 2). Dissolved oxygen seemed to influence the data 

distribution within individual sites. At the higher specific conductance, GA presence 

seemed to be confined within a narrower range of DO levels (Figure 2). No clear patterns 

in water quality data were apparent in biplots of PC1 and PC3 (precipitation) labeled by 

site or bloom formation, but GA incidence at the higher precipitation levels (and slightly 

lower specific conductance) was confined to a relatively narrow range of values on PC1 

(predominated by DO; Figure 3).   

Logistic regression using PC scores for the first three PCs (Dataset 1) and GA 

presence as event category indicated that the confidence set (92% of total Akaike weight) 

included 9 models (Tables 8 and 9). The top model contained only PC2 and represented 
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about one-quarter of the total Akaike weight. The coefficient for PC2 in this model was 

0.6384 ± 0.2011 (Table 9). Because PC2 was primarily predominated by specific 

conductance (Table 7), which had a negative factor loading, this observation suggests that 

as salinity increases, the probability of finding GA decreases. Other important variables 

in PC2 were temperature and pH, which also both had negative factor loadings. 

Therefore, increased temperature and pH may also lower the probability of finding GA. 

The remaining models in the confidence set all contained PC2 and various combinations 

of PC1, PC3, or interaction terms (Tables 8 and 9). These observations support results of 

graphical inspection of the PCA biplots suggesting an upper limit to salinity for GA 

presence as well as an interaction between specific conductance and DO (Figure 2) and, 

to a lesser degree, an interaction between 7-day rainfall (+ specific conductance) and DO 

(Figure 3).  

Using Dataset 2, the first three PCs were also retained and together they explained 

61.9% of the total variance (Table 10). The scree plot suggested that additional PCs with 

eigenvalues greater than one (PC4 and PC5) contributed relatively little to the cumulative 

variance explained (data not shown), and were therefore not interpreted. Salinity-

associated variables of specific conductance, anions and hardness cations predominated 

PC1; inorganic nitrogen had a loading similar to the salinity-associated variables (> 

|0.40|), but was inversely related (Table 10). Nutrients and several of their fractions, 

chlorophyll a, and turbidity predominated PC2. Temperature, alkalinity, inorganic 

nitrogen and DO predominated PC3 (Table 10). These observations indicate that salinity-

associated variables (PC1) explain most of the variance structure in the data, followed by 

nutrients and primary productivity (PC2), and season (e.g., temperature, DO; PC3). When 
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data were labeled by site, biplots of PC1 and PC2 showed a remarkably clear separation 

of New Mexico and Texas sites along PC1, with New Mexico sites being of lower 

specific conductance (Figure 4). Some degree of individual site separation was also 

apparent; for example, the Bottomless Lakes of New Mexico (Inkwell and Lea) clearly 

separated from all other sites (Figure 4). The same biplot with data labeled by GA 

presence/absence showed that the occurrence of GA in the lower-salinity New Mexico 

sites was not associated with nutrient levels, but in the higher-salinity Texas sites, all GA 

occurrences were observed at the mid-to-high nutrient levels (Figure 4). The three bloom 

occurrences in Dataset 2 were observed at low-to-mid salinity and mid-to-high nutrient 

levels. No new patterns of data distribution were observed in biplots of PC1 and PC3 

(data not shown). 

Logistic regression using PC scores for the first three PCs (Dataset 2) and GA 

presence as event category indicated that the confidence set (92% of total Akaike weight) 

included 10 models (Tables 8 and 9). The top model contained PC1 and PC2 and 

represented about one-fifth of the total Akaike weight. The parameter estimates for the 

top model were -0.1814 ± 0.1035 for PC1 and 0.4218 ± 0.1465 for PC2 (Table 9).  

Because salinity-associated variables and nutrients/chlorophyll a loaded positively on 

PC1 and PC2, respectively, these observations suggest that as salinity decreases and 

nutrients increase, chances of finding GA increase. The second model contained the 

interaction term for PC1 and PC2, an observation that is consistent with graphical 

differences in data distribution in PC1-PC2 biplots (see above and Figure 4). These 

observations suggest that the effects of salinity on GA presence depend on the level of 

nutrients or that the effects of nutrients on GA presence depend on the level of salinity. 
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The remaining models in the confidence set all contained PC2 and PC 1 and PC3 and 

various combinations of interaction factors were also observed in several of these models 

(Table 8). 

 

Classification Tree Analysis 

Golden alga was either absent or present at relatively low abundance (1,000 – 

10,000 cells/mL) in most cases (see Table 2). A classification tree approach was therefore 

utilized to determine the factors promoting GA presence or absence.  

Classification tree analysis using Dataset 1 showed that the probability of GA 

occurrence increases nearly 4-fold when specific conductance is <8,447 μS/cm (45%) 

than when it is ≥8,447 μS/cm (12%) (Figure 5). In samples with specific conductance of 

<8,447 μS/cm, the probability of GA occurrence further increases to 82% when DO is 

<6.15 mg/L (Figure 5). These observations are in general agreement with graphical 

analyses of PCA biplots (Figure 2) and logistic regressions (Table 8) indicating a primary 

influence of specific conductance in determining the distribution of data classified by GA 

presence/absence, and secondary influence of DO. The classification rate of this tree was 

0.808, with 113 of 115 GA-absent cases and 9 of 36 GA-present cases were correctly 

classified in terminal nodes (branches). 

Classification tree analysis using all variables in Dataset 2 showed that 

chlorophyll a was the top splitting variable, with values ≥4.29 μg/L resulting in 7-fold 

greater chances of GA occurrence than values below this cutoff (Figure 6). Chloride was 

the second and fluoride the third splitting variable, but the nature of their influence on 

GA presence/absence differed. Specifically, in those samples with chlorophyll a ≥4.29 
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μg/L, GA presence was highest when chloride was low (<4770 mg/L) and fluoride 

relatively high (≥1.95 mg/L) (Figure 6). Overall, when the conditions for all 3 water 

variables were met, the probability of GA occurrence was 86% (Figure 6). The 

classification rate of this tree was 0.886, with 52 of 55 GA-absent cases and 18 of 24 GA-

present cases were correctly classified in terminal nodes. 

 

Discussion 

 

The Pecos River was the first water body in North America affected by GA 

blooms (James and de la Cruz 1989), and over the last three decades its ecological 

integrity has been greatly impacted by this harmful alga (Rhodes and Hubbs 1992; Linam 

and Kleinsasser 1996; Gregory and Hatler 2008). Water quality conditions are known to 

influence the growth and toxicity of HABs, including GA (Hambright et al., 2010; 

Roelke et al. 2011; Patiño et al. in review; VanLandeghem et al. 2012, in review). 

Because surface water quality varies within and among basins, however, information 

generated from one basin is not necessarily applicable to another. Because no active fish 

kills were observed during the study period and GA abundance seldom exceeded the 

cutoff for bloom designation (10,000 cells/mL), the present analyses were limited to the 

characterization of water quality conditions that associate with GA presence. Until the 

present study, however, little information was available regarding environmental 

conditions that control or influence GA presence or bloom formation in the Pecos River 

basin. Whereas some results of this study are similar or consistent with findings reported 
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for other river basins, observations concerning salinity-GA relationships were not only 

new but also unexpected.  

The Pecos River is among the saltiest river systems in the southwestern United 

States (Yuan and Mayer 2012), and it has been suggested that this is one reason why this 

basin provides habitat that seems particularly well suited for GA growth and toxic bloom 

formation (Gregory and Hatler 2008). In fact, growth of GA under laboratory conditions 

is reduced as salinity is diluted below critical levels (Baker et al. 2007, 2009), and 

positive relationships between salinity and GA abundance or toxicity have been reported 

in other basins (Red River, Texas/Oklahoma, USA: Hambright et al. 2010; Colorado 

River, Texas, USA: VanLandeghem 2013). All sampling sites of the present study 

showed levels of salinity that are well above the minimum requirement (0.5-1 psu) for 

GA growth and toxicity in inland waters (Roelke et al. 2011; VanLandeghem et al. 2012; 

Patiño et al. in review). Curiously, however, although an association between salinity and 

GA occurrence was observed, the specific direction of this association was the opposite 

of what was expected. Namely, results of multiple analyses all suggested an upper limit 

to salinity above which the occurrence or probability of detecting GA was reduced. The 

upper limit suggested by classification tree analysis was 8,447 μS/cm (about 4.7 psu), and 

4 of the 5 bloom events (abundance ≥10,000 cells/mL) recorded during this study also 

occurred below this cutoff (data not shown). These observations were not confined to Salt 

Creek, a highly saline (average of 37,885 μS/cm) tributary with no prior history of GA 

blooms. Other sites of high salinity, including the mainstem site of Coyanosa (average of 

23,366 μS/cm), which does have an earlier history of blooms, did not have GA present 

during this study. It should be noted that GA was also observed at specific conductance 
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>8,447 μS/cm. For example, GA was detected twice at the Girvin site when specific 

conductance was >25,000 μS/cm, but these occurrences were relatively rare. An upper 

limit to salinity for optimal GA growth was also suggested when analyses included 

nutrients and primary productivity. Specifically, reduced incidences of GA were 

associated with high chloride levels (> 5,000 mg/L) when chlorophyll a was also 

relatively high (≥4.29 μg/L). Because chloride was highly correlated with specific 

conductance, it is possible that the association between chloride and GA is nonspecific 

and reflects the influence of salinity and not an inherent property of the anion.  

The reason for the apparent negative association between salinity/chloride and 

GA occurrence above specific threshold values in the Pecos River basin is unclear. The 

threshold values for each salinity-associated variable are well below those found in the 

marine environment, where GA is believed to have originated (Nicholls 2003). It should 

be noted, however, that previous reports of positive associations between specific 

conductance and GA abundance in inland systems were based on observations below the 

~8,500 μS/cm cutoff of the present study; e.g., <6,000 μS/cm in the Red River 

(Oklahoma and Texas, USA; Hambright et al. 2010) and < 7,000 μS/cm in the Colorado 

River (Texas, USA; VanLandeghem 2013). Thus, whether this finding is unique to the 

Pecos River cannot be ascertained. It is also notable that the upper salinity limit of about 

4.7 psu for GA presence reported in the present study closely corresponds to the lower 

limit for optimal GA growth of 4 psu previously reported under laboratory conditions 

(Baker et al. 2009). Overall, results of the present study suggest that the relationship 

between salinity and GA abundance is much more complex in the field (inland surface 
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waters) than in the laboratory, and that upper as well as lower limits of salinity for 

optimal growth may exist in some basins such as the Pecos River.  

To an extent, sites sampled during this study could be separated by salinity. 

Generally, the New Mexico sites were of lower salinity than the Texas sites. With the 

exception of the two sites located in Bottomless Lakes State Park, New Mexico (Lea and 

Inkwell), all other sampling sites are located in the same physiographical sub-basin of the 

Pecos River, the Permian basin (Thomas 1972). Although the geology of the Permian 

basin is considered to be generally similar throughout the basin, there are a few discrete 

variations. Water from the Rustler Formation is believed to enter the Pecos River near 

Malaga Bend, below the last sampling site in New Mexico (HW31). The Rustler 

Formation is rich in salts, mostly NaCl, and is responsible for adding considerable 

amounts of salt salt into the Pecos River (Miyamoto et al. 2008). Salt Creek, one of the 

present study sites in Texas, is a high-salinity tributary that also contributes salts to the 

mainstem within the Permian basin. Generally, most salt additions to the Pecos River 

occur between Malaga Bend and Girvin, Texas (Miyamoto et al. 2008). This stretch of 

the river includes the four Texas sites of the present study, which may explain why the 

New Mexico sites were generally less saline than the Texas sites. 

Previous studies have reported positive associations between GA abundance (and 

toxicity) and chlorophyll a and nutrient concentrations, especially during bloom events 

(Hambright et al. 2010; Granéli et al. 2008). Generally consistent with the earlier 

observations, results of the present multivariate analyses (PCA, classification trees) 

suggested an association between nutrient/chlorophyll a levels and GA occurrence in the 

Pecos River. However, bivariate analysis revealed the lack of a direct association 
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between chlorophyll a and GA abundance; namely, the GA content of chlorophyll a did 

not significantly influence total chlorophyll a content of the water column. In fact, on 

several occasions, high densities of green algae (based on water coloration and 

microscopical observations) were observed regardless of GA presence at sites such as 

HW31 and Red Bluff (data not shown). These observations suggest that the association 

between chlorophyll a and GA in the Pecos River is not simple but occurs in context of 

other predictor variables, such as nutrients and salinity-associated variables (see later 

discussion). Specifically, biplots of canonical data generated by PCA (Dataset 2) 

indicated that when salinity is relatively low, such as in the New Mexico sites, GA is 

present at a relatively wide range of nutrient levels At higher salinities, however, such as 

in the Texas sites, GA were observed only at mid-to-high nutrient levels. These 

observations suggest an interaction between salinity and nutrients on GA incidence, a 

suggestion confirmed by the results of logistic regression.   

