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ABSTRACT 
 
 

Increasing urbanization worldwide has led to increased water body alterations, including the discharge of 

effluent into aquatic ecosystems. As the world’s population continues to grow, the development of new 

wastewater treatment plants will be crucial and the discharge of effluent into water bodies will increase. 

Despite this growing trend, the impacts of effluent on receiving water bodies are still relatively poorly 

understood. This dissertation (1) reviews the effects of effluent input into streams across the globe, (2) 

examines how water quality in effluent-dependent streams varies spatially and temporally in Arizona, and 

(3) tests a potential new rapid water quality monitoring technique for better management of these systems. 

Across the globe, effluent inputs generally impaired water quality in streams near effluent discharge 

points. The majority of ecological studies reviewed found that basal resources, aquatic invertebrates, and 

fish were negatively affected in a variety of ways (e.g. biodiversity losses, replacement of sensitive with 

tolerant species). However, several studies showed the importance of effluent in providing environmental 

flows to streams that had been dewatered by anthropogenic water withdrawals, especially in semi-arid 

and arid regions. Our study of effluent-dependent streams in Arizona indicates that conditions may be 

stressful for the most sensitive taxa at sites closest to effluent outfalls (e.g. elevated temperature and 

nutrient level), especially in summer. However, overall, these streams have the capacity to serve as 

refuges for native biota in Arizona. Furthermore, they may become the only aquatic habitat available in 

many urbanizing arid regions. The combination of elevated temperatures and nutrient levels we observed 

closest to effluent outfalls could lead to increased frequent algal blooms. Our evaluation study of a hand-

held fluorometer to measure chlorophyll-a as an indicator for potential harmful algal bloom demonstrated 

that the probe is not sensitive to ambient light, performed well at low chlorophyll-a concentrations (< 25 

µg/L) across a range of turbidity levels (50 to 70 NTU), and with some adjustments would be useful for 

monitoring in effluent-fed streams or other water bodies. Although effluent-fed streams were historically 

of lower quality than natural streams, newer treatment techniques can result in high quality water and 

support numerous native species and diverse ecosystems despite our increasingly dry climate.    
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Water quality, ecology, and evaluation of a rapid algae monitoring technique in human-controlled  
water bodies 

 
 

CHAPTER 1 - Introduction 
  
 

Increasing urbanization across landscapes worldwide has led to increased water body alterations. 

Anthropogenic activities can change the natural processes that control water quantity and quality (Peters 

and Meybeck, 2000; Walsh et al., 2005; Peters et al., 2006). In fact, discharge of wastewater treatment 

plant effluent into a stream is among numerous human activities that result in alteration in the natural 

flow regime (Poff et al., 1997; Stromberg et al., 2007) and water quality (Brooks et al., 2006; Hamdhani 

et al., 2020). Similarly, discharge of effluent into lentic systems also raises concerns regarding water 

quantity and quality (e.g. Hayward et al., 2012; Blunt et al., 2018; Bondarczuk and Piotrowska-Seget, 

2019). Because conservation efforts are often focused on natural systems (i.e. Moyle et al., 2003; Kanno 

et al., 2012), human-controlled surface water bodies tend to be less studied than natural water bodies, 

resulting in significant knowledge gaps regarding effluent-fed water bodies.  

Effluent-fed streams can be found in many different climate zones and geographic settings 

(Brooks et al., 2006; Hamdhani et al., 2020). As the world’s population continues to grow (Lutz and KC, 

2010), the development of new wastewater treatment plants will be crucial, and the discharge of effluent 

into water bodies will likely only increase. Despite this growing trend, the impacts of effluent on 

receiving water bodies are still relatively poorly understood and likely include a complex mixture of 

ecosystem subsidies and stressors (Grantham et al., 2012; Aristi et al., 2015) which vary through both 

space and time (Hughes et al., 2014; Morrill et al., 2005). 

Water bodies support a wide variety of taxa at different trophic levels, from microbes and primary 

producers to fish and aquatic mammals. However, taxa may not respond uniformly to effluent (Wright et 

al., 2018; Birge et al. 1989). A previous study reported that effluent input affected primary producer 

production, with increased periphyton biomass near the outfalls (Murdock et al. 2004). Other studies have 

reported increased abundances of invertebrates below effluent outfalls (Boyle and Fraleigh, 2003), but 
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lower taxonomic richness (Eppehimer et al., 2020). Recent studies also have found high levels of 

pharmaceuticals in fish tissues collected from effluent-fed streams and lakes (Peck et al., 2007; Schultz et 

al., 2010; Grabicova et al., 2017). These challenges indicate that rapid and regular water quality 

monitoring should be used as an early warning alert and to determine mitigation actions and conserve the 

flora and fauna that inhabit these human-controlled water bodies (Hamdhani et al., 2020).  

In this dissertation, I first present a review of published studies from effluent-fed streams across 

the globe to examine the impacts of effluent on water quality and aquatic and riparian biota (Chapter 2). 

We focused on studies on ecological impacts in streams that received only treated effluent. We highlight 

the importance of effluent in providing environmental flows to streams that had been dewatered by 

anthropogenic water withdrawals, especially in semi-arid and arid regions. We also identify knowledge 

gaps, which include the abiotic impacts of effluent, such as changes in channel morphology and 

hydrology (e.g. how nutrient-rich and warmer effluent affects infiltration rates or interactions with 

groundwater), the effects of effluent on plants and vertebrates (e.g. amphibians, birds), and the impact of 

effluent-induced perennialization on naturally intermittent or ephemeral streams.  

Next, I present a one-year field study of water quality at multiple sites across three effluent-

dependent rivers in Arizona (Chapter 3). Specifically, we investigate seasonal and longitudinal water 

quality dynamics across different geographic and climatic factors. One of our primary goals was to 

determine if water quality conditions met or exceeded the standards needed to support robust assemblages 

of native species. I highlight the fact that effluent-dependent streams in Arizona may become the only 

aquatic habitat available in many cases. 

Lastly, I present an evaluation of a hand-held fluorometer as a potential tool to monitor for 

harmful algal blooms in effluent-fed streams and other water bodies (in Chapter 4). Such monitoring is 

necessary for tracking health risks to aquatic species and to human visitors recreating in these water 

bodies, and should include algal biomass estimation to help implement early warning alerts and 

mitigation actions for harmful algal blooms. Excess nutrient loading and warmer temperatures are leading 

to increasingly frequent algal blooms, and their accompanying high concentrations of microcystin toxins.  
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Handheld fluorometers that can measure chlorophyll-a in situ are available, but their performance in 

waters with a variety of potential light interfering substances has not yet been tested. In this study, we test 

a hand-held fluorometer for sensitivity to ambient light and turbidity and compared these findings with 

the EPA Method 445.0 using water samples obtained from two urban lakes in Tucson, Arizona.  

I hope that the results of this dissertation will contribute to a better understanding of the ecology 

of effluent-fed streams, lead to more simple and rapid monitoring in these systems, and help enhance the 

conservation of these water bodies and their resident biota.  
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CHAPTER 2 – Release of treated effluent into streams: a global review of ecological impacts with a 
consideration of its potential use for environmental flows 

 

Worldwide, the addition of treated wastewater (i.e. effluent) to streams is becoming more 

common as urban populations grow and developing countries increase their use of wastewater treatment 

plants. Release of treated effluent can impair water quality and ecological communities, but also could 

help restore flow and maintain aquatic habitat in water-stressed regions. To assess this range of potential 

outcomes, we conducted a global review of studies from effluent-fed streams to examine the impacts of 

effluent on water quality and aquatic and riparian biota. We identified 147 quantitative studies of effluent-

fed streams, most of which were from the United States and Europe. Effluent inputs generally impaired 

water quality near discharge points, mainly through increased water temperature, nutrients, and 

concentrations of trace organic contaminants, but also via decreased dissolved oxygen levels. The 

majority of ecological studies found that basal resources, aquatic invertebrates, and fish were negatively 

affected in a variety of ways (e.g. biodiversity losses, replacement of sensitive with tolerant species). 