Classification tree analysis suggested an association between GA presence and 

high fluoride (≥1.95 mg/L). Thus, whereas fluoride was also highly correlated with 

specific conductance, in contrast with specific conductance and chloride, its association 

with GA was positive. Compared to other ions, the absolute levels of fluoride are 

relatively low and do not contribute appreciably to salinity in Pecos River water. For 

these reasons, the positive association between fluoride and GA incidence is likely to be 

independent of the association between fluoride and specific conductance. Fluoride 

concentrations in freshwaters typically range from 0.01 to 0.3 mg/L and in seawater, from 

1.2 to 1.5 m/L (Camargo 2003). These ambient levels are below the cutoff for the 

positive association of fluoride and GA occurrence in the present study. Fluoride is 
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normally viewed as a potential toxicant to aquatic life, including phytoplankton, but the 

concentration required to cause toxicity in freshwater and marine algae is high, typically 

≥25 mg/L (Camargo 2003). However, growth-enhancing activity for phytoplankton has 

also been documented for fluoride at concentrations somewhat lower than those that 

inhibit growth, as low as 10 mg/L in some species (Camargo 2003). The present results 

are insufficient to confidently propose a specific role for fluoride in influencing GA 

growth or distribution in the Pecos River basin, but they do seem to justify further 

investigation of possible cause-effect relationships.   

A recent analysis of archived data for the Brazos and Colorado River basins in 

Texas indicated that GA-impacted reservoirs have much higher sulfate levels than non-

impacted reservoirs (Patiño et al. in review). This observation led to the proposal of a 

possible role for sulfate as nutrient (sulfur) source for GA growth in impacted reservoirs 

(Patiño et al. in review). In the present study, sulfate levels were considerably higher than 

in the GA-impacted reservoirs of the Brazos and Colorado Rivers (Patiño et al. in 

review), and no association between sulfate and GA was observed in the present study. 

Higher levels of total hardness also have been associated with GA habitat or bloom 

occurrence in other river basins impacted by GA (VanLandeghem et al. 2012; Patiño et 

al. in review). Hardness levels in the Pecos River basin were consistently much higher 

than those in GA-impacted sites elsewhere (VanLandeghem et al. 2012; Patiño et al. in 

review), and again results of the present study did not suggest specific associations 

between water hardness and GA occurrence in the Pecos River. Overall, these 

observations suggest that limiting factors for GA growth or occurrence may differ among 

basins.  
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A number of other variables examined in this study either did not influence 

patterns of GA occurrence or their influence was inconclusive. Despite a weak 

association between 7-day cumulative precipitation and specific conductance in the PCA, 

results of classification tree analysis did not reveal a significant association between 7-

day precipitation and GA occurrence. Extending the period of cumulative precipitation to 

30-days prior to sampling gave the same results (data not shown). Temperature, pH and 

DO seemed to be associated with each other (e.g., Figure 3), suggesting that variance 

associated with these three variables is linked to seasonal changes in ambient 

temperature, as has been suggested by earlier studies of water quality and GA at the 

landscape scale (VanLandeghem et al. 2012; Patiño et al. in review). However, these 

water variables did not seem to influence patterns of data distribution in PCA biplots in a 

manner that could be associated with GA presence or absence. Although the number of 

GA occurrences was insufficient to visualize seasonal variation, GA was observed in at 

least one of the sites during each sampling event throughout the year. Also, three of the 

five bloom events occurred in the summer (Table 2). However, toxic blooms were not 

reported for the Pecos River during the sampling period of this study [S. Denny 

(NMDGF) and J. Ingle (TPWD), personal communications].   

In summary and conclusion, several water quality attributes were associated with 

GA occurrence in the Pecos River. Contrary to expectations, the rate of GA occurrence in 

the Pecos River seemed to be reduced at relatively high levels of specific conductance 

(8,447 μS/cm) and chloride (about 5,000 mg/L). Because chloride is highly correlated 

with and contributes considerably to specific conductance, the association between 
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chloride and GA occurrence may reflect the general influence of salinity. Interestingly, 

however, although fluoride was also highly correlated with specific conductance, the 

present study showed a positive association between fluoride and GA occurrence 

suggesting an intrinsic effect of the anion. The incidence of GA was also influenced by 

nutrient levels and by an interaction between nutrients and salinity. More specifically, 

high levels of nutrients and primary productivity seemed to associate with the incidence 

of GA at relatively high, but not low, salinity. This information, especially knowledge of 

the positive relationship between nutrients and GA presence, may help develop water 

quality criteria for use in mitigating or preventing the further spread of GA within the 

Pecos River basin. Of the water quality variables examined in this study, nutrients may 

represent the most realistic variable to manipulate. Irrigated croplands can be quite 

extensive in some areas within the Pecos River basin (Sorenson 1965; NMDGF 2006; 

Thompson 2008). Therefore, the use, or more effective use, of nutrient-trapping ponds 

could help reduce nutrients in the water of the Pecos River by decreasing agricultural 

runoff (Fleischer and Stibe 1991; Fleischer et al. 1994; Gustafson et al. 2000). Finally, 

whereas this study showed that certain aspects of water quality are associated with the 

occurrence of GA in the Pecos River basin, determination of cause-effect relationships 

will require additional investigation.  
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Tables 

 

Table 2.1. Coordinates for study sites and associated weather stations. Weather stations 

chosen to collect precipitation data for this study are located upstream of the sites but in 

some cases, because of availability and distribution limitations, the same weather station 

was used for more than one site. 

   Coordinates 

Site State Site Weather station 

Lea Lake NM 33.318, -104.331 33.459, -104.404 

Devil’s Inkwell Lake NM 33.335, -104.333 33.459, -104.404 

Brantley Lake NM 32.558, -104.392 32.627, -104.383 

Highway 31  NM 32.312, -104.059 32.432, -104.230 

Red Bluff Reservoir TX 31.900, -103.917 32.166, -103.425 

Salt Creek TX 31.811, -104.007 32.166, -103.425 

Coyanosa TX 31.367, -103.005 31.378, -103.633 

Girvin TX 31.079, -102.360 31.267, -102.700 
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Table 2.2. Summary statistics for Prymnesium parvum (golden alga) abundance at the 

study sites over the sampling period. Mean, median, minimum (min), and maximum 

values (max) of GA abundance (cells/mL) were calculated from Dataset 1 (all months; 

see text). Percent occurrences of GA and GA blooms (≥10,000 cells/mL) are also shown. 

 

Grouping 

variable  Site N Mean Median Min Max 

% 

samples 

with GA 

present 

% 

samples 

≥10,000 

cells/mL 

Site Lea Lake 19 0 0 0 0 0 0 

 

Devil’s Inkwell Lake 19 1,789 0 0 10,000 36.8 5.3 

 

Brantley Lake 19 2,000 0 0 19,000 36.8 5.3 

 

Highway 31  19 3,526 1,000 0 27,000 52.6 10.5 

 

Red Bluff Reservoir 19 1,737 1,000 0 10,000 52.6 5.3 

 

Salt Creek 18 0 0 0 0 0 0 

 

Coyanosa 19 0 0 0 0 0 0 

 

Girvin 19 105 0 0 1,000 10.5 0 

         Season Winter 39 974 0 0 10,000 25.6 2.6 

 

Spring 48 1,250 0 0 19,000 29.2 2.1 

 

Summer 40 1,725 0 0 27,000 20.0 7.5 

  Fall 24 292 0 0 3,000 16.7 0 
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Table 2.3. Basic water quality and 7-day (pre-sampling) cumulative precipitation (mean ± SEM) in the Pecos River basin grouped by 

study site and season (period of record, January 2012 – July 2013). Dataset 1 (all months) was used to report temperature (Temp), 

specific conductance (SC), dissolved oxygen (DO), pH, and precipitation. Winter, Dec-Feb; spring, Mar-May; summer, Jun-Aug; fall, 

Sep-Nov. 

Grouping 

variable Site  N Temp (°C) SC (μS/cm) DO (mg/L) pH 

7-day 

precipitation 

(mm) 

Site Lea Lake 19 18.7 ± 1.1 11,777 ± 67 6.8 ± 0.2 7.61 ± 0.07 4.0 ± 1.3 

 
Devil’s Inkwell Lake 19 16.0 ± 1.7 8,069 ± 92 8.3 ± 0.5 7.81 ± 0.08 4.0 ± 1.3 

 
Brantley Lake 19 17.5 ± 1.8 5,271 ± 158 8.5 ± 0.5 8.11 ± 0.09 5.2 ± 1.7 

 
Highway 31  19 18.3 ± 1.7 6,151 ± 144 7.5 ± 0.7 7.81 ± 0.08 7.0 ± 2.7 

 
Red Bluff Reservoir 19 17.1 ± 1.8 16,166 ± 466 7.7 ± 0.5 8.12 ± 0.08 3.6 ± 1.2 

 
Salt Creek 18 18.0 ± 1.8 37,885 ± 4,203 6.9 ± 0.6 8.21 ± 0.13 3.8 ± 1.3 

 
Coyanosa 19 21.9 ± 1.7 23,366 ± 1,041 8.7 ± 0.5 7.85 ± 0.08 3.5 ± 2.7 

 
Girvin 19 21.9 ± 1.8 25,820 ± 918 10.0 ± 0.8 8.12 ± 0.10 11.9 ± 4.0 

        
Season Winter 39 10.5 ± 0.7 14,671 ± 1,515 9.1 ± 0.4 7.87 ± 0.07 4.4 ± 1.5 

 
Spring 48 18.6 ± 0.8 18,518 ± 2,218 8.5 ± 0.4 8.03 ± 0.06 3.6 ± 1.1 

 
Summer 40 26.7 ± 0.5 17,623 ± 2,087 6.7 ± 0.4 7.96 ± 0.07 7.5 ± 2.1 

  Fall 24 18.8 ± 1.1 14,660 ± 1,587 7.7 ± 0.5 7.91 ± 0.08 7.1 ± 1.6 



Texas Tech University, Natascha Israël, December 2013 

 

85 

 

Table 2.4. Basic water quality (mean ± SEM) in the Pecos River basin grouped by study site and season (period of record, January 

2012 – July 2013). Dataset 2 (odd-numbered-months) was used to report these water quality values. Hardness and alkalinity values are 

expressed as calcium carbonate equivalents. Winter, Dec-Feb; spring, Mar-May; summer, Jun-Aug; fall, Sep-Nov. 