However, several studies showed the importance of effluent in providing environmental flows to streams 

that had been dewatered by anthropogenic water withdrawals, especially in semi-arid and arid regions. 

Knowledge gaps identified include the abiotic impacts of effluent, such as changes in channel 

morphology and hydrology (e.g. how nutrient-rich and warmer effluent affects infiltration rates or 

interactions with groundwater), the effects of effluent on plants and vertebrates (e.g. amphibians, birds), 

and the impact of effluent-induced perennialization on naturally intermittent or ephemeral streams. 

Although effluent-fed streams often exhibit signs of ecological impairment, there is great potential for 

these systems to serve as refuges of aquatic biodiversity and corridors of ecological connectivity when 

wastewater treatment standards are high, especially in semi-arid and arid regions where natural streams 

have been dewatered. 
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2.1. INTRODUCTION 

Streams are among the most altered ecosystems in the world, and for almost two centuries large-

scale human use of streams has resulted in poor water quality and ecological degradation in these systems 

(Vörösmarty et al., 2010). While great strides have been made to improve and restore stream water 

quality and habitat, there are still many concerns, including the disposal of treated wastewater (Vaughan 

and Ormerod, 2012). Before the second half of the 20th century, raw sewage was typically dumped 

directly into waterways, relying on dilution and natural purification processes to treat wastewater 

(Spellman and Drinan, 2001). Currently, environmental laws in many countries require wastewater 

treatment plants to enhance these natural purification processes (e.g. nutrient uptake, increasing dissolved 

oxygen, and decreasing biological oxygen demand), but treatment standards and technology vary widely 

across the globe (Libralato et al., 2012; Angelakis and Snyder, 2015). The end uses of this treated effluent 

include agricultural irrigation (Toze, 2006), urban irrigation (Fabregat et al., 2002), aquaculture (Umble 

and Ketchum, 1997), groundwater recharge (Fournier et al., 2016), direct potable reuse (Leverenz et al., 

2011), and direct discharge into streams or oceans (Brooks et al., 2006; McEneff et al., 2014). 

Streams receiving effluent are called effluent-fed, but specific terminologies have emerged to 

define the ratio of effluent-to-natural streamflow, including effluent-dependent (100% effluent during 

baseflow: Du et al., 2015), effluent-dominated (>50% effluent: Boyle and Fraleigh, 2003) and effluent-

impacted (<50% effluent: Schultz et al., 2010). Effluent-fed streams exist worldwide, range from small to 

large in size, and can be found in many different climate zones and geographic settings (Fig. 2.1). As the 

world’s population continues to grow (Lutz and KC, 2010), the development of new wastewater treatment 

plants will be crucial and the discharge of effluent into streams will increase. Despite this growing trend, 

the impacts of effluent on receiving streams are still relatively poorly understood and likely include a 

complex mixture of ecosystem subsidies and stressors (Grantham et al., 2012; Aristi et al., 2015). 
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Figure 2.1. Examples of effluent-fed streams: A) Rio de Flag, Arizona, USA; B) Fountain Creek, 
Colorado, USA; C) Los Angeles River, California, USA; D) Rio San Miguel, Spain; E) Boulder Creek, 
Colorado, USA; F) Salt River, Arizona, USA. Photo credits: Michael Bogan (A,C, E), Bonita Bogan (B), 
Nuria Cid (D), Hamdhani (F) 

 

  Issues in effluent-fed streams have been partly considered under the broader urban stream 

syndrome, whose symptoms include altered hydrographs, elevated concentrations of nutrients and 

contaminants, and reduced biotic richness with increased dominance of tolerant species (Walsh et al., 

2005; Violin et al., 2011). However, many effluent-fed streams occur outside of urban areas. Water 

quality in effluent-fed streams has received the most research attention to date, including a previous 

review of water quality in effluent-dominated streams (Brooks et al., 2006). Water quality changes noted 

include elevated temperatures (Boyle and Fraleigh, 2003; Canobbio et al., 2009) and nutrient levels, such 

as nitrate (Hur et al., 2007; Chen et al., 2009), ammonium/ammonia (Gafny et al., 2000; Boyle and 

Fraleigh, 2003), and phosphate (Birge et al., 1989; Chen et al., 2009). Reaches downstream of effluent 

outfalls are also frequently characterized by depleted dissolved oxygen levels (Birge et al., 1989; 



20 
 

Matamoros and Rodríguez, 2017). Despite the fact that technologies used to purify sewage have improved 

(Watkinson, 2007; Stalter et al., 2013; Oturan and Aaron, 2014; Lüddeke et al., 2015), unregulated novel 

pollutants originating from chemical products in modern society pose new concerns (Barber et al., 2015; 

Noguera-Oviedo and Aga, 2016). These novel contaminants include endocrine-disruptors (Barber et al., 

2015; Dong et al., 2015) and pharmaceuticals (Grabicova et al., 2017; Mandaric et al., 2018). The relative 

impacts of water quality issues and novel contaminants also vary with the ratio of effluent volume to 

receiving streamflow. Effluent-dominated streams represent “worst-case scenarios” for evaluating the 

impacts of emerging contaminants on stream ecosystems (Brooks et al., 2006). 

Although water quality issues are fairly well studied in effluent-fed streams, we still do not have a 

comprehensive understanding of the broader ecological impacts of effluent. Streams support a wide 

variety of taxa at different trophic levels, from microbes and primary producers to fish and aquatic 

mammals; taxa may not respond uniformly to effluent. For example, Murdock et al. (2004) reported that 

addition of effluent affected primary production, with periphyton biomass being elevated near effluent 

outfalls. Other studies have reported increased abundances of invertebrates below effluent outfalls (Boyle 

and Fraleigh, 2003), but lower fish species diversity (Diamond et al., 1994). Recent studies also have 

found high levels of pharmaceuticals in fish tissues collected from effluent-fed reaches (Schultz et al., 

2010; Grabicova et al., 2017). Even with the highest level of wastewater treatment, effluent discharge 

may still have a negative effect on water quality (Brown et al., 2015) and aquatic and riparian biota 

(Halaburka et al., 2013; Grabicova et al., 2015; Richmond et al., 2018), suggesting the need for a global 

review of the ecology of effluent-fed streams. 

Although effluent can have negative impacts on receiving streams, it may also serve to enhance 

baseflow or restore flows to streams that have dried due to climate change or anthropogenic water 

withdrawals (Halaburka et al., 2013; Luthy et al., 2015). Research suggests that by 2050, up to 79% of 

watersheds affected by groundwater pumping will have reached or surpassed the ecological limits of 

streamflow (de Graaf et al., 2019). Furthermore, intensified droughts predicted by climate-change models 

in many regions (e.g. Seager et al., 2007) may deplete local aquifers and cause streams to transition from 
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perennial to intermittent flow regimes. If treatment processes are advanced (e.g. tertiary level), then 

effluent could be an important source of environmental flows in drying streams, especially in semi-arid 

and arid regions (Marti et al. 2009; Bischel et al., 2013; Luthy et al., 2015).  

Here, we critically review published papers about effluent-fed streams to summarize water 

quality issues and ecological impacts of effluent. This is the first global review of the impacts of effluent 

on receiving stream ecosystems. Brooks et al. (2006) reviewed water quality issues in effluent-fed streams 

in arid and semi-arid regions; we build upon their work by including studies from mesic countries (e.g. 