Grouping 

variable N

Turbidity 

(NTU)

Chloride 

(mg/L)

Fluoride 

(mg/L)

Sulfate 

(mg/L)

Ca 

hardness 

(mg/L)

Mg 

hardness 

(mg/L)

Total 

hardness 

(mg/L)

Alkalinity 

(mg/L)

Site Lea Lake 10 1.7 ± 0.2 3,075 ± 52 2.7 ± 0.04 2,136 ± 71 2,110 ± 20 522 ± 21 2,631 ± 36 166 ± 2

Devil’s Inkwell Lake 10 2.3 ± 0.3 1,691 ± 31 2.8 ± 0.05 2,454 ± 68 2,354 ± 32 800 ± 25 3,154 ± 53 103 ± 4

Brantley Lake 10 15.8 ± 3.9 920 ± 79 2.2 ± 0.06 1,694 ± 43 1,378 ± 33 587 ± 22 1,965 ± 49 120 ± 7

Highway 31 10 8.5 ± 1.1 1,298 ± 50 1.9 ± 0.05 1,557 ± 61 1,183 ± 37 812 ± 34 1,995 ± 64 120 ± 8

Red Bluff Reservoir 10 17.8 ± 6.9 4,591 ± 140 2.8 ± 0.07 3,169 ± 109 2,287 ± 59 1,556 ± 39 3,843 ± 96 95 ± 4

Salt Creek 9 4.1 ± 0.7 11,974 ± 2,037 4.3 ± 0.4 3,893 ± 594 2,433 ± 276 2,427 ± 483 4,860 ± 755 97 ± 10

Coyanosa 10 12.3 ± 2.1 7,122 ± 360 5.0 ± 0.2 3,745 ± 238 2,359 ± 95 2,057 ± 155 4,416 ± 248 127 ± 8

Girvin 10 18.5 ± 9.7 7,308 ± 327 5.4 ± 0.2 4,204 ± 200 2,220 ± 51 2,640 ± 161 4,860 ± 208 132 ± 18

Season Winter 15 18.1 ± 6.8 3,730 ± 588 2.9 ± 0.23 2,442 ± 201 1,828 ± 117 1,057 ± 140 2,885 ± 216 144 ± 9

Spring 32 7.7 ± 2.2 5,106 ± 904 3.4 ± 0.25 2,962 ± 245 2,091 ± 109 1,535 ± 202 3,626 ± 293 122 ± 5

Summer 16 8.1 ± 1.4 5,091 ± 1,028 3.7 ± 0.40 3,136 ± 330 2,126 ± 141 1,605 ± 270 3,732 ± 379 100 ± 7

Fall 16 10.9 ± 2.9 4,187 ± 760 3.4 ± 0.33 2,691 ± 219 2,027 ± 112 1,308 ± 171 3,335 ± 247 116 ± 9
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Table 2.5. Nutrients and chlorophyll a (mean ± SEM) in the Pecos River basin grouped by study site and season (period of record, 

January 2012 – July 2013). Dataset 2 (odd-numbered-months) was used to report nutrient values. Winter, Dec-Feb; spring, Mar-May; 

summer, Jun-Aug; fall, Sep-Nov. 

Grouping 

variable Site  N 

Organic 

Nitrogen 

(mg/L) 

Inorganic 

Nitrogen 

(mg/L) 

Total 

Nitrogen 

(mg/L) 

Organic 

Phosphorus 

(mg/L) 

Inorganic 

Phosphorus 

(mg/L) 

Total 

Phosphorus 

(mg/L) 

Chlorophyll 

a (μg/L) 

Site Lea Lake 10 0.373 ± 0.105 0.212 ± 0.040 0.585 ± 0.090 0.035 ± 0.007 0.002 ± 0.0005 0.037 ± 0.008 2.08 ± 0.38 

 
Devil’s Inkwell Lake 10 0.531 ± 0.134 0.134 ± 0.034 0.665 ± 0.138 0.039 ± 0.012 0.003 ± 0.001 0.043 ± 0.013 2.82 ± 0.71 

 
Brantley Lake 10 0.679 ± 0.170 0.453 ± 0.190 1.132 ± 0.253 0.045 ± 0.010 0.004 ± 0.001 0.049 ± 0.011 6.90 ± 1.46 

 
Highway 31  10 1.551 ± 0.204 1.360 ± .0482 2.911 ± 0.332 0.057 ± 0.008 0.008 ± 0.003 0.065 ± 0.008 27.54 ± 5.98 

 
Red Bluff Reservoir 10 1.700 ± 0.127 0.234 ± 0.072 1.933 ± 0.140 0.084 ± 0.017 0.005 ± 0.002 0.089 ± 0.018 13.78 ± 1.27 

 
Salt Creek 9 1.092 ± 0.264 0.153 ± 0.117 1.245 ± 0.265 0.081 ± 0.024 0.004 ± 0.002 0.086 ± 0.024 3.73 ± 1.32 

 
Coyanosa 10 0.832 ± 0.167 0.162 ± 0.071 0.994 ± 0.174 0.069 ± 0.018 0.003 ± 0.001 0.072 ± 0.018 5.47 ± 1.90 

 
Girvin 10 1.069 ± 0.135 0.217 ± 0.114 1.285 ± 0.210 0.071 ± 0.018 0.004 ± 0.002 0.075 ± 0.020 4.64 ± 0.72 

          Season Winter 15 0.852 ± 0.129 1.094 ± 0.282 1.947 ± 0.320 0.067 ± 0.013 0.003 ± 0.001 0.070 ± 0.014 5.85 ± 1.88 

 
Spring 32 0.804 ± 0.117 0.268 ± 0.106 1.072 ± 0.156 0.069 ± 0.011 0.006 ± 0.001 0.075 ± 0.010 6.36 ± 1.04 

 
Summer 16 1.103 ± 0.187 0.079 ± 0.013 1.183 ± 0.193 0.058 ± 0.009 0.003 ± 0.0006 0.061 ± 0.010 11.74 ± 3.22 

  Fall 16 1.313 ± 0.162 0.177 ± 0.073 1.490 ± 0.190 0.037 ± 0.005 0.003 ± 0.001 0.040 ± 0.006 11.74 ± 4.25 
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Table 2.6. Spearman’s rank correlation coefficients for all variables measured in this study (Dataset 2, odd-numbered months). 

Coefficients for significant correlations (p < 0.05) with a value higher than │0.40│(De Muth 2006) are bolded. Variables used were 

temperature (temp; °C), specific conductance (SC; μS/cm), dissolved oxygen (DO; mg/L), pH, turbidity (Turb; NTU), chloride (Cl; 

mg/L), fluoride (F; mg/L), sulfate (SO4; mg/L), calcium hardness (HCa; mg/L), magnesium hardness (HMg; mg/L), total hardness (HT; 

mg/L), alkalinity (Alk; mg/L), organic nitrogen (NO; mg/L), inorganic nitrogen (NI; mg/L), total nitrogen (NT; mg/L), organic 

phosphorus (PO; mg/L), inorganic phosphorus (PI; mg/L), total phosphorus (PT; mg/L), and chlorophyll a (Chla; μg/L). 

 

 Temp SC DO pH Turb Cl F SO4 HCa HMg HT Alk NO NI NT PO PI PT Chla

SC 0.161

DO -0.294 0.242

pH -0.118 0.068 0.487

Turb -0.055 -0.052 0.138 0.112

Cl 0.138 0.989 0.246 0.062 -0.064

F 0.233 0.914 0.258 0.091 -0.092 0.899

SO4 0.151 0.917 0.283 0.131 -0.023 0.891 0.913

HCa 0.093 0.702 0.068 0.012 -0.244 0.669 0.756 0.824

HMg 0.154 0.839 0.283 0.184 0.223 0.820 0.770 0.851 0.595

HT 0.159 0.934 0.248 0.106 -0.018 0.910 0.908 0.981 0.843 0.884

Alk -0.363 -0.101 0.080 -0.331 0.036 -0.090 -0.110 -0.173 -0.200 -0.308 -0.196

NO 0.244 0.129 -0.113 0.014 0.415 0.109 -0.013 0.100 -0.050 0.382 0.155 -0.370

NI -0.511 -0.463 0.062 -0.200 0.161 -0.428 -0.527 -0.494 -0.453 -0.414 -0.497 0.366 0.053

NT -0.087 -0.106 -0.021 0.019 0.439 -0.107 -0.263 -0.167 -0.310 0.164 -0.126 -0.129 0.846 0.457

PO -0.017 0.179 0.073 0.006 0.409 0.164 0.029 0.155 0.048 0.285 0.176 -0.038 0.293 0.100 0.300

PI 0.283 -0.109 -0.169 0.069 0.057 -0.131 -0.198 -0.076 -0.057 0.083 -0.039 -0.094 0.226 -0.054 0.152 0.306

PT -0.004 0.168 0.049 0.018 0.406 0.153 0.014 0.147 0.050 0.297 0.172 -0.039 0.307 0.086 0.301 0.989 0.396

Chla 0.146 -0.202 -0.009 0.050 0.521 -0.221 -0.309 -0.180 -0.297 0.119 -0.150 -0.228 0.567 0.117 0.553 0.181 0.169 0.192

Precip 0.073 0.042 0.059 0.085 0.178 0.003 -0.023 0.000 -0.077 0.083 0.001 -0.087 0.259 -0.076 0.193 0.234 -0.051 0.250 0.202
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Table 2.7. Factor loadings, eigenvalues and total and cumulative variance for the first 

three components of principal component analysis of water quality variables using 

Dataset 1 (all months). Factor loadings ≥│0.40│are bolded.  

  Principal component  

Variable 1 2 3 

Dissolved oxygen -0.874484 0.04036 -0.091108 

Specific conductance 0.051612 -0.711357 -0.330767 

pH -0.609518 -0.62037 0.050651 

Temperature 0.542409 -0.589886 0.106859 

7-day precipitation -0.095139 -0.145492 0.942724 

    

Eigenvalue 1.4 1.3 1 

Total variance (%) 28.8 25.2 20.4 

Cumulative variance (%) 28.8 54.1 74.5 
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Table 2.8. The confidence set (> 90% of total Akaike weight) of the logistic regression models for datasets one and two. Nine models 

were retained for dataset one and ten models were retained for dataset two. Principal components one through three (PC1, PC2, PC3) 

and their interactions were included in the models. 

Grouping 

variable Model AIC 

Akaike 

weight 

Cumulative 

weight 

Pseudo 

R
2
 

Dataset 

one PC2 158.289 0.242 0.242 0.111 

 

PC1 + PC2 + PC3 + PC1*PC3 159.249 0.150 0.392 0.156 

 

PC1 + PC2 159.688 0.120 0.512 0.116 

 

PC2 + PC3 159.889 0.109 0.621 0.114 

 

PC1 + PC2 + PC3 + PC1*PC2 + PC1*PC3 160.507 0.080 0.701 0.163 

 

PC1 + PC2 + PC3 + PC1*PC3 + PC2*PC3 161.100 0.059 0.760 0.158 

 

PC1 + PC2 + PC1*PC2 161.168 0.057 0.818 0.121 

 

PC1 + PC2 + PC3 161.318 0.053 0.871 0.120 

 

PC2 + PC3 + PC2*PC3 161.866 0.040 0.912 0.115 

      Dataset 

two PC1 + PC2 90.127 0.223 0.223 0.213 

 

PC1 + PC2 + PC1*PC2 90.979 0.146 0.369 0.230 

 

PC2 91.419 0.117 0.486 0.162 

 

PC1 + PC2 + PC3 91.518 0.111 0.597 0.222 

 

PC1 + PC2 + PC3 + PC1*PC2 92.151 0.081 0.679 0.243 

 

PC1 + PC2 + PC3 + PC1*PC3 92.510 0.068 0.746 0.237 

 

PC2 + PC3 92.811 0.058 0.805 0.171 

 

PC1 + PC2 + PC3 + PC1*PC2 + PC1*PC3 93.338 0.045 0.849 0.255 

 

PC1 + PC2 + PC3 + PC2*PC3 93.475 0.042 0.891 0.223 

 

PC1 + PC2 + PC3 + PC1*PC2 + PC2*PC3 94.086 0.031 0.922 0.244 
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Table 2.9. The parameter estimates (mean  ± SEM) of the confidence set (> 90% of total Akaike weight; Table 8) of the logistic 

regression models for datasets one and two. Nine models were retained for dataset one and ten models were retained for dataset two. 

Principal components one through three (PC1, PC2, PC3) and their interactions were included in the models. 