Britain, Denmark, Japan) and the large number of papers that have been published in the last decade. We 

used data from all reviewed studies to quantify and describe several factors, including geographical 

distribution, study concern, percent of effluent input, methodology used, water quality issues, and 

ecological impacts of effluent. We also identify research gaps that deserve further attention and provide 

management recommendations.  

 

2.2. METHODS 

We used Web of Science (www.webofknowledge.com) to search for publications from 1864 

through January 29, 2018, using the keywords “effluent dominated river(s)” and “effluent dominated 

stream(s)”. We specifically targeted effluent-dominated streams because they are most likely to 

demonstrate ecological impacts (Brooks et al. 2006), but the search identified effluent-fed streams with a 

wide range of effluent-to-receiving stream flow ratios (see Results). The initial search resulted in 242 

papers; we then read through all 242 abstracts to exclude publications that were not related to effluent and 

streams. For example, studies conducted in lakes or wetlands were excluded. Similarly, studies that solely 

focused on treatment processes or the effluent itself, without any relation to receiving streams, were also 

excluded. Moreover, studies on ecological impacts in streams that only received untreated sewage were 

also excluded from this review. We acknowledge that with our search criteria, there is potential to miss 

published papers that focus on streams with small amounts of effluent inputs. Our search criteria also 

excluded purely descriptive studies with limited or no statistical analyses— this may have limited the 
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geographic scope of our review by excluding qualitative studies from developing nations. However, our 

refining process still resulted in a total of 147 papers (Supporting Information Table A2.1) being 

included.  

  First, we categorized all 147 papers by their specific topics, including study concern, study 

design, proportion of effluent in the receiving stream, geographic scope, and taxonomic concern. For 

study concern, we classified papers into one or more of the following nine primary concerns: infiltration, 

influent source, wastewater treatment process, basic water quality, Trace Organic Contaminants (TrOCs), 

stream morphology, flow management, sediment, and/or aquatic ecology. For study design, we 

distinguished whether the study was conducted (1) only downstream of effluent discharge, (2) in reaches 

upstream and downstream of effluent discharge, or (3) in effluent-fed reaches and a reference stream. 

Using data provided by the authors (when reported), we also identified the proportion of the effluent in 

the stream as effluent-dominated (>50%) or effluent-influenced (<50%). For geographic scope, we 

classified which country the studies occurred in and whether they were conducted in single versus 

multiple stream systems. Finally, for taxonomic concern, we determined if papers focused on one of the 

following major stream or riparian taxa: basal resources (e.g. algae, bacteria, biofilm), aquatic 

invertebrates, fish, amphibians and reptiles, birds, and macrophytes (including riparian vegetation).  

For most taxonomic groups, there were insufficient studies (n ≤ 3) reporting the same biological 

metrics at a comparable scale, so a meta-analysis approach was not possible. However, several metrics of 

aquatic invertebrate assemblages (e.g. density and species richness) were reported frequently enough 

across studies that we calculated average responses for these metrics across studies to make broader 

generalizations. Because no synthesis of the taxonomic groups affected by treated effluent in streams has 

been previously done, we consider our work to be a baseline review to identify those main concerns. 

More complex ecological topics, such as food webs, ecological networks and functional processes, are 

beyond the scope of this work but should be considered for future endeavors. 
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2.3. RESULTS 

2.3.1. Geographic, study focus, and temporal trends 

 Studies of effluent-fed stream were concentrated in the USA (49%) and Europe (33%), with 

fewer studies from Canada (7%), Asia (5%), Africa (3%), Australia (2%) and South America (1%) (Fig. 

2.2A). Within the USA (Fig. 2.2B), the Southwest and Midwest regions received considerable research 

attention (28 and 23%, respectively), with fewer studies in the Rocky Mountain (17%), Southeast (14%), 

West Coast (11%) and Northeast regions (7%). Within Europe, studies were most common in western 

Europe (Fig. 2.2C), including the UK and Spain (21% each), France (15%), and Germany (8%).  

 

Figure 2.2. Distribution of effluent-fed stream studies (A) globally, (B) in the United States of America, 
and (C) in Europe from selected 147 studies available via Web of Science and published prior to January 
2018. 
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  Across the 147 reviewed studies, 52 studies clearly defined the percentage of treated effluent 

contribution in the studied streams. Within those studies, 35 studies were from effluent-dominated 

streams, 6 were from streams with >25-50% effluent, and 11 were from streams with effluent 

contributions ranging from 1 to 25%. The remaining studies could not be classified due to lack of 

information regarding the amount of treated effluent in the receiving stream system; however, each study 

identified effluent contribution as being significant enough to cause ecological impacts.  

 

Figure 2.3. Study concerns (A) and sampling designs (B) from selected 147 studies of effluent-fed 
streams published prior to January 2018. 

 

Over 85% of the studies identified water quality as a major focus, including basic physical and 

chemical parameters, as well as TrOCs such as endocrine-disruptors and pharmaceuticals (Fig. 2.3A). 

Very few studies focused on sediment quality, water treatment, infiltration, influent source (e.g. 
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agricultural, municipal, industrial), or stream morphology. With regard to sampling design, the majority 

of studies either compared upstream and downstream reaches or had sampling sites along a gradient 

below effluent discharge points (i.e. more than two sampling sites longitudinally) (Fig. 2.3B). Only ~10% 

of studies compared conditions in effluent-fed streams versus reference streams. 

 

Figure 2.4. Trends through time in water quality study concerns from selected 147 studies of effluent-fed 
streams published prior to January 2018 

 

The earliest studies occurred in the 1970s and focused on basic water quality (Fig. 2.4). 

Beginning in the 1990s, studies on TrOCs emerged, and their number increased dramatically in the 2000s. 

The number of TrOCs studies from 2010-2017 suggests that by the end of 2010s, TrOCs will replace 

basic water quality as the primary research focus in effluent-fed streams. 
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2.3.2. Water quality factors   

We identified specific parameters in basic physical, chemical, and biological water quality (e.g. 

temperature, dissolved oxygen, pH, alkalinity, nutrients), as well as TrOCs, and summarized the patterns 

reported for these factors (Table 2.1). In general, effluent-fed streams were characterized by elevated 

water temperature, conductivity, alkalinity, nitrate, ammonia, ammonium, phosphate and heavy metals. In 

contrast, dissolved oxygen levels were generally low adjacent to effluent outfall points. In terms of 

biological water quality parameters, effluent discharge usually did not result in higher in-stream levels of 

the E. coli. For example, relatively low concentrations of E. coli were found in treated effluent that 

discharged into a stream in an urbanized watershed in Houston, Texas (USA) with a geometric mean of 5 

MPN/dL as compared to 394 MPN/dL according to the Texas Water Quality Standards (Petersen et al., 

2005). Studies generally identified non-point sources as being more important. Larger populations of 

antibiotic-resistant coliform bacteria were found downstream of effluent discharge as compared to 

upstream (Akiyama and Savin, 2010). TrOCs, specifically endocrine-disruptors, pharmaceuticals, and 

pesticides/biocides, were commonly found in reaches near effluent outfalls (Buxton and Kolpin, 2005; 

Dong et al., 2015; Munz et al., 2017; Mandaric et al., 2018). 

Table 2.1. Water quality issues gathered from effluent-fed river studies 

Water Quality Parameters Trend References 

Physical 
Properties 

Temperature Higher water temperatures close 
to the effluent outfall and 
decreasing temperatures 
downstream 

Birge et al. 1989; Boyle 
and Fraleigh, 2003; 
Kinouchi et al., 2007; 
Canobbio et al., 2009 

Suspended solid 
and turbidity 

Relatively stable downstream of 
effluent outfall 

Gafny et al., 2000 

Chemical 
Properties 

pH Relatively stable (ranged from 
circumneutral to slightly basic) 
along gradients downstream of 
effluent outfall 

Chen et al., 2009; Prat 
et al., 2013; Matamoros 
and Rodríguez, 2017 
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Water Quality Parameters Trend References 

Dissolved 
Oxygen (DO) 

Lower DO immediately below 
effluent outfall, higher DO as flow 
moves downstream 

Birge et al. 1989; Boyle 
and Fraleigh, 2003; 
Matamoros and 
Rodríguez, 2017 

Electrical 
Conductivity 

Higher electrical conductivity at 
effluent outfall, and then 
remaining relatively stable along 
downstream gradient and across 
seasons  

Chen et al., 2009; Prat 
et al., 2013; Matamoros 
and Rodríguez, 2017 

Alkalinity Higher alkalinity near effluent 
outfall, but then decreasing values 
further downstream from outfall 

Birge et al. 1989; Boyle 
and Fraleigh, 2003 

Nitrate Higher nitrate near the effluent 
outfall, lower nitrate as flow 
moves downstream. Nitrate 
attenuation was detected, and this 
was influenced by chemical, 
biological and physical (dilution) 
processes, in some cases nitrate 
increased as flow moved 
downstream due to evaporation 
and low or no dilution  

Hur et al., 2007; Chen 
et al., 2009 

Ammonia Higher ammonia near effluent 
outfall, but lower values again as 
flow moves downstream 

Gafny et al., 2000; 
Boyle and Fraleigh, 
2003  

Ammonium Higher ammonium near effluent 
outfall, lower as flow moves 
downstream 

Chen et al., 2009 

Phosphate Higher phosphate near the effluent 
outfall, lower phosphate as flow 
moves downstream 

Birge et al. 1989; Chen 
et al., 2009 

Heavy metals Elevated heavy metal 
concentrations near effluent 
outfall from treatment facilities 
receiving industrial waste   

Begum and 
Harikrishna, 2008; Kara 
et al., 2017; Munz et 
al., 2017 

Biological 
Property 

Bacteria (E. coli ) Relatively low concentrations of 
E. coli contributed from treated 
effluent outfall. Nonpoint source 
loads were the primary source of 
bacteria loading 

Petersen et al., 2005 
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Water Quality Parameters Trend References 

Antibiotic-
resistant coliform 
bacteria 

Higher populations of antibiotic-
resistant coliform bacteria in 
reaches downstream of effluent 
outfall as compared to those 
upstream 

Akiyama and Savin, 
2010 

TrOCs Endocrine-
disruptors 
(EDCs) 

Undetected or very low levels 
upstream of effluent outfall, but 
detected, and often in high levels, 
at sites below effluent outfall. 
Some EDCs attenuated to 
undetectable concentrations 
within 11 km  

Sengupta et al., 2014; 
Dong et al., 2015; 
Barber et al., 2015 

Pharmaceuticals Undetected or very low values 
upstream of effluent outfall, and 
frequently higher at sites below 
effluent outfall. Pharmaceutical 
attenuation during stream 
transport was detected. Some 
active compounds can decrease 
almost 4-fold within 30 km 
distance from effluent outfall 

Ternes, 1998; Fono et 
al., 2006; Ramirez et 
al., 2007; Sengupta et 
al., 2014; Brown et al., 
2015; Dong et al., 2015; 
Grabicova et al., 2017; 
Mandaric et al., 2018 

Biocides Elevated concentrations about 2-
fold of biocide compounds found 
downstream of effluent outfall 

Munz et al., 2017 

 

2.3.3. Ecological impacts of effluent 

Eighty-seven of the 147 reviewed studies focused on the ecological impacts of effluent on one or 

more taxonomic groups (Fig. 2.5). The earliest study we found concerned the dominance of dipteran 

invertebrates (e.g. Chironomidae) in an effluent-fed stream near the city of Wolver Hampton, UK (Gower 

and Buckland, 1978). We did not find any studies on riparian vegetation and macrophytes until the 2000s, 

when Spänhoff et al. (2007) studied the fate of riparian leaves in a stream receiving effluent in Germany. 

From 1970s to present, the number of studies in all groups expanded, however studies of riparian 

vegetation and macrophytes lag greatly behind other taxonomic groups (Fig. 2.5). We found only one 

study focusing on birds; it examined birds that fed on fish from an effluent-dominated stream in Japan 
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(Tanoue et al., 2014). We also found one study focusing on an insectivorous bat (Kalcounis-Rueppell et 

al., 2007). We found no studies with a quantitative focus on amphibians or reptiles.  

 

Figure 2.5. Trends through time by taxonomic group for studies from effluent-fed streams published prior 
to January 2018. The “basal” (i.e. basal resources) category includes studies of algae, bacteria, and 
biofilm. Note that the final decade (2010s) is incomplete and only contains papers published through 
January 1, 2018, so the final number of studies for this decade is expected to be larger in each category.  

 

2.3.3.1. Basal Resources 

We reviewed 20 studies focusing on basal resources (algae, bacteria, and biofilm communities). 

Algal biomass and abundance generally increased with effluent inputs. In an effluent-dominated stream in 
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Texas (USA), periphyton biomass was highest near effluent inputs and exhibited a general decrease 

downstream (Murdock et al., 2004). Algal taxa were dominated by Bacillariophyceae and algal growth on 

PVC plates reached nuisance levels (>100mg Chl-a / m2) in a 6-day period. Similarly, algal biomass in 

German rivers was up to 8x higher in effluent-impacted reaches than in reference reaches (Gücker et al., 

2006). Finally, total algal abundance increased with effluent inputs in two of three UK streams, however, 

the taxon richness of algae remained similar (Oliveira and Goulder, 2006). Bacillariophyceae was the 

dominant group and comprised over 90% of the community in one of the streams. In contrast to these 

examples, algal biomass decreased in some Canadian effluent-fed streams with high ammonium 

concentrations (Waiser et al., 2011).   

Bacterial taxon richness changed in response to effluent inputs, but the direction of these changes 

was not consistent across studies. Effluent discharge near Chicago (USA) significantly reduced bacterial 

richness in the receiving stream (Drury et al., 2013). However, in an Australian stream, highest bacterial 

diversity was observed just downstream from the effluent outfall, and decreased further downstream 

(Wakelin et al. 2008). Different types of effluent (e.g. tannery, clothing factory, button factory) were 

associated with distinct bacterial taxa in China, such as Betaproteobacteria, suggesting that the source of 

effluent must be taken into account when determining ecological impacts (Lu and Lu, 2014).  

Nutrient loading from effluent often altered stream ecosystem function. This loading often 

exceeded assimilation rates by primary producers. Diel gross primary productivity in an effluent-fed river 

in Iowa (USA) was approximately two times greater than that reported for other streams in the region 

(Crumpton and Isenhart, 1987). In an effluent-dependent stream in California (USA), mean nitrate uptake 

decreased by over 50% from day to night (Kent et al., 2005). Nitrate uptake for the 24-hour study was 

approximately 11 mg NO3-N/L/d, but CO2 depletion during the afternoon decreased nitrate assimilation 

rates. Even in streams that are not effluent-dominated, small amounts of effluent input can still decrease 

nutrient uptake efficiencies (Gücker et al., 2006). 

Finally, complex relationships have been identified between algae or microbes and 

pharmaceuticals present in effluent. In Texas (USA), triclocarban, triclosan, methyl-triclosan, and 
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diphenhydramine bioaccumulated in stream-dwelling algae (Coogan et al., 2007; Du et al., 2015). 

Varying impacts have been reported for antibiotics and antimicrobial pharmaceuticals on algal biomass 

by taxa, but in one instance total algal biomass increased 120% when Ciprofloxacin was present in 

effluent (Wilson et al., 2003). In Spain, antibiotic resistance of enterobacteria and Aeromonas 

downstream of effluent outfalls increased by 20 and 40%, respectively, when compared to reference 

reaches (Goni-Urriza et al., 2000). 