    Parameter Estimates 

Grouping 

variable Model Variable 1 Variable 2 Variable 3 Variable 4 Variable 5 

Dataset 

one PC2 0.6384 ± 0.2011 

    

 

PC1 + PC2 + PC3 + PC1*PC3 -0.2721 ± 0.1881 0.6839 ± 0.2068 0.1638 ± 0.2101 0.3666 ± 0.1885 

 

 

PC1 + PC2 -0.1239 ± 0.1615 0.6264 ± 0.2000 

   

 

PC2 + PC3 0.6421 ± 0.2017 0.129 ± 0.2034 

   

 

PC1 + PC2 + PC3 + PC1*PC2 + PC1*PC3 -0.1867 ± 0.2128 0.6501 ± 0.2117 0.1258 ± 0.2165 -0.1280 ± 0.1467 0.3889 ± 0.1940 

 

PC1 + PC2 + PC3 + PC1*PC3 + PC2*PC3 -0.285 ± 0.192 0.6862 ± 0.2068 0.1712 ± 0.2101 0.3717 ± 0.1893 -0.0838 ± 0.2159 

 

PC1 + PC2 + PC1*PC2 -0.0362 ± 0.1998 0.5966 ± 0.2052 -0.1103 ± 0.1516 

  

 

PC1 + PC2 + PC3 -0.1207 ± 0.1613 0.6302 ± 0.2007 0.1243 ± 0.2035 

  

 

PC2 + PC3 + PC2*PC3 0.6445 ± 0.2026 0.1311 ± 0.2036 -0.0323 ± 0.2114 

  

       Dataset 

two PC1 + PC2 -0.1814 ± 0.1035 0.4218 ± 0.1465 

   

 

PC1 + PC2 + PC1*PC2 -0.2519 ± 0.1270 0.4786 ± 0.1581 0.0752 ± 0.0713 

  

 

PC2 0.4295 ± 0.1473 

    

 

PC1 + PC2 + PC3 -0.1824 ± 0.1039 0.4262 ± 0.1480 0.1362 ± 0.1755 

  

 

PC1 + PC2 + PC3 + PC1*PC2 -0.2605 ± 0.1286 0.4900 ± 0.1606 0.1596 ± 0.1766 0.0830 ± 0.0726 

 

 

PC1 + PC2 + PC3 + PC1*PC3 -0.1973 ± 0.1066 0.4181 ± 0.1492 0.0997 ± 0.1815 -0.0683 ± 0.0684 

 

 

PC2 + PC3 0.4337 ± 0.1484 0.1324 ± 0.1704 

   

 

PC1 + PC2 + PC3 + PC1*PC2 + PC1*PC3 -0.2676 ± 0.1295 0.4762 ± 0.1601 0.1163 ± 0.1839 0.0771 ± 0.0725 -0.0619 ± 0.0689 

 

PC1 + PC2 + PC3 + PC2*PC3 -0.1803 ± 0.1044 0.4289 ± 0.1488 0.1023 ± 0.2391 0.0233 ± 0.1118 

   PC1 + PC2 + PC3 + PC1*PC2 + PC2*PC3 -0.2586 ± 0.1288 0.4943 ± 0.1620 0.1174 ± 0.2419 0.0840 ± 0.0731 0.0285 ± 0.1120 
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Table 2.10. Factor loadings, eigenvalues and total and cumulative variance for the first 

three components of principal component analysis of water quality variables using 

Dataset 2 (odd-numbered months). Factor loadings ≥│0.40│are bolded.  

  Principal component 

Variable 1 2 3 

Total hardness 0.981354 0.024878 0.012945 

Sulfate 0.973599 0.013373 -0.017784 

Specific conductance 0.952395 0.067273 -0.059403 

Chloride 0.924913 0.048407 -0.093667 

Fluoride 0.919548 -0.083226 -0.043782 

Magnesium hardness 0.892957 0.31688 0.045565 

Calcium hardness 0.84943 -0.272113 -0.020786 

Total nitrogen -0.223738 0.815576 0.036965 

Organic nitrogen 0.113074 0.797564 0.424419 

Chlorophyll a -0.279058 0.671991 0.39969 

Turbidity -0.03407 0.667675 -0.140433 

Total phosphorus 0.302441 0.616436 -0.353016 

Organic phosphorus 0.320376 0.594933 -0.375482 

Inorganic phosphorus -0.06561 0.350206 0.083722 

7-day precipitation 0.048914 0.310669 0.042709 

Temp 0.206271 -0.148202 0.736548 

Alkalinity -0.218708 -0.128478 -0.594201 

Inorganic nitrogen -0.524011 0.319945 -0.539838 

Dissolved oxygen 0.211688 -0.093682 -0.482334 

pH 0.154381 0.011003 -0.000753 

    

Eigenvalue 6.8 3.5 2.1 

Total variance (%) 34 17.5 8.5 

Cumulative variance (%) 34 51.5 60 
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Figures 

 

 

Figure 2.1. Study sites (red stars) and weather stations used for collecting precipitation 

data (crosses) in the Pecos River basin. The Pecos River originates in the Sangre de 

Christo Mountains in New Mexico, and confluences with the Rio Grande River in Texas 

at the international border between Mexico and the United States. 
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Figure 2.2. Biplots of principal components 1 and 2 using Dataset 1 (all months). 

Grouping variables for this analysis were sampling site (A) and GA presence/absence 

(B). Data associated with bloom events are indicated with black arrows. Only factor 

loadings > │0.40│ have their vectors shown (C). Variables used were temperature 

(Temp), specific conductance (SC), pH, and dissolved oxygen (DO).
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Figure 2.3. Biplots of principal components 1 and 3 using Dataset 1 (all months). 

Grouping variables for this analysis were sampling site (A) and golden alga (GA) 

presence/absence (B). Data associated with bloom events are indicated with black arrows. 

With the exception of specific conductance (SC), only factor loadings > │0.40│ have 

their vectors shown (C). The vector for SC (-0.33) is included to indicate its inverse 

relationship to 7-day precipitation (Precip). Vectors for temperature (Temp), dissolved 

oxygen (DO), and pH are also shown. 
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Figure 2.4. Biplots of principal components 1 and 2 using Dataset 2 (odd months). 

Grouping variables for this analysis were sampling site (A) and GA presence/absence 

(B). Data associated with bloom events are indicated with black arrows. Only factor 

loadings > │0.40│ have their vectors shown (C). Vectors for temperature (T), specific 

conductance (SC), chloride (Cl), sulfate (SO4), fluoride (F), hardness (total, HT; calcium, 

HCa; magnesium, HMg), phosphorus (organic, PO; total, PT), nitrogen (organic, NO; 

inorganic, NI; total, PT), and chlorophyll a (Chla) are shown.
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Figure 2.5. Classification tree for predicting golden alga (GA) presence based on water 

quality variables in Dataset 1 (all months). Specific conductance (SC) is the first splitting 

variable, followed by dissolved oxygen (DO). Numbers below each leaf (node) show 

sample size as well as the percent occurrence of GA for that node. 
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Figure 2.6. Classification tree for predicting golden alga (GA) presence based on water 

quality variables in Dataset 1(odd-numbered months). Chlorophyll a (Chla) is the first 

splitting variable followed by chloride (Cl) and fluoride (F). Numbers below each leaf 

(node) show sample size as well as the percent occurrence of GA for that node. 
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CHAPTER III 

 

ASSOCIATIONS BETWEEN SURFACE WATER SALINITY AND 

UNPLUGGED OIL/GAS WELL DENSITY IN THE PECOS RIVER BASIN, 

TEXAS AND NEW MEXICO 

 

Abstract 

 

Although the Pecos River is naturally saline, anthropogenic activities over the last 

century have resulted in increased stream salinization. A better understanding of salt 

sources could facilitate efforts to control stream salinity. One potential source is brine 

leakage from unplugged oil and gas wells. The aim of this study is therefore to examine 

the association between Pecos River salinity and density of nearby unplugged wells. 

Thirty-two sites were sampled in February and June 2013 from the three main 

physiographical sub-basins: Roswell basin, Permian basin, Edwards plateau. Twenty-six 

were mainstem sites and were used in statistical analyses, and six were 

tributaries/springs. Specific conductance (SC, a function of salinity), chloride, sulfate and 

fluoride levels were measured, and unplugged well density was estimated using GIS tools 

in respective 2 km-wide (1 km on either side of stream), 10 km-long stretches upstream 

of each sampling site. Principal component analysis was used to examine global 

associations between unplugged well density and water quality, and Spearman’s 

correlation analysis was used to examine specific relationships between unplugged well 

density and SC in each sub-basin. Results of principal component analyses suggested that 
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SC, chloride and fluoride were globally associated with unplugged well density on the 

mainstem when density was used as grouping variable (high density ≥ median; low 

density < median). Spearman’s correlation analysis yielded significant (r ≥ 0.04, p < 

0.05) correlations between unplugged well density and SC in the Edwards plateau but not 

the other sub-basins; in the latter, significant natural sources of fresh (Roswell) or saline 

(Roswell, Permian) water can complicate assessments of anthropogenic salt sources. 

Overall, while the present results are consistent with a relationship between unplugged 

well density and Pecos River salinity at the basin-wide level, and specifically in the 

Edwards plateau, establishment of cause-effect relationships will require further 

investigation. 

 

Introduction 

 

Although freshwater habitats cover only about three percent of the Earth’s 

surface, they are responsible for 12 percent of the world’s total land-based biological 

productivity (Willmer et al. 2005). Anthropogenic demands for freshwater are many and 

as the human population and associated water needs increase, so does the stress on 

freshwater habitats. Hydrological and land development within watersheds have affected 

the quality of surface waters (Mason 1996; Vörösmarty et al. 2000; Smedema and Shiati 

2002). More specifically, the salinity and chemical composition of surface waters are the 

result of a complex interaction among the natural geochemistry of watersheds and 

aquifers, topography, and climate (Dillon and Kirchner 1975) as well as anthropogenic 
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water withdrawals, land development, and other activities (Kaushal et al. 2005; Bonte 

and Zwolsman 2010; VanLandeghem et al. 2012).  

The Pecos River is among the saltiest river systems in North America (Miyamoto 

et al. 2005). Much of the salt and resulting dissolved solid concentrations in the Pecos 

River basin originate from natural sources or processes, but hydrological development 

and land use practices have also had considerable impacts on stream salinity (Yuan and 

Miyamoto 2005; Yuan et al. 2007; Yuan and Mayer 2012). One major ecological 

consequence of anthropogenically-induced salinization has been a shift in the river’s 

native fish communities towards salinity-tolerant species (Linam and Kleinsasser 1996; 

Hoagstrom 2009; Cheek 2012). In addition, the relatively high salinity of the Pecos River 

basin is believed to have provided suitable habitat for the invasive and harmful alga 

species, golden alga (Prymnesium parvum) (Gregory and Hatler 2008), which is of 

marine origin (Nicholls 2003). In fact, the first major toxic bloom of golden alga in North 

America reportedly occurred in the Pecos River in 1985 (James and De La Cruz 1989), 

and large-scale fish kills have occurred throughout most of the basin ever since (Southard 

et al. 2010). If additional reaches of the river continue their trend towards increased 

salinization, toxic blooms of golden alga could potentially spread further or become more 

frequent.   

A potential anthropogenic source of salts to surface and ground waters is 

production waste fluid from oil and gas field operations (Otton 2006). Produced water is 

made of natural formation water as well as water injected into the formation as part of the 

fracture stimulation process. Produced water is typically of high salinity (brine). 

Although most brine is at present re-injected into disposal/injection wells (Kell 2011), 
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leakage from wells, particularly unplugged wells, poses a contamination threat. In Texas, 

for example, contamination of ground water by oilfield operations has been relatively 

recently reported (Hudak 2003; Kell 2011). Recent evidence of surface water 

contamination with brine is also available for some basins in Texas, such as the upper 

Colorado River sub-basin and the coastal stream, Petronila Creek (Nance 2006). To our 

knowledge, studies directly addressing contamination of Pecos River surface water with 

produced water are unavailable; however, groundwater contamination has been reported 

(Hudak 2003) and concern has been expressed because of the high density of abandoned 

and unplugged oil and gas wells near the mainstem (Gregory and Hatler 2008).  

A better understanding of the sources of salt in the Pecos River would allow 

targeted efforts to reduce or prevent continued salinization of the stream and the resulting 

ecological damage. The aim of this study is therefore to examine the association between 

Pecos River salinity and the density of unplugged oil and gas wells. Unplugged well 

densities in proximity to the stream at multiple sites in New Mexico and Texas were 

determined using ArcGIS tools, and their association with stream salinity was statistically 

assessed by correlational analysis taking into account regional differences in geology. 

The water quality variable of primary interest to this study is salinity (specific 

conductance), but others were also examined including major (sulfate, chloride) and 

minor (fluoride) anions. 
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Materials and Methods 

 

Study Area 

The Pecos River begins at the Sangre de Cristo Mountains in northern New 

Mexico and flows nearly 1,500 km in a southeast direction until it confluences with the 

Rio Grande River in West Texas just upstream of Lake Amistad. The river basin can be 

physiographically divided into three sub-basins (Thomas 1972): Fort Sumner-Carlsbad 

sub-basin, Carlsbad-Iraan sub-basin, and Iraan-Langtry sub-basin (Figure 1). The Fort 

Sumner-Carlsbad sub-basin, also known as the Roswell basin, extends from Fort Sumner, 

New Mexico to Carlsbad, New Mexico. The Carlsbad-Iraan sub-basin, often referred to 

as the Permian or Delaware basin, extends from south of Carlsbad to Iraan, Texas. The 

Iraan-Langtry sub-basin, or Edwards plateau, extends from south of Iraan to Langtry, 

Texas (Johnson et al. 2003; Yuan et al. 2007; Hoagstrom 2009; Stafford et al. 2009). The 

Pecos River basin was once under an ancient sea (Miyamoto et al. 2008; Stafford et al. 