2.3.3.2. Aquatic invertebrates 

Of the 31 studies we reviewed that focused on invertebrate communities, 25 (81%) compared 

communities upstream and downstream of effluent inputs, with 8 (26%) also examining community 

changes along gradients downstream from wastewater treatment plants. Although metrics varied widely 

by study, most reported changes in at least one or more of the following metrics: taxon richness, diversity, 

density, abundance, and/or community composition. Detailed reporting of these metrics allowed us to 

calculate global mean effects of effluent for several metrics.  

 Overall taxon richness, and the richness of sensitive Ephemeroptera, Plecoptera, and Trichoptera 

(EPT) taxa, were consistently and negatively affected by effluent, but other factors exhibited much more 

variability. Overall taxon richness declined by nearly 50% in effluent-fed reaches (mean change ± 1 SD: -

46.9 ± 23.0%, n = 13 studies), with only a single study reporting equal richness values above and below 

effluent outfalls (Gücker et al., 2006). Of the 16 studies that reported EPT abundances or richness values, 

94% observed a decline in EPT taxa below effluent outfalls, and 50% observed a complete loss of EPT 

taxa in effluent-fed reaches. Broad scale patterns were less clear with Shannon’s diversity index. 

Although diversity tended to be lower in effluent-fed reaches, there was significant variation across 

studies (mean change ± 1 SD: -23.4 ± 50.9%, n = 7 studies). In fact, the addition of effluent was 

associated with increased diversity values in Arizona (USA) and Germany (Boyle and Fraleigh, 2003; 

Spanhoff et al., 2007). The majority of studies reported large increases in invertebrate abundance and/or 

density downstream of effluent outfalls, but again the variability was also quite large (mean change ± 1 
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SD: +404 ± 837%, n = 9 studies). For example, abundances did not change, or were lower, below three 

treatment plants in the eastern USA (Diamond et al., 1994; Nedeau et al., 2003) and Germany (Spanhoff 

et al., 2007). 

Although some univariate metrics were somewhat equivocal across studies, clear and consistent 

changes in community composition were observed downstream of effluent outfalls. EPT taxa were quite 

sensitive to the addition of treated effluent in streams. Similar levels of EPT richness and abundance 

upstream and downstream of effluent outfalls were only observed from a single study in Germany 

(Gücker et al., 2006), whereas all other studies reported large-scale reductions or complete loss of these 

taxa. Tolerant midges (Chironomidae, Diptera) and oligochaetes dominated community composition in 

most effluent-fed streams, often comprising 90-99% of the total abundance of invertebrates. Although 

most studies did not identify midges beyond family or subfamily, one study reported a shift in 

composition: Polypedilum dominated upstream of effluent outfalls and Chironomus dominated 

downstream (Gower and Buckland, 1978). Hydropsychid caddisflies were often abundant in effluent-fed 

streams, with 35% of studies reporting this family in the top three taxa. Other commonly reported taxa in 

effluent-fed reaches were nematodes, flatworms, leeches, gastropods (e.g. Ferrissia, Physidae, 

Potamopyrgus), amphipods, ostracods, and isopods. Community recovery was noted with significant 

distance downstream of outfalls (20-40 km) or with substantial upgrades of treatment plants to improve 

effluent quality.   

2.3.3.3. Fish 

Across the 31 studies that focused on fish, 45% compared communities upstream and 

downstream of effluent outfalls and 21% examined community changes along longitudinal gradients 

downstream from outfalls. Twenty-nine percent of studies compared communities in effluent-fed streams 

with those from reference streams, and 8% only examined communities from one or two sampling sites 

below effluent outfalls.   
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Nearly all studies on the taxonomic diversity, richness, or abundance of fish reported negative 

effects of effluent. Fish diversity in one USA stream was sharply depressed, with no fish species found in 

the site closest to the outfall and only 69% survival rates for fish observed 15 km downstream of the 

outfall (Birge et al. 1989). Lower fish richness was also observed in an effluent-fed stream near Tel Aviv 

(Israel), but fish biomass was higher than in a nearby undisturbed stream (Gafny et al., 2000). Four 

studies reported a shift in species composition from intolerant to more tolerant taxa in sites downstream of 

outfalls. In South Korea, >90% of fish in one effluent-fed stream were characterized as tolerant, 

compared to <20% in a reference stream (Ra et al., 2007) and similar patterns were reported in the USA 

(Porter and Janz, 2003). Nearly complete losses of top predator fishes also have been reported in effluent-

fed streams (Porter and Janz, 2003; Ra et al., 2007).  

All studies focusing on fish and TrOCs reported higher concentrations of those compounds in fish 

tissues of effluent-fed streams compared to those from reference streams. For example, pharmaceuticals 

at concentrations of 0.05-2.5 ng/g were detected in the brain tissue of white suckers in streams with 75-

80% effluent loads, but none were detected in fish from reaches upstream of effluent outfalls (Schultz et 

al., 2010). Detectable levels of pharmaceuticals, such as fluoxetine and sertraline, were still found in 

white suckers ~8 km downstream from effluent outfalls, but at lower concentrations than near the outfall 

(Schultz et al., 2010). Brown trout have also been found with considerable levels of pharmaceuticals, 

likely due to high concentrations of these chemicals in their invertebrate prey (Schultz et al., 2010). 

Pharmaceuticals were also detected in fish-eating birds that were sampled from an effluent-dominated 

stream in Japan (Tanoue et al., 2014).  

Elevated pharmaceutical, personal care product and industrial chemicals concentrations have also 

been blamed for causing sex abnormality in fish, with higher proportions of female and intersex fish 

being observed in effluent-fed streams. For example, in several USA streams, Woodling et al. (2006) 

documented that 83% of white suckers were female in reaches with 77% effluent input, compared to only 

45% female in reaches upstream of effluent outfalls. This apparent feminization of fish was even stronger 

in reaches with >90% effluent input, in which no male white suckers were observed (80% female, 20% 
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intersex). This tendency was in line with a study of roach in Danish streams, which documented a higher 

prevalence of intersex roach below effluent outfalls than in upstream reaches (Bjerregaard et al., 2006). 

 

2.4. DISCUSSION 

The addition of effluent alters both water quality and ecological communities in receiving 

streams. Water quality impairment near effluent outfalls included increased water temperatures, nutrients, 

and concentrations of TrOCs, as well as decreased dissolved oxygen levels. Through our review, we 

found that most ecological research focused on primary producers, aquatic invertebrates, and fish. In the 

following sections, we: (1) highlight water quality issues that lead to ecological impacts, (2) identify 

knowledge gaps and avenues for future research, and (3) provide recommendations to improve ecological 

function in effluent-fed streams. 

2.4.1. Water quality trends and ecological implications 

Elevated temperatures below effluent outfalls cause numerous ecological impacts. For example, 

elevated temperatures increase primary producer growth rates and biomass (Murdock et al. 2004), even 

when the taxonomic richness is unaffected (Oliveira and Goulder 2006). Warmer water, in combination 

with higher nutrients levels, can also lead to eutrophication in effluent-fed streams (Moss et al., 2011). 

Many aquatic animals (e.g. fish, invertebrates) are adapted to specific temperature ranges (Carveth et al., 

2006; Eliason et al., 2011), so increased temperatures may exclude sensitive taxa from effluent-fed 

reaches. For example, the Greenside Darter (Etheostoma blennioides) was eliminated by high 

temperatures in an effluent-fed Canadian stream and replaced by heat-tolerant fish (Brown et al., 2011). 

Fortunately, many studies show that temperatures gradually decline in reaches downstream from effluent 

outfalls due to the increasing influence of air temperature or groundwater (Boyle and Fraleigh, 2003; 

Canobbio et al., 2009). 

 Dissolved oxygen levels in effluent-fed streams often fall below the levels which many lotic 

organisms require to survive (Birge et al., 1989). Causes of reduced dissolved oxygen levels vary across 
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systems, but include increased temperatures and eutrophication from nutrient loading that in turn, can 

increase biological oxygen demand (e.g. Birge et al., 1989; Boyle and Fraleigh, 2003; Brooks et al. 2006). 

Invertebrate taxa that require high oxygen levels, such as mayflies and stoneflies, are frequently absent 

below effluent outfalls and are replaced by tolerant worms and true flies. True flies in the genus 

Chironomus tolerate low oxygen conditions by using a type of hemoglobin (Lencioni et al., 2008), and 

several species of worms can survive for long periods in anaerobic conditions (Martins et al., 2008). 

Sensitive taxa may not reappear in effluent-fed reaches until many kilometers downstream of effluent 

outfalls, where dissolved oxygen levels begin to recover.  

In addition to these basic water quality parameters, high nutrient levels in effluent-fed streams 

can lead to increased algal biomass and water turbidity, and decreased dissolved oxygen concentrations 

(e.g. Gafny et al., 2000; Boyle and Fraleigh, 2003; Chen et al., 2009). These changes can cause increased 

fish mortality and blooms of toxic phytoplankton (Carey and Migliaccio, 2009). High ammonia 

concentrations (e.g. >2 mg/L for chronic exposure and >17 mg/L for acute exposure: US EPA, 2013) are 

particularly influential, reducing growth rates and reproductive success or causing direct mortality in 

aquatic invertebrates and fish (Constable et al., 2003). Low species richness of fishes in effluent-fed 

reaches is often due to ammonia toxicity (Gafny et al., 2000; Ra et al., 2007; Yeom et al., 2007). 

Furthermore, fish that are intolerant of ammonia may disperse away from effluent-fed reaches to avoid 

toxicity (Ra et al., 2007; Yeom et al., 2007).  

 Effluent-fed streams frequently exhibit high concentrations of TrOCs, which can significantly 

affect stream ecosystems (Dong et al., 2015). Despite improved wastewater treatment technologies, many 

TrOCs pass through treatment and persist in streams to varying degrees (Buxton and Kolpin, 2005). For 

example, pharmaceuticals accumulate in primary producers (Coogan et al., 2007; Du et al., 2015), 

invertebrates (Grabicova et al., 2015; Munz et al., 2017) and fish (Brooks et al., 2005; Schultz et al., 

2010; Tanoue et al., 2014). Invertebrates may uptake pharmaceuticals directly through the water, while 

uptake in fish occurs via the prey they eat (Du et al., 2015; Grabicova et al., 2015). Exposure to TrOCs in 

the aquatic environment may result in bioaccumulation (Du et al., 2015) and biomagnification (Du et al., 
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2014). TrOCs caused changes in fish at cellular, organ, organismal, and community levels (Porter and 

Janz, 2003). Steroidal estrogens led to feminization of male fish, resulting in more female and intersex 

fish in populations (Jobling et al., 2002; Woodling et al., 2006; Vajda et al., 2008). Fortunately, some 

TrOCs (e.g. tonalide, fluoxetine, iopromide, sucralose, and PFOS) are attenuated immediately 

downstream of effluent outfalls, most likely due to biodegradation and photolysis, thus reducing their 

impacts to aquatic communities (Dong et al., 2015). 

2.4.2. Knowledge gaps in effluent-fed streams  

Streams receiving effluent have received considerable scientific attention in recent years, but 

significant knowledge gaps remain and >80% of published studies come from the United States and 

Europe. Many abiotic factors are little studied in effluent-fed streams. For example, how does nutrient-

rich and warmer effluent affect infiltration rates and interactions with groundwater (see Treese et al., 

2009)? Similarly, how do effluent inputs alter sediment dynamics in downstream reaches? Together, 

benthic sediment and surface-groundwater interactions are crucial in determining biological communities 

within hyporheic zones and how they interact with benthic communities (Lawrence et al., 2013). 

Additionally, effluent inputs can alter flow regimes including perennialization of intermittent or 

ephemeral streams (e.g. Brooks et al., 2006) and cause high diurnal fluctuations in flow where little 

natural baseflow is present (Halaburka et al., 2013). The ecological impacts of these effluent-altered flow 

regimes have not been studied. Finally, novel contaminants, such as microplastics (e.g. McCormick et al., 

2016), continue to be discovered in effluent-fed streams and are deserving of further study. 

The vast majority of biological studies in effluent-fed streams focused on basal resources, aquatic 

invertebrates, and fish. Surprisingly, we did not find any studies focusing on other aquatic animals, such 

as amphibians and reptiles. This lack of studies is not due to a lack of these taxa in effluent-fed streams. 

In fact, endangered amphibians and reptiles, such as California red-legged frogs (Rana draytonii) and San 

Francisco garter snakes (Thamnophis sirtalis tetrataenia) occur in effluent-dominated streams in 

California (Luthy et al., 2015). In Arizona, we have observed multiple amphibian and reptile species 
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along the effluent-dependent Santa Cruz River, including toads (Incilius alvarius), turtles (Kinosternon 

sonoriense), and garter snakes (Thamnophis marcianus). Interestingly, these observations in California 

and Arizona also come from streams that would be dry during baseflow conditions in the absence of 

effluent inputs (i.e. they have been perennialized by effluent). These patterns suggest that studies of 

effluent-fed streams should be expanded to include aquatic and riparian vertebrates, and that these 

systems could serve as aquatic biodiversity refuges in arid regions where much natural stream habitat has 

been lost (Bischel et al., 2013).  

Despite the potential benefits of using effluent as a source of environmental flows, caution should 

be exercised when considering its use in naturally intermittent or ephemeral streams (Chiu et al., 2017). 

These systems are often regarded as “secondary ecosystems” relative to perennial streams (Acuña et al., 

2017), but their resident aquatic and riparian biota are often adapted to survive cycles of drying (Leigh et 

al., 2016). Anthropogenic perennialization due to effluent addition may facilitate the invasion of non-

native species lacking adaptations to drying, leading to negative effects on native biota (Chiu et al., 2017). 

Future studies should carefully evaluate the impacts of adding effluent to naturally intermittent or 

ephemeral systems.   

2.4.3. Management recommendations for effluent-fed streams  

 Based on our review, we propose the following management recommendations. First, whenever 

possible, wastewater should be treated to the tertiary level before being released into rivers. In a recent 

study, Peschke et al. (2019) reported that macroinvertebrate communities downstream of an effluent 

outfall in Germany improved, and were no longer different from those upstream of the outfall, after the 

wastewater treatment plant was upgraded. Second, to optimize ecological function and ecosystem 

services, water quality monitoring should be conducted along longitudinal gradients in effluent-fed 

streams. Monitoring effluent water quality in treatment plants prior to discharge into streams is 

insufficient because many complex chemical and ecological processes can happen in receiving streams, 

including synergistic toxicity effects (Cedergreen, 2014). Also, single point sampling near an effluent 
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outfall may skew perception towards negative impacts, considering water quality can improve 

dramatically with distance downstream. Third, improved mapping and discharge measurements of 

effluent-fed streams over larger spatial and temporal scales are needed. Many studies did not include, or 

did not have access to, critical information about the relative percentage of effluent-to-receiving stream 

flow, nor how it varied by season. Larger scale mapping of effluent-fed stream networks also would help 

in identifying non-point sources of pollution downstream of effluent outfalls. This information is 

important because these sources may counteract the natural remediation of contaminants below outfalls.  

Improved mapping efforts would also enhance public awareness of effluent-fed streams, which 

could have multiple benefits. With awareness of these systems, the public may be more likely to support 

conservation efforts that promote aquatic biodiversity (e.g. minimum in-stream flow requirements). 