2009). When this sea evaporated, salts were left behind. The two main salts, or 

evaporites, in the Pecos River basin are halite (NaCl) and gypsum (CaSO4∙2H2O). The 

dissolution of these evaporites accounts for the majority of the natural salt load into the 

Pecos River (Miyamoto et al. 2005). Sulfate is the predominant surface water anion in the 

upper reaches of the Pecos River mainstem (headwaters and Roswell basin) but chloride 

is the most abundant anion in the Permian basin and Edwards plateau (Yuan et al. 2007). 

The mainstem of the Pecos River and several of its tributaries were examined in 

this study. In the mainstem, the study area included the stretch of river from Sumner Dam 

(near Fort Sumner), New Mexico to a site near Shumla, Texas, just upstream of the 
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confluence with Rio Grande River at the US-Mexico border (Figure 1). The tributaries 

included Delaware River and Black River in New Mexico, and Salt Creek and 

Independence Creek in Texas. In addition, two spring sites were sampled in New Mexico, 

Blue Spring and Rattlesnake Spring. A total of 16 sites each were sampled in New 

Mexico and in Texas, for a grand total of 32 sites (Figure 1). 

The New Mexico sites were sampled as part of a study conducted by the New 

Mexico Surface Water Quality Bureau (NM-SWQB) (Schiffmiller and Murray, 2013) 

(Table 1). These sites were selected to cover the stretch of river from Fort Sumner to the 

New Mexico/Texas border. Personnel from NM-SWQB collected the samples and then 

shipped them to Texas Tech University where all analyses were performed (see below). 

The Texas sites were selected using Cheek (2012) as reference (Table 1). These sites 

covered the Pecos River from the New Mexico/Texas border to Lake Amistad. 

 

Sampling schedule and water quality variables measured 

All sites were sampled twice, in winter (February 2013) and in summer (June 

2013). Winter and summer samplings were included to account for the possible influence 

of dryer and wetter seasons on water quality. The following variables were measured: 

specific conductance, total dissolved solids (TDS, instrument-estimated), fluoride, 

chloride, and sulfate. Grab samples from the New Mexico sites were collected into 500 

mL plastic containers and placed on ice by NM-SWQB personnel at the time of 

collection, and shipped to Texas Tech University for analysis. For Texas sites, specific 

conductance and TDS were determined in the field, and grab samples were collected, 
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placed on ice, and brought to Texas Tech University for the remaining analyses. All 

laboratory analyses were conducted within ten days of sample collection. 

A pre-calibrated YSI 556 multi-parameter probe (5563-4; Yellow Springs 

Instrument Company, Inc., Yellow Springs, OH, USA) was used to determine specific 

conductance and TDS. Because of the relatively high salinity of Pecos River water, the 

instrument was calibrated using a 10 mS/cm potassium chloride conductivity standard 

(R5888420-1A; Ricca Chemical, Arlington, TX, USA). In the field, the instrument was 

calibrated daily and confidence solution (5580; Yellow Springs Instrument Company, 

Inc.) was used to check its readings before analyzing each sample site, and recalibrated if 

necessary. The instrument was also calibrated before reading the New Mexico samples in 

the laboratory. Chloride was measured in the laboratory with a pre-calibrated YSI 

Professional Plus probe (6050000; Yellow Springs Instrument Company Inc.). Most 

samples had to be diluted using deionized water to bring chloride concentrations within 

the appropriate range. Fluoride and sulfate analyses were conducted using a DR/890 

colorimeter (4847000; HACH). The fluoride analysis used method 8029 and the sulfate 

analysis used method 8051 (HACH 2013).  

 

Flow data 

 Surface water discharge rates were obtained from available USGS flow gages in 

the mainstem Pecos River (Table 2) (USGS National Water Information System; 

http://nwis.waterdata.usgs.gov/nwis/rt). Only mainstem gages with sufficient data (e.g. no 

missing values) were used.  

 

http://nwis.waterdata.usgs.gov/nwis/rt
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Mapping unplugged oil and gas wells and density estimations 

Digital maps and API files containing the locations and types of wells were 

obtained for Texas from the Railroad Commission of Texas through Texas Parks and 

Wildlife Department, and for New Mexico from Information Handling Services (IHS 

Inc., Englewood, CO) through the Bureau of Land Management. Data for Texas was 

received on October 2012 and data for New Mexico on January 2013. Data were obtained 

for all counties within or overlapping with the Pecos River basin.   

Unplugged oil and gas well density was expressed as the number of wells per 

squared-kilometer and measured using the Point Density tool in the Spatial Analyst 

toolbox of ArcMap, version 10.1 (ESRI 2013; Redlands, CA). For each sampling site, 

unplugged well density was estimated within a 1-km zone on either side of the mainstem 

and major tributaries (total zone width of 2 km) and over a 10 km-stretch of river 

immediately upstream of each sampling site. For springs (two in New Mexico), well 

density was estimated over a circular area around the spring with a 1-km radius. 

Preliminary analysis showed that unplugged well density was greatest within 1 km of the 

stream along the entire length of the Pecos River (1.04 unplugged wells/km
2
) compared 

to 5 km (0.99 wells/km
2
) or 10 km (0.84 wells/km

2
) km. Thus, because unplugged wells 

nearest to the river have greater potential of impacting stream water quality, only the 1-

km estimates were used in this study.  

For informational purposes, unplugged well density estimates for river 

management units in New Mexico (“segments;” New Mexico Water Quality Control 

Commission 2005) and Texas (“assessment units;” Gregory et al. 2013) were obtained in 

a similar manner as for the sampling sites (2-km zone width), except that management 
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unit density estimates were based on the entire length of each unit. All units on the 

mainstem within the range of the present sampling sites (Sumner Lake to Shumla) were 

analyzed, except for reservoir units. Unplugged well density estimates were also prepared 

for the entire surface area of the Pecos River basin, and for the New Mexico and Texas 

portions of the basin.  

For sampling sites and management units, the number of unplugged wells for 

density estimations was calculated in two different ways: (1) all wells within the selected 

area, and (2) only wells within the selected area whose surface flow paths intersected the 

stream within the selected area. Flow paths for unplugged wells were created using the 

Flow Path Tracer tool in the ArcHydro toolbox.  

 

Data analyses 

Only mainstem sites were included in statistical analysis. Mainstem surface water 

is a function of all upstream inflows and inputs, which creates gradients along the river 

(Vannote et al. 1980). Tributaries feeding into the river, however, do not share the same 

inflows and their condition is influenced independently. Relationships between 

unplugged well density and salinity for tributary and spring sites of this study are 

descriptively reported. 

Principal component analysis (PCA) reduces complex datasets of potentially 

correlated, multiple variables into a lower number of linearly uncorrelated, canonical 

variables without much loss of information. This analysis is especially useful for 

exploring patterns in data, and was used in the present study to determine global patterns 

in water quality grouped according to various criteria. In addition to the measured water 
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quality variables, a number of derived water variables were also included in the PCA. 

The ratio of sulfate to chloride was calculated and included in the analysis because results 

of earlier studies suggested that ratios of individual anions to chloride can be useful in 

evaluating sources of wastewaters (Richter and Kreitler 1987; Nance 2006). Additionally, 

to gain insight into the potential association between individual anions, TDS and 

unplugged wells, the fraction of individual anions in relation to TDS (anion/TDS) was 

calculated and included in the analysis. Variables were log(10)-transformed before 

analysis. 

The PCA was conducted using PROC PRINCOMP and PROC FACTOR in SAS 

software, Version 9.2 (SAS Institute Inc. SAS/STAT®, Cary, NC, USA). Grouping 

variables included sub-basin (Roswell, Permian, Edwards), season (winter, summer), and 

binary classification (high, low) of unplugged oil/gas well density. More specifically, 

unplugged well density was classified as “low” if it fell below the median value for all 

sampling sites, and “high” if it was equal to or greater than the median. Eigenvalues, 

scree plots, and percent variances were used to determine the number of principal 

components (PCs) to be retained in the analysis, and factor scores ≥ │0.60│were used to 

evaluate the dominant water quality variables in each retained PC. Biplots of principal 

components were created, and ninety-five percent standard error confidence ellipses were 

drawn for the canonical mean values of grouping variables to facilitate identification of 

patterns. 

Spearman’s rank correlation analysis was conducted in SAS to assess the specific 

relationship between unplugged oil and gas well density and salinity (SC) at the 

mainstem sampling sites. Because of the expected differences in water quality among 
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physiographic sub-basins (see also Results), this analysis was conducted separately for 

each sub-basin.  

 

Results 

 

General observations 

 Some mainstem and tributary sites had little or no flow at the time of sampling, 

and a few sites even lost connectivity. For example, Bitter Lakes (site #2) had isolated 

pools during summer sampling, and Mentone (#19) and Pecos (#20) during both winter 

and summer samplings. The Delaware River site (#16) was completely dry during the 

summer sampling. Monthly averages of daily flow rates showed that summer flows were 

generally lower than in winter, with the exception of the site just below Sumner Dan 

(Figure 2). Despite the reduced flows in summer, however, summary statistics for 

mainstem (Table 3) or tributary and spring sites (Table 4) revealed no major seasonal 

differences in water quality variables, and similar results were suggested by results of 

PCA (see Statistical results). Additional data on flow and precipitation during the study 

period is available in Appendix B. 

Specific conductance, chloride and sulfate levels were higher in sites of the 

Permian basin than in the Roswell basin or Edwards plateau (Table 3; Figure 3). The 

contribution (ratio) of sulfate to TDS seemed to decline from highest values at Roswell 

basin to intermediate levels at Permian basin to lowest values at Edwards plateau, and the 

same pattern was observed for the sulfate:chloride ratio (Table 3). The contribution of 

chloride to TDS was lowest in Roswell basin but similar between Permian basin and 
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Edwards plateau. Overall, these observations suggest that sources of salt change from 

primarily sulfate-bearing to primarily chloride-bearing as water flows downstream from 

one sub-basin to another.  

Similarly to the other individual anions and SC, fluoride levels were generally 

higher in the Permian basin than in the Roswell basin or Edwards plateau (Table 3). 

However, the ratio of fluoride to TDS was lowest in Permian basin and similar between 

Roswell basin and Edwards plateau (Table 3).  

Among the tributaries, Salt Creek generally had similar or higher levels of SC and 

anions (Table 4) than any of the mainstem sites (Table 3), while the rest of the tributaries 

and springs had relatively low SC and chloride compared to the mainstem sites (Tables 3-

4). However, sulfate and fluoride levels, and anion:TDS and sulfate:chloride ratios in 

tributaries and springs showed some unique patterns. The most notable patterns were 

associated with some of the ratios. For example, in the Permian basin, except for Salt 

Creek, the fluoride:TDS ratio was generally higher and the sulfate:chloride ratio was far 

higher in tributaries and springs than mainstem sites (Tables 3-4). In the Edwards plateau, 

while fluoride:TDS and sulfate:chloride ratios in Independence Creek were also higher 

than in mainstem sites (Tables 3-4), the sulfate:chloride ratio contrast between site types 

was not as remarkable as in the Permian basin. 

   

Unplugged oil and gas well density 

A density map of unplugged oil/gas wells showed that highest concentrations are 

near the New Mexico/Texas border, within the Permian basin, and generally to the east of 

the Pecos River along most of its length in southeastern New Mexico and Texas (Figure 
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4). Across the entire surface of the basin, well density was 1.09 wells/km
2
. Well density 

in the Texas and New Mexico portions of the basin was 1.27 and 0.95 wells/km
2
, 

respectively.  

Unplugged oil and gas well densities associated with sampling sites or 

management units did not differ appreciably whether all wells or only those whose flow 

path intersects the river were included in the estimate. Therefore, density estimates that 

include all wells (Tables 3-5) were used in the present analyses. Average density 

(wells/km
2
) of unplugged wells in the mainstem was generally higher in the Permian 

basin (2.51) than the Roswell basin (0.67) or Edwards plateau (0.83) (Table 3). In 

tributaries and springs, it ranged from 0 wells/km
2
 at Independence Creek (site #18, 

Edwards plateau) to 2.86 wells/km
2
 at Blue Spring (#12, Permian basin). 