Additionally, this knowledge may encourage the public to reduce household pollutant loads and change 

behaviors regarding the disposal of pharmaceuticals, so that less of these compounds enter wastewater 

treatment plants. Improved understanding of effluent-fed streams could also help provide motivation for 

managers and the public to better protect these systems. Previous studies of effluent-fed systems have 

identified a variety of societal benefits: educational and cultural opportunities (Luthy et al., 2015), 

groundwater recharge (Treese et al., 2009), land preservation and hydroelectric power (Brooks et al., 

2006), aesthetic appeal and recreation (Asano at al., 2007), and increased property values and tax revenue 

(Bischel et al., 2013).  

We hope that our review will encourage further study of these unique and expanding ecosystems. 

With careful study and management, effluent-fed streams could become important sources of aquatic 

biodiversity as natural streams dry up due to climate change or are dammed and diverted for 

anthropogenic use. 
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CHAPTER 3 – Seasonal and longitudinal water quality dynamics in three effluent-dependent rivers 
in Arizona 

 

The seasonal and longitudinal water quality dynamics across different geographic and climatic 

factors were investigated across six reaches of three effluent-dependent rivers in Arizona. We observed 

water quality deterioration (e.g. elevated temperature and low dissolved oxygen) in some reaches during 

the hottest summer months and significantly greater natural remediation of water quality in longer reaches 

for several factors (temperature, dissolved oxygen and ammonia). Nearly all sites met or exceeded water 

quality conditions needed to support robust assemblages of native species. However, this study also 

indicates that conditions may be stressful for the most sensitive taxa at sites closest to effluent outfalls, 

especially in summer. Overall, effluent-dependent streams have the capacity to serve as refuges for native 

biota, and they may become the only aquatic habitat available in many urbanizing arid and semi-arid 

regions. 

3.1. INTRODUCTION 

In recent years, various studies from across the globe have reported overuse of surface and 

groundwater resources (Gleeson et al., 2012; Voss et al., 2013; Schewe et al., 2014; Wada and Bierkens, 

2014). As a consequence, many rivers and streams have experienced flow regime alterations, including 

the loss of perennial flow and prolonged dry periods (Logan, 2006; Goodrich et al., 2018). Concurrently, 

municipal wastewater treatment facilities are increasingly discharging treated effluent into streambeds, 

especially in urban and suburban areas (Tchobanoglous et al., 2003). These effluent inputs are especially 

noticeable in streams that have dried up due to water extraction, and now depend on effluent to sustain 

baseflow during dry seasons (Luthy et al., 2015). Such streams are known as being effluent-dependent 

(100% effluent during baseflow: Du et al., 2015) and are increasingly common across the globe 

(Hamdhani et al., 2020). 

The discharge of effluent into dewatered streams helps re-create aquatic and riparian habitat that 

was previously lost (Boyle and Fraleigh, 2003; Luthy, et al., 2015), and can even support endangered 
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aquatic and riparian species. For example, endangered California red-legged frogs (Rana draytonii) and 

San Francisco garter snakes (Thamnophis sirtalis tetrataenia) are found in effluent-dependent streams in 

California (Halaburka et al., 2013; Luthy et al., 2015) and endangered Gila topminnow (Poeciliopsis 

occidentalis) are found in similar streams in Arizona (Minckley, 1999; Sonoran Institute, 2017). 

However, the quality of wastewater treatment processes may limit the potential uses of effluent for 

ecosystem restoration in many cases (Canobbio et al., 2009; Matamoros and Rodríguez, 2017; Hamdhani 

et al., 2020). 

Water quality in effluent-dependent streams can be quite different from that in natural streams 

(Brooks et al., 2006; Hamdhani et al., 2020). Differences noted in effluent-dependent or effluent-

dominated streams include elevated temperatures (Boyle and Fraleigh, 2003; Canobbio et al., 2009) and 

nutrient levels, such as nitrate (Hur et al., 2007; Chen et al., 2009), ammonium/ammonia (Gafny et al., 

2000; Boyle and Fraleigh, 2003), and phosphate (Birge et al., 1989; Chen et al., 2009). Additionally, low 

dissolved oxygen levels are frequently observed in stream reaches closest to effluent outfalls (Birge et al., 

1989; Matamoros and Rodríguez, 2017).  

However, as effluent flows through a stream channel, natural remediation processes (e.g. 

aeration, nutrient uptake) can occur and lead to improved water quality conditions (Boyle and Fraleigh, 

2003). Previous studies demonstrated that longitudinal distance from the effluent source is an important 

factor in these processes (Growns et al., 2009; Hughes et al., 2014), which suggests that the degree of 

remediation might differ depending on the length of effluent-dependent reaches. In natural stream 

systems, other factors such as seasonality and climate also play important roles in influencing water 

quality (e.g. Pionke et al., 1999; Morrill et al., 2005), so such factors likely are important in effluent-

dependent streams as well. However, few studies have examined how water quality changes with varying 

longitudinal distances from effluent inputs and how those changes may differ by season or climate zone. 

This study examined the dynamics of basic water quality parameters (e.g. temperature, dissolved 

oxygen, pH, nutrients) in six effluent-dependent reaches of differing lengths in three river systems across 
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a climate gradient in Arizona (USA). Our goals were to investigate: (1) how water quality changes with 

distance from effluent outfalls, (2) how water quality and longitudinal patterns change with season and 

climate, and (3) whether water quality conditions in these systems are sufficient to support native aquatic 

species. We hypothesized that: (1) water quality would improve with increasing distance downstream 

from effluent outfalls due to natural remediation processes, (2) water quality conditions would deteriorate 

in summer, especially in reaches with hotter climates, and (3) water quality conditions would provide 

suitable habitat for native fishes and other aquatic organisms adapted to life in natural streams of the 

region. 

3.2. METHODS 

3.2.1.  Site description 

We sampled six effluent-dependent river reaches in Arizona: three reaches in the Santa Cruz 

River basin, two reaches in the Rio de Flag basin, and one reach in the Salt River basin (Figure 3.1). 

Groundwater levels are at least 40 meters below the streambed surface for all six reaches, so each reach 

would dry completely during baseflow if effluent were not being added to the channel (Carlson et al., 

2011; Arizona Department of Environmental Quality, n.d.). Study reach lengths ranged from 3 to >24 km. 

The reach in the Salt River and both reaches of the Rio de Flag were short (~3-5 km). In the Santa Cruz 

River, one reach was medium in length (~9 km) and two others were long (>24 km) (Figure 3.2). 

Downstream of all six study reaches, the channels are dry except during periods of flooding.  
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Figure 3.1. Map of the study area showing effluent-dependent stream reaches (solid blue lines), effluent 
outfalls (circle with x), and sampling sites (solid black dot) in the state of Arizona. Each reach has been 
magnified to show more detail and each inset map has a corresponding scale bar. 
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Figure 3.2. Photos showing the six sampling reaches: A) Tres Rios reach, B) Nogales, and C) Agua 
Nueva reaches of the Santa Cruz River; D) 91st Ave reach of the Salt River; and the E) Central and F) 
Wildcat Hill reaches of the Rio de Flag. 