 

Statistical results 

The first two principal components (PCs) were retained as their eigenvalues were 

greater than one and together they explained 93.7% of the total variance. While all 

variables had factor loadings greater than │0.60│ in PC1, this PC was predominated 

(>│0.90│) by SC, TDS, chloride, and fluoride:TDS (Table 6). Curiously, however, 

fluoride:TDS had a negative factor loading, indicating that despite the fact fluoride is 

positively associated with SC and TDS (salinity), as salinity increases the relative 

concentration of fluoride decreases. PC2 was dominated by sulfate:TDS, although sulfate 

and sulfate:chloride also seemed to be important (>│0.60│).  

Biplots of PC1 and PC2 with data grouped by season indicated that there is no 

difference between winter and summer data (Figure 5A). When grouped by sub-basin, 
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however, a clear separation was observed primarily along vectors associated with 

salinity; namely, SC, TDS, fluoride, chloride and sulfate, as well as fluoride:TDS (Figure 

5B). Permian basin sites grouped at the high end of the salinity range and Roswell basin 

and Edwards plateau sites at the lower range. A second axis of separation was also 

evident based primarily on sulfate:TDS, sulfate:chloride, and chloride:TDS ratios; sites 

on the Roswell basin grouped at the high range of sultate:TDS and sulfate:chloride 

values, sites on the Permian basin in the middle range, and sites on the Edwards plateau 

at the low range; the exact opposite pattern was observed for chloride:TDS values (Figure 

5B). Finally, data grouped by well-density classification showed separation between sites 

with high (≥ median) and low (< median) on the Permian basin (high) along vectors 

associated with salinity (Figure 5C). This separation generally corresponds to the 

separation between sites on the Permian basin sites (overall higher salinity and higher 

well density) from sites on the other two sub-basins (overall lower salinity and lower well 

density. 

There were no discernible differences in water quality between the two samplings, 

in winter and summer (Table 3; Figure 5A); thus, values for the two sampling events 

were averaged and used in correlation analysis. Only the Edwards plateau showed 

significant associations between unplugged oil/gas well density and specific conductance 

(r = 0.85, p = 0.02, n = 7). Correlations in the Roswell (r = -0.101, p = 0.82, n = 7) and 

Permian (r = -0.55944, p = 0.06, n = 12) basins were not significant. 
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Discussion 

 

Produced water is made of natural formation water as well as water injected into 

the formation as part of the fracture stimulation process. Most produced waters are of 

greater salinity than seawater (Collins 1975), and accidental discharges into freshwater 

systems either by surface or underground paths could lead to increased surface water 

salinization. The volume of produced water is typically 7-10 times the volume of crude 

oil (Guerra et al. 2011), but in Texas the ratio can be much greater than 10:1 (Kell 2011). 

The chemical composition of produced water is generally comparable to natural 

formation water (Hounslow 1995; EPA 2011). Fracturing fluids add a variety of 

chemicals, including chloride, sulfate, and fluoride. However, much more chloride-

containing materials are added compared to sulfate-containing or fluoride-containing 

materials (EPA 2011). Generally, the concentrations of chloride in produced water can be 

as high as 201,000 mg/L, sulfate as high as 1,650 mg/L, and fluoride concentrations are 

generally negligible (Collins 1975; Neff 2002). Therefore, if produced water were to 

enter a freshwater system, it would add relatively large amounts of chloride, smaller 

amounts of sulfate, and very little if any fluoride. Consequently, while the concentrations 

of all anions would likely increase along with salinity, the proportion of fluoride relative 

to the overall increase in salinity would likely decrease especially in receiving waters 

where fluoride levels are naturally high, such as in the Pecos River. This scenario, based 

on general knowledge of produced waters, would be consistent with the present results of 

PCA indicating (1) basin-wide positive associations between salinity-associated variables 
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(including fluoride) and higher levels of unplugged oil/gas well density (≥ median) in 

proximity to the stream, and (2) basin-wide negative associations between salinity-

associated variables and the fluoride:TDS ratio. Analysis of individual sites on the 

mainstem also indicated a strong negative association between SC and fluoride:TDS ratio 

across the entire basin (all sites included; r = 0.93) as well as within individual sub-basins 

(r = 0.6-1.0) (data not shown). However, data grouped by sub-basin suggested that basin-

wide relationships to some degree can also be explained by how data from each sub-basin 

were distributed on the PCA biplot; namely, relative levels of unplugged well density 

were clearly associated with sub-basin classification, with Permian basin sites having 

both higher levels of salinity-associated variables and higher densities of unplugged wells 

relative to the other two sub-basins. Thus, while these various associations could suggest 

the existence of a global association between unplugged well density and stream salinity 

at the level of the entire basin, it is also important to consider differences in 

hydrogeochemistry among individual sub-basins.   

The portion of the Pecos River examined in the present study encompasses three 

distinct sub-basins (Thomas 1972). Overall salinity in the mainstem is highest in the 

Permian basin than in the Roswell basin or Edwards plateau (Yuan et al. 2007; present 

study). Also, the predominant anion is sulfate in the Roswell basin but chloride in the 

Permian basin and Edwards plateau (Yuan et al. 2007; present study). As mentioned 

already, although fluoride was associated with salinity (SC and TDS) in the PCA and its 

mean levels showed the same pattern of distribution among sub-basins as SC and TDS 

(highest in the Permian basin), the fluoride:TDS ratio was lowest in the Permian basin 

relative to the Roswell basin and Edwards plateau. Overall, these observations confirmed 
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the existence of distinct chemical signatures in surface waters of each Pecos River sub-

basin, and suggest the need to assess associations between unplugged well density and 

salinity at the sub-basin level.   

Spearman’s rank correlation analysis at the sub-basin level was used to more 

directly examine relationships between unplugged oil/gas wells and stream salinity. 

Results of this analysis confirmed the existence of a positive association between 

unplugged well density and stream salinity in the Edwards plateau, but not the Roswell or 

Permian basins. Within the Edwards plateau, there was a gradual downstream decrease in 

unplugged well density and salinity, with approximately the lower half of this sub-basin 

being completely devoid of unplugged wells. It should be noted that Edwards plateau 

receives considerable inflow of freshwater (Davis 1987; Gregory and Hatler 2008), 

including inflow from Independence Creek, which is also free of unplugged wells 

(present study). Thus, the gradual downstream decrease in salinity in the Edwards plateau 

could also be, at least in part, a function of natural dilution due to freshwater inflows. On 

the other hand, the lack of associations between unplugged wells and salinity in the 

Roswell and Permian basin could also be due to confounding effects of natural inflows of 

both high and low salinity. For example, while sampling sites located near Artesia (sites 

#4-5 of present study) exhibited relatively low well densities but high salinities (Figure 

3), this stretch of river receives a considerable load of natural salts (Yuan et al. 2007). In 

addition, sampling sites located near Carlsbad, New Mexico (sites #7-9), overlapping the 

Roswell and Permian basins, had a relatively high density of unplugged wells but low 

salinity (Figure 3); however, this stretch of river receives natural freshwater inflow from 

the Capitan aquifer (Johnson et al. 2003; Huff 2004). Furthermore, in the Permian basin, 
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the stretch of river between Malaga Bend and Girvin (sites #14-23) receives considerable 

natural inputs of salt (Yuan et al. 2007; Miyamoto et al. 2008), and impacts on salinity by 

any anthropogenic sources would be expected to be relatively small and difficult to 

detect. This situation could potentially explain the lack of association between unplugged 

well density and salinity in the Permian basin, especially in sites where low well densities 

were associated with high salinities (e.g., sites 19-21). In fact, evidence of groundwater 

contamination with produced water in the Permian basin was previously presented 

(Hudak 2003). Overall, while results of the present study are consistent with the existence 

of an association between unplugged oil/gas well density and salinity at the basin-wide 

level, at the sub-basin level a clear relationship was observed only in the Edwards 

plateau. 

Results of this study, especially observations made in the Edwards plateau, 

generally resemble findings of a similar study of surface waters conducted in the Upper 

Colorado River and in Petronila Creek, Texas (Nance 2006). Nance (2006) found that 

TDS and chloride concentrations in stream flow increase in the vicinity of oil fields, and 

in a manner consistent with contamination from produced water. As noted already, 

Hudak (2003) presented evidence of groundwater contamination with produced water for 

the Texas portion of the Permian basin, Pecos River. In the Red River basin, Texas and 

Oklahoma, Paine (2003) reported a positive association between the conductivity of near-

surface groundwater and proximity to an oil field. In Texas alone, there are over 200 

known instances of groundwater contamination with produced water that were reported 

between 1993 and 2008, including legacy incidents linked to earlier practices (Kell 

2011).  
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One consequence of freshwater salinization is the increased risk of harmful algal 

blooms (O'Neil et al. 2012; Paerl and Paul 2012). The Pecos River is among the saltiest 

river systems in North America, and this river was the epicenter of the first reported 

major toxic bloom of golden alga in North America (James and De La Cruz 1989). If 

additional reaches of the river continue their trend towards increased salinization, toxic 

blooms of golden alga could potentially spread further geographically or become more 

frequent. However, observations reported in Chapter II indicated that the relationship 

between golden alga presence and salinity in the Pecos River basin is not simple, and that 

fluoride may have a positive influence on GA distribution at low-to-moderate but not 

high levels of salinity. It would be of interest to further explore potential relationships 

among absolute and relative levels of salinity and fluoride and their association with 

golden alga and oil field distribution.  

In conclusion, the results of the present study of the Pecos River basin are 

consistent with the existence of an association between unplugged oil/gas well density 

adjacent to the stream (within 1 km on either side) and stream salinity at the basin-wide 

level, but at the sub-basin level a clear association was observed only in the Edwards 

plateau. It should be noted, however, that correlations are not definitive evidence of 

cause-effect relationships. Future studies of the impacts of produced water on stream 

salinity in the Pecos River should include “markers” of oilfield brines, such as levels of 

elements such as boron and bromide and their ratios to chloride (Collins 1975; Hudak 

2003; Nance 2006; Ezechi et al. 2012). 
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Tables 

 

Table 3.1. Reference numbers, names, types and coordinates for study sites in the Pecos 

River basin sampled in the three main physiographical sub-basins: Roswell basin 

(Roswell), Permian basin (Permian), Edwards plateau (Edwards). Mainstem (M), 

tributary (T), and spring (S) sites were sampled during this study. 

State Sub-basin

Site 

number Site name

Site 

type Coordinates

NM Roswell 1 Below Sumner Dam M 34.604, -104.387

2 Bitter Lake NWR M 33.597, -104.363

3 Tatum Bridge M 33.398, -104.399

4 Near Lake Arthur M 32.989, -104.324

5 US82 bridge near Artesia M 32.841, -104.324

6 Below Brantley Dam M 32.544, -104.366

7 Below Lower Tansil Dam M 32.411, -104.221

Permian 8 Below Carlsbad WWTP M 32.401, -104.171

9 Below Ten Mile Dam M 32.312, -104.059

10 Rattlesnake Spring S 32.110, -104.472

11 Black River T 32.067, -104.479

12 Blue Spring S 32.181, -104.298

13 Below Black River (Harroun Crossing) M 32.241, -104.047

14 Pierce Canyon Crossing M 32.189, -103.978

15 Near Red Bluff M 32.066, -104.003

16 Delaware River T 32.023, -104.055

TX 17 Salt Creek T 31.884, -103.920

18 Orla M 31.873, -103.832

19 Mentone M 31.669, -103.625

20 Pecos M 31.436, -103.467

21 Coyanosa M 31.367, -103.005

22 FM1053 M 31.315, -102.660

23 Girvin M 31.079, -102.360

24 Iraan M 30.980, -101.975

Edwards 25 Below Iraan M 30.788, -101.835

26 Sheffield M 30.659, -101.770

27 Above Independence Creek M 30.450, -101.721

28 Independence Creek T 30.451, -101.732

29 Below Richland Canyon M 30.314, -101.741

30 Pandale M 30.130, -101.574

31 Goat Canyon M 30.002, -101.508

32 Shumla M 29.803, -101.444
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Table 3.2. Names, ID numbers, and coordinates for USGS flow gages in the Pecos River 

mainstem selected for this study.  

State Flow gage USGS ID Coordinates 

NM Below Sumner Dam 08384500 34.604, -104.388 

 Near Acme 08386000 33.536, -104.377 

 Near Lakewood 08399500 32.689, -104.299 

 Below Dark Canyon at Carlsbad 08405200 32.409, -104.215 

 At Red Bluff 08407500 32.075, -104.039 

TX At RR 1776 near Grandfalls 08437710 31.113, -103.006 

 Near Girvin 08446500 31.113, -102.417 

 Near Sheffield 08447000 30.659, -101.770 

 At Brotherton Ranch near Pandale 08447300 30.314, -101.742 
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Table 3.3. Basic water quality (mean ± SEM) and unplugged oil and gas well density (wells/km
2
) in the Pecos River basin grouped by 

physiographic sub-basin. Water sampling was conducted in winter (February 2013) and in summer (June 2013). Data for mainstem 

sites was used to report specific conductance (SC), total dissolved solids (TDS), chloride, sulfate, fluoride, chloride:TDS, sulfate:TDS, 

fluoride:TDS, and sulfate:chloride. 

Basin Season N SC (μS/cm) TDS (mg/L)

Chloride 

(mg/L)

Sulfate 

(mg/L)

Fluoride 

(mg/L)

Chloride:

TDS

Sulfate:  

TDS

Fluoride: 

TDS (x10
-3

)

Sulfate: 

Chloride

Well 

density

Roswell Winter 7 6,441 ± 1,108 4,185 ± 721 837 ± 216 1,682 ± 141 2.1 ± 0.1 0.17 ± 0.02 0.46 ± 0.07 0.56 ± 0.07 3.64 ± 1.34 0.67 ± 0.19

Roswell Summer 7 9,429 ± 2,576 6,114 ± 1,675 1,906 ± 692 1,875 ± 248 2.2 ± 0.3 0.24 ± 0.04 0.42 ± 0.09 0.48 ± 0.07 3.48 ± 1.69  -

Permian Winter 12 16,236 ± 2,664 10,541 ± 1,732 4,328 ± 923 2,756 ± 364 2.8 ± 0.3 0.35 ± 0.03 0.29 ± 0.02 0.33 ± 0.04 1.01 ± 0.18 2.51 ± 0.48

Permian Summer 12 22,848 ± 3,697 14,858 ± 2,402 4,849 ± 828 3,981 ± 687 3.8 ± 0.5 0.31 ± 0.01 0.29 ± 0.02 0.33 ± 0.04 0.95 ± 0.11  -

Edwards Winter 7 9,152 ± 2,939 5,957 ± 1,905 2,456 ± 871 1,217 ± 480 2.4 ± 0.5 0.38 ± 0.01 0.20 ± 0.02 0.53 ± 0.06 0.51 ± 0.05 0.83 ± 0.42

Edwards Summer 7 6,193 ± 1,335 4,014 ± 868 1,183 ± 282 857 ± 199 2.2 ± 0.3 0.28 ± 0.01 0.21 ± 0.01 0.61 ± 0.06 0.73 ± 0.03  -
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Table 3.4. Basic water quality and unplugged oil and gas well density (wells/km
2
) at tributary and spring sites in the Pecos River 

basin.  Water sampling was conducted in winter (February 2013) and in summer (June 2013). Specific conductance (SC), total 

dissolved solids (TDS), chloride, sulfate, fluoride, chloride:TDS, sulfate:TDS, fluoride:TDS, and sulfate:chloride are reported. Sample 

size is one for each site and season. 

Site Basin Season 

SC 

(μS/cm) 

TDS 

(mg/L) 

Chloride 

(mg/L) 

Sulfate 

(mg/L) 

Fluoride 

(mg/L) 

Chloride:

TDS 

Sulfate:   

TDS 

Fluoride:

TDS 

Sulfate: 

Chloride 

Well 

density 

Rattlesnake Spring Permian Winter 720 500 9 155 0.6 0.019 0.33 0.0013 17.22 0.32 

  

Summer 749 500 6 157 0.7 0.012 0.32 0.0015 26.17 - 

Black River Permian Winter 2,349 1,500 9 1,306 1.9 0.006 0.86 0.0012 145.11 0.65 

  

Summer 2,359 1,500 12 1,199 2.0 0.008 0.78 0.0013 99.92 - 

Blue Spring Permian Winter 1,465 1,000 12 692 1.2 0.013 0.73 0.0013 57.67 2.86 

  

Summer 1,480 1,000 8 628 1.4 0.009 0.65 0.0014 78.50 - 

Delaware River Permian Winter 3,129 2,000 116 1,777 2.1 0.057 0.87 0.0011 15.32 0.60 

  

Summer dry dry dry dry dry dry dry dry dry - 

Salt Creek Permian Winter 24,358 15,800 7,538 3,131 2.9 0.476 0.20 0.0002 0.42 1.55 

  

Summer 25,771 16,800 5,739 3,399 3.2 0.343 0.20 0.0002 0.59 - 

Independence Creek Edwards Winter 1,022 700 166 172 1.4 0.250 0.26 0.0021 1.04 0 

    Summer 1,027 700 100 168 1.5 0.150 0.25 0.0023 1.68 - 
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Table 3.5. Unplugged oil and gas well density (wells/km
2
) for Pecos River mainstem 

segments in New Mexico and assessment units in Texas, and for the individual sampling 

sites located within the segments/assessment units. Sampling sites are numbered 

according to their reference number (see Table 1). One segment in New Mexico 

(20.6.4.203) and one assessment unit in Texas (2311_06) did not have a sampling site. 

 

Segment Well density 

Assessment 

unit Well density 

20.6.4.207 0.3449 2311_08 3.8129 

            Site 1 0.1000            Site 18 4.9000 

            Site 2 0.7000 2311_07 0.8817 

20.6.4.206 1.0614            Site 19 1.0500 

            Site 3 1.5000 2311_06 0.6492 

            Site 4 0.1000 2311_05 0.4897 

            Site 5 0.5000            Site 20 0.8500 

20.6.4.204 1.4371 2311_04 1.5760 

            Site 6 0.8000            Site 21 0.1500 

20.6.4.203 1.6406 2311_03 3.8458 

20.6.4.202 3.9706            Site 22 2.8500 

            Site 7 1.0500            Site 23 1.9000 

            Site 8 4.3500 2311_02 3.0963 

            Site 9 5.1000            Site 24 1.6000 

20.6.4.201 1.6155            Site 25 3.0000 

            Site 13 2.6500            Site 26 0.4500 

            Site 14 3.7000 2311_01 0.3433 

            Site 15 1.1000            Site 27 1.5500 

  2310_02 0.7335 

             Site 29 1.7500 

  2310_01 0.0028 

             Site 30 0.1000 

             Site 31 0 

             Site 32 0 
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Table 3.6. Factor loading scores for the first two components of principal component 

analysis of water quality variables. Winter (February 2013) and summer (June 2013) data 

was inputted separately into the analysis. Factor loadings greater than or equal to 

│0.60│are bolded. Italicized loadings in component 2 are above the cutoff but of lower 

value that in component 1. 

 
Principal Component 

Variable 1 2 

Specific conductance 0.96624 0.24583 

TDS 0.96246 0.25280 

Chloride 0.99857 -0.02250 

Sulfate 0.74234 0.66108 

Fluoride 0.83226 0.26800 

Chloride:TDS 0.82754 -0.45652 

Sulfate:TDS -0.60512 0.77618 

Fluoride:TDS -0.90706 -0.18354 

Sulfate:Chloride -0.71123 0.69059 

   Eigenvalue 6.5 2.0 

Total variance (%) 72.0 21.7 

Cumulative variance (%) 72.0 93.7 
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Figures 

 

 

Figure 3.1. Study sites (red stars) in the Pecos River basin. The three main 

physiographical sub-basins (Thomas 1972) are Roswell basin (I), Permian basin (II), and 

Edwards plateau (III). 
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Figure 3.2. Pecos River flow (m
3
/sec) during winter (February 2013; black bars) and 

summer (June 2013; white bars) samplings. Flow data was collected from USGS gages.
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Figure 3.3. Levels of specific conductance (bars) and unplugged oil and gas well density (black dots) at the mainstem sampling study 

sites in the Pecos River basin. Sites are labeled by their reference number (see Table 1). Sites located in the Roswell basin (1-7) are 

light grey, sites in the Permian basin (8-9, 13-15, 18-24) are dark grey, and sites in the Edwards plateau (25-27, 29-32) are 

medium/light grey. Specific conductance values represent the average of the winter (February 2013) and summer (June 2013) values. 
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Figure 3.4. Map of the Pecos River basin showing the density of unplugged oil and gas 

wells. The three main physiographical sub-basins (Thomas 1972) are Roswell basin (I), 

Permian basin (II), and Edwards plateau (III).
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Figure 3.5. Biplots of principal components 1 and 2. Ninety-five percent confidence 

ellipses (standard error) were drawn for each grouping variable to aid in the identification 

of patterns. Grouping variables were season (A; winter, February 2013; summer, June 

2013), sub-basin (B), and unplugged oil and gas well density defined as high (≥ median 

value) and low (< median) (C). Variables used were specific conductance (SC), total 

dissolved solids (TDS), chloride (Cl), sulfate (SO4), fluoride (F), and ratios between 

anions and TDS and SO4 and Cl. The vectors for these variables are included in the plots.
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APPENDIX A 

 

IN VIVO CHLOROPHYLL A AND ESTIMATION OF IN VITRO 

CHLOROPHYLL A  

 

In addition to in vitro (extracted) chlorophyll a measurements, in vivo chlorophyll 

a was measured using a calibrated fluorometer (Aquafluor Fluorometer, 998-0851; 

Turner Designs, Sunnyvale, CA, USA). In vivo analysis involves fluorescence detection 

of chlorophyll a in algal cells that are present in untreated water samples (Turner Designs 

2013). Because several factors (e.g. turbidity, temperature, cell physiological condition) 

can influence in vivo fluorescence, the data obtained must be corrected for turbidity and 

then transformed to extracted chlorophyll a-equivalents by linear regression.  

Chlorophyll a extractions and analyses were performed in the laboratory (see 

Chapter II, Laboratory analysis). The in vivo chlorophyll a readings taken in the field 

(see above) had to first be corrected for turbidity before the in vivo chlorophyll a could be 

linearly regressed to the extracted chlorophyll a. To do this, the following equation was 

employed: y = mxx + mzz + b (Turner Designs 2012). The slope coefficients (mx and mz) 

for turbidity (x) and raw in vivo chlorophyll a (z) and the y intercept (b) were calculated 

by modeling turbidity and raw in vivo chlorophyll a (independent variables) to the 

extracted chlorophyll a (dependent variable) via a multiple regression. Plugging these 

variables into the equation then gave the turbidity-corrected in vivo chlorophyll a values 

(y) for each raw in vivo chlorophyll a reading. Once the turbidity-corrected in vivo 

chlorophyll a values were calculated, they were linearly regressed against the extracted 
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chlorophyll a data to assess their relationship (Figure 1). The equation from this linear 

regression was used to estimate extracted chlorophyll a measurements for samples that 

fell below the limit of detection using turbidity-corrected in vivo measurements. 
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Turner Designs. 2012. Effects of turbidity on in vivo chlorophyll fluorescence. S-0035 

Revision A. Available at: http://www.turnerdesigns.com/t2/doc/appnotes/S-

0035.pdf . Accessed August 9, 2013. 

Turner Designs. 2013. AquaFluorTM: Handheld Fluorometer and Turbidimeter, User’s 

Manual. P/N 998-0851, Revision 1.6. Available at: 

http://www.turnerdesigns.com/t2/doc/manuals/998-0851.pdf. Accessed April 30, 

2013. 
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Figure A.1. Linear regression between extracted chlorophyll a (Y axis) and turbidity-

corrected in vivo chlorophyll a (X axis). Extracted chlorophyll a values below the limit of 

detection were obtained via the equation of the line (shown on graph).  
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APPENDIX B 

 

PRECIPITATION, STEAM FLOW, AND CORRELATIONS AMONG WATER 

QUALITY VARIABLES  

 

For Chapter III, daily precipitation (rainfall and snowfall) values were collected from 

weather stations located near the selected sampling sites (National Oceanic and 

Atmospheric Administration; http://www.ncdc.noaa.gov/cdo-web) (Table 1). Weather 

stations were all located upstream of the sampling sites. In some cases, because of 

availability limitations, some weather stations were used for more than one site. Snowfall 

values were divided by 10 prior to being added to rainfall to generate daily precipitation 

totals (Kunkel et al. 2007). Daily precipitation totals were then used to generate monthly 

totals (Table 2). Eight of nine weather stations in New Mexico recorded higher monthly 

precipitation in June 2013 (summer sampling) than in February 2013 (winter sampling). 

In Texas, nine of ten weather stations recorded increased precipitation in summer relative 

to winter (Table 2). March and April (2013) were the driest months in the New Mexico 

portion of the Pecos River basin, and February and March were the driest months in the 

Texas portion (Table 2).  

Stream flows were recorded using available USGS discharge gages (see also Table 2 of 

Chapter III). Flow data were collected from the USGS National Water Information 

System (http://nwis.waterdata.usgs.gov/nwis/rt). Only gages with sufficient data (e.g., no 

missing values) located along the mainstem of the Pecos River were used. Monthly flow 

averages were calculated by taking the average of each daily flow value for each month. 

http://www.ncdc.noaa.gov/cdo-web
http://nwis.waterdata.usgs.gov/nwis/rt
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Except for the gage just below Sumner Dam (site #1), which recorded higher flow rates 

in June 2013 than in February 2013, all other gages reported lower flows in June than in 

February; in fact, the June 2013 flow rates at these gages were the lowest of the study 

period (Table 3). Outside of the sampling months, a substantial increase in flow rate 

occurred in all gages within the Roswell basin that was caused by discharge from Sumner 

Dam in March 2013 (Table 3). As already mentioned, higher flows were still observed 

below Sumner Dan in June 2013, but in the downstream gages (within Roswell basin) 

flows had returned to levels below those observed at any time during the study (Table 3). 

Generally, the pattern of monthly flow rates in each of the sub-basins (Table 3) did not 

correspond to the pattern of monthly precipitation totals; in fact the opposite was the case 

(see Tables 2 and 3).  

Spearman’s rank correlation analyses were conducted between water variables measured 

in Chapter III. These analyses were done using data from the entire Pecos River basin 

(Table 4) as well as for the three main physiographical sub-basins individually: Roswell 

basin (Table 5), Permian basin (Table 6), and Edwards plateau (Table 7). All coefficients 

for significant correlations (p < 0.05) with a value higher than │0.60│were considered to 

be relevant. Most of the water quality variables were strongly correlated with one 

another. Among individual sub-basins, Roswell basin (Table 5) had the most significant 

correlations (all variables were significantly correlated with one another). In the Permian 

basin (Table 6) and Edwards plateau (Table 7), however, sulfate or its fractions (relative 

to chloride or total dissolved solids) showed less than global relationships with the other 

variables. The ratio of fluoride to total dissolved solids consistently showed strong 

negative relationships with specific conductance and total dissolved solids in all sub-
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basins (Tables 5-7), although these relationships were somewhat weaker in the Permian 

basin (Table 7).  
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Trend identification in twentieth-century U.S. snowfall: the challenges. Journal of 

Atmospheric and Oceanic Technology 24: 64-73. 

 

 



Texas Tech University, Natascha Israël, December 2013 

 

139 

 

Table B.1. Names and coordinates for NOAA weather stations chosen for each study site 

in the Pecos River basin from Sumner Dam to Shumla (see Chapter III).  

State Site Weather station Coordinates 

NM Below Sumner Dam (1) House 0.1 S 34.646, -103.903 

 Bitter Lake NWR (2) Roswell 17.4 N 33.622, -104.502 

 Tatum Bridge (3) Bitter Lakes WL REF 33.459, -104.404 

 Lake Arthur (4) Hagerman 10 ESE 33.088, -104.162 

 US82 bridge near Artesia (5) Artesia 3.5 NNE 32.896, -104.413 

 Below Brantley Dam (6) Artesia 15.5S Lewis 32.627, -104.383 

 Below Lower Tansil Dam (7) Carlsbad 2.0N 32.432, -104.230 

 Below Carlsbad WWTP (8) Carlsbad 2.0N 32.432, -104.230 

 Below Ten Mile Dam (9) Carlsbad 3.1 SSE 32.364, -104.214 

 Rattlesnake Spring (10) Carlsbad Caverns 32.178, -104.443 

 Black River (11) Carlsbad Caverns 32.178, -104.443 

 Blue Spring (12) Carlsbad Caverns 32.178, -104.443 

 Below Black River (13) Carlsbad 3.1 SSE 32.364, -104.214 

 Pierce Canyon Crossing (14) Carlsbad 3.1 SSE 32.364, -104.214 

 Near Red Bluff (15) Carlsbad 3.1 SSE 32.364, -104.214 

 Delaware River (16) Carlsbad 3.1 SSE 32.364, -104.214 

TX Salt Creek (17) Ochoa 32.166, -103.425 

 Orla (18) Ochoa 32.166, -103.425 

 Mentone (19) Ochoa 32.166, -103.425 

 Pecos (20) Pecos 8W 31.378, -103.633 

 Coyanosa (21) Pecos 8W 31.378, -103.633 

 FM 1053 (22) Imperial 31.267, -102.700 

 Girvin (23) Imperial 31.267, -102.700 

 Iraan (24) McCamey 10.5S 30.984, -102.185 

 Below Iraan (25) Iraan 8.4 SW 30.826, -102.000 

 Sheffield (26) Iraan 8.4 SW 30.826, -102.000 

 Above Indep. Creek (27) Ozona 26.8 SW 30.482, -101.574 

 Independence Creek (28) Sheffield 13.0 SW 30.584, -102.004 

 Richland Canyon (29) Ozona 36.4 SW 30.382, -101.690 

 Pandale (30) Ozona 36.4 SW 30.382, -101.690 

 Goat Canyon (31) Comstock 29.7 NW 30.064, -101.408 

 Shumla (32) Langtry 29.810, -101.560 
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Table B.2. Monthly precipitation totals for selected weather stations from January to June 

2013. All values are in mm.  

Weather station January February March April May June 

House 0.1 S 0.557 2.077 0.057 0.017 0.082 0.821 

Roswell 17.4 N 0.574 0.191 0 0 0 0.610 

Bitter Lakes 0.344 0.154 0 0 0.107 0.488 

Hagerman 10 ESE 0.393 0 0 0 0.385 0.466 

Artesia 3.5 NNE 0.541 0.045 0 0 0.385 0.330 

Artesia 15.5 S Lewis 0.713 0 0 0 0.557 0.474 

Carlsbad 2.0 N 0.950 0.200 0 0.025 0.262 2.811 

Carlsbad 3.1 SSE 0 0.218 0 0 0 0.957 

Carlsbad Caverns 0.025 0 0 0 0 0.093 

Ochoa 0.165 0.021 0 0 0.015 0.101 

Pecos 8W 2.089 0.054 0 0 1.409 1.135 

Imperial 0.352 1.370 0.500 1.355 0.762 2.134 

McCamey10.5 S 1.270 0 0 0.161 1.106 1.126 

Iraan 8.4 SW 1.090 0 0 0.161 0.934 0.229 

Ozona 26.8 SW 1.073 0 0 1.693 1.581 1.126 

Sheffield 13.0 SW 0.147 0 0 0.415 0.008 0 

Ozona 36.4 SW 1.082 0 0 1.626 0.655 2.362 

Comstock 29.7 NW 2.360 0 0.082 1.448 1.966 2.218 

Langtry 2.466 0 0 0.305 1.024 0.804 
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TableB. 3.  Average monthly flow rates measured by selected gage stations in the Pecos River basin from January to June, 2013. All 

values are in m
3
/sec. [As original values were in ft

3
/sec, they were converted to m

3
/sec (1 ft

3
/sec = 0.0283168466 m

3
/sec).] 

Flow gage 

Sub-

basin January February March April May June 

Below Sumner Dam Roswell 0.566 0.429 7.507 2.146 1.842 2.790 

Near Acme Roswell 0.448 0.378 3.931 0.386 0.035 0.019 

Near Lakewood Roswell 1.223 1.190 4.401 0.809 0.101 0.375 

Below Dark Canyon at Carlsbad Permian 0.331 0.324 0.264 0.219 0.163 0.198 

At Red Bluff, New Mexico Permian 0.942 0.786 0.629 0.418 0.323 0.460 

At RR 1776 near Grandfalls Permian 0.115 0.122 0.121 0.096 0.066 0.028 

Near Girvin Permian 0.539 0.452 0.433 0.344 0.407 0.270 

Near Sheffield Permian 0.681 0.602 0.573 0.385 0.318 0.108 

At Brotherton Ranch near Pandale Edwards 2.313 2.037 1.839 1.648 1.561 1.458 
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Table B.4. Spearman’s rank correlation coefficients for water quality variables measured 

at all sites in the Pecos River basin. Coefficients for significant correlations (p < 0.05) 

with a value higher than │0.60│are bolded. Variables used were specific conductance 

(SC), total dissolved solids (TDS), chloride (Cl), fluoride (F), and sulfate (SO4), and ratio 

of SO4 to Cl, SO4 to TDS, and Cl to TDS.  

  SC TDS Cl F SO4 

SO4: 

Cl 

SO4: 

TDS 

Cl: 

TDS 

TDS 0.999 

       Cl 0.967 0.970 

      F 0.864 0.862 0.844 

     SO4 0.936 0.930 0.864 0.852 

    SO4:Cl -0.430 -0.443 -0.570 -0.412 -0.173 

   SO4:TDS -0.117 -0.134 -0.285 -0.033 0.159 0.838 

  Cl:TDS 0.763 0.769 0.852 0.721 0.591 -0.850 -0.546 

 F:TDS -0.930 -0.931 -0.902 -0.719 -0.830 0.387 0.211 -0.638 



Texas Tech University, Natascha Israël, December 2013 

 

143 

 

Table B.5. Spearman’s rank correlation coefficients for water quality variables measured 

at all sites in the Roswell basin. Coefficients for significant correlations (p < 0.05) with a 

value higher than │0.60│are bolded. Variables used were specific conductance (SC), 

total dissolved solids (TDS), chloride (Cl), fluoride (F), and sulfate (SO4), and ratio of 

SO4 to Cl, SO4 to TDS, and Cl to TDS. 

  SC TDS Cl F SO4 

SO4: 

Cl 

SO4: 

TDS 

Cl: 

TDS 

TDS 1.000 

       Cl 0.929 0.929 

      F 0.847 0.847 0.775 

     SO4 0.929 0.929 0.786 0.847 

    SO4:Cl -0.857 -0.857 -0.964 -0.829 -0.714 

   SO4:TDS -0.857 -0.857 -0.857 -0.721 -0.714 0.821 

  Cl:TDS 0.857 0.857 0.964 0.829 0.714 -1.000 -0.821 

 F:TDS -1.000 -1.000 -0.929 -0.847 -0.929 0.857 0.857 -0.857 
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Table B.6. Spearman’s rank correlation coefficients for water quality variables measured 

at all sites in the Permian basin. Coefficients for significant correlations (p < 0.05) with a 

value higher than │0.60│are bolded. Variables used were specific conductance (SC), 

total dissolved solids (TDS), chloride (Cl), fluoride (F), and sulfate (SO4), and ratio of 

SO4 to Cl, SO4 to TDS, and Cl to TDS. 

  SC TDS Cl F SO4 

SO4: 

Cl 

SO4: 

TDS 

Cl: 

TDS 

TDS 1.000 

       Cl 0.993 0.993 

      F 0.702 0.702 0.674 

     SO4 0.916 0.916 0.881 0.804 

    SO4:Cl -0.615 -0.615 -0.636 -0.596 -0.434 

   SO4:TDS -0.322 -0.322 -0.343 -0.349 -0.210 0.832 

  Cl:TDS 0.930 0.930 0.937 0.720 0.818 -0.643 -0.350 

 F:TDS -0.622 -0.622 -0.664 -0.116 -0.476 0.322 0.336 -0.678 
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Table B.7. Spearman’s rank correlation coefficients for water quality variables measured 

at all sites in the Edwards plateau. Coefficients for significant correlations (p < 0.05) with 

a value higher than │0.60│are bolded. Variables used were specific conductance (SC), 

total dissolved solids (TDS), chloride (Cl), fluoride (F), and sulfate (SO4), and ratio of 

SO4 to Cl, SO4 to TDS, and Cl to TDS. 

  SC TDS Cl F SO4 

SO4: 

Cl 

SO4: 

TDS 

Cl: 

TDS 

TDS 0.991 

       Cl 1.000 0.991 

      F 1.000 0.991 1.000 

     SO4 1.000 0.991 1.000 1.000 

    SO4:Cl -0.607 -0.649 -0.607 -0.607 -0.607 

   SO4:TDS 0.536 0.505 0.536 0.536 0.536 0.286 

  Cl:TDS 0.964 0.955 0.964 0.964 0.964 -0.714 0.357 

 F:TDS -0.929 -0.955 -0.929 -0.929 -0.929 0.786 -0.286 -0.964 

 

 

 

 