 

The Santa Cruz River basin (22,000 km2) is located in southern Arizona and northern Mexico 

(Webb et al., 2014). The climate is characterized by hot summers (average high July temp: 38°C) and 

moderately cool winters (average low January temp: 5°C). Annual average precipitation is ~300 mm and 

rainfall is bimodal, with the months of January and August being the wettest and May and November 

being the driest (data provided by NOAA ESRL Global Monitoring Division, Boulder, Colorado, USA 

[http://esrl.noaa.gov/]). The uppermost study reach in the Santa Cruz Basin (~25 km long) is supported by 
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the Nogales International Wastewater Treatment Plant. This plant was constructed in 1943, upgraded in 

2009, and discharges approximately 57 million liters of tertiary-treated effluent into the river each day 

(Santa Cruz County, 2019). The second Santa Cruz reach is shorter (~9 km) and is supported by the Agua 

Nueva Water Reclamation Facility (WRF), which was constructed in 1951, upgraded and modernized in 

2014, and discharges approximately 30 million liters of tertiary-treated effluent into the river each day 

(Sonoran Institute, 2017). The third and longest (~31 km) reach is supported by the Tres Rios WRF, 

which was built in 1978, upgraded and modernized in 2014, and discharges approximately 115 million 

liters of tertiary-treated effluent each day (Sonoran Institute, 2017). In addition to baseflow from the 

treatment plants, all three study reaches in the Santa Cruz River experience seasonal flood events from 

precipitation runoff, which can surpass 280 m3/s. The three perennial study reaches are separated by dry 

reaches and are only briefly connected during large flood events.  

The Salt River basin (35,000 km2) is located in central Arizona, with its headwaters in the White 

Mountains of eastern Arizona. This location has hot summers (average high July temp: 41°C) and mild 

winters (average low December temp: 7°C). Annual average precipitation is ~204 mm, and rainfall is 

bimodal. The months of March and July are the wettest, and June and October the driest (data provided by 

NOAA ESRL Global Monitoring Division, Boulder, Colorado, USA [http://esrl.noaa.gov/]). Our study 

reach (~6 km long) is supported by the 91st Avenue Wastewater Treatment Plant near Phoenix, which 

began discharging into the river in 1958, was upgraded in 2011, and processes an average of 530 million 

liters of tertiary treated effluent per day (US EPA, 2016).  

The Rio de Flag basin (518 km2) is located in the conifer forest-dominated, high elevation 

mountains (>2000 m) of north-central Arizona. The climate is characterized by moderate to warm 

temperatures in summer (average high July temp: 27°C) and cold winters (average low January temp: -

12°C). Annual average precipitation is ~588 mm, and rainfall is bimodal. The months of February and 

August are wettest, and June and November are driest (data provided by NOAA ESRL Global Monitoring 

Division, Boulder, Colorado, USA [http://esrl.noaa.gov/]). The Rio de Flag basin receives the highest 
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average annual precipitation among our study basins. However, because of underlying volcanic geology, 

only 0.25 cm per year becomes stream flow within the Rio de Flag, making it one of the lowest 

percentage runoff systems in Arizona (Bills & Enyedy, 2015). Our upper ‘Central’ reach (~3 km long) is 

supported by the Rio de Flag Water Reclamation Plant. This plant began discharging into the river in 

1993, was upgraded in 2009, and has a capacity of 15 million liters per day. Our lower ‘Wildcat’ study 

reach (~4 km long), located approximately 10 km downstream of the Central reach, is supported by the 

Wildcat Hill Water Reclamation Plant. This plant began discharging into the river in 1971 and has a 

capacity of 23 million liters per day (City of Flagstaff, 2020). Information on the actual daily discharge 

from these two plants is not publicly available, but is likely less than their total treatment capacity. 

3.2.2. Data collection 

To understand how water quality changes moving downstream from effluent outfalls, at least three sites 

were sampled for water quality within each of the 6 study reaches. The exact location and number of 

sampling sites for each reach were selected based on the availability of public access points and the length 

of reach, resulting in a range of 3 to 8 sampling sites per reach (Table 3.1). A minimum of 0.8 km 

separated each progressive downstream sampling site within a reach, with an average distance of 3.5 km 

between sites. To examine seasonal variation in water quality, we took measurements (described below) 

at each site at least once per season (winter = January to March, spring = April to June, summer = July to 

September, fall = October to December) in the year of 2018. To provide additional temporal resolution, 

one reach was sampled bi-monthly (i.e. 6x per year) and one reach was sampled monthly (i.e. 12x per 

year) (Table 3.1).   
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Table 3.1. Sampling locations by river and reach, with information about the length of the reach, the 
number of sites sampled within each reach, and the number of monthly and seasonal sampling events for 
each reach.  

River Reach/WRF Length 
(km) 

# Sites 
sampled 

# Sample 
months  

Sampling events by 
season 

Santa 
Cruz 
River 

Tres Rios  31 8 12 • Winter (3x) 
• Spring (3x) 
• Summer (3x) 
• Fall (3x) 

Nogales Int. 24 5 6 • Winter (2x) 
• Spring (1x) 
• Summer (2x) 
• Fall (1x) 

Agua Nueva 9 3 4 • Winter (1x) 
• Spring (1x) 
• Summer (1x) 
• Fall (1x) 

Salt River 91st Ave 6 3 4 • Winter (1x) 
• Spring (1x) 
• Summer (1x) 
• Fall (1x) 

Rio de 
Flag 
River 

Wildcat Hill 4 4 4 • Winter (1x) 
• Spring (1x) 
• Summer (1x) 
• Fall (1x) 

Central 3 3 4 • Winter (1x) 
• Spring (1x) 
• Summer (1x) 
• Fall (1x) 

  

During each sampling event, we measured basic water quality parameters (dissolved oxygen, 

temperature, pH, specific conductance, and alkalinity) and nutrients (total phosphorus, ammonia, and 

nitrate). Specific conductance is hereafter referred to as conductivity.  Basic water quality parameters 

were measured using in situ water quality probes: dissolved oxygen (Apera Instruments AI480 DO850 

probe), and pH, temperature, conductivity (Apera Instruments SX823-B multiprobe). For nutrient 

concentrations (total phosphorus, total ammonia nitrogen, and nitrate), we collected 500 mL water 

samples from each site, immediately transported them to the laboratory at University of Arizona, and 
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stored at 4°C until analyzed using a YSI EcoSense Model 9500 Photometer (within 48 hours). When 

nutrient concentrations were higher than reagents could test for, a dilution procedure was applied prior to 

testing and the readings were then multiplied by the dilution factor. 

3.2.3. Data Analysis 

Water quality measurements were plotted individually for each study reach as a function of river 

distance from effluent outfalls and season. We used two-way analysis of covariance (ANCOVA) to assess 

(1) how water quality variables at each site varied as a function of distance from effluent outfalls, (2) how 

water quality changed by season, and (3) whether there was an interaction between the effects of season 

and distance. Differences in season would be represented by significant differences in the y-intercepts, 

while the slope would represent the magnitude of water quality parameter change along each reach’s 

distance. Histogram analysis indicated that there were no outliers in the dataset and all variables were 

approximately normally distributed, except for ammonia, which was log-transformed prior to analysis 

(data not shown). ANCOVA analyses were run in R (R Core Team, 2016) and we used α=0.05 as a 

threshold for statistical significance. Finally, to visualize how overall water quality varied across the year 

at all sites, we included all 8 water quality parameters in a principal component analysis (PCA). The 

resulting plot allowed us to identify data clustering across river basins, reaches, and seasons. PCA was 

run with PC-ORD version 7.08 (McCune and Mefford, 2018). 

3.3. RESULTS 

The effects of distance, season, and their interaction varied across specific water quality 

parameters, rivers, and the length of the study reach (Table 3.2). Some water quality parameters, such as 

temperature and dissolved oxygen, showed consistent effects of distance from outfalls in long and 

medium reaches, but not in the short reaches. However, other water quality parameters (e.g. pH, 

ammonia) did not exhibit consistent patterns with distance from outfalls across different reach lengths. 

Other factors (e.g. conductivity, alkalinity) were rarely affected by distance from outfalls, regardless of 

the length of the study reach. Across all water quality parameters, significant effects of distance were 
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observed in 17 of 24 cases (71%) for long and medium reaches, but in only 6 of 24 cases (25%) for short 

reaches (Table 3.2).  

Table 3.2. Summary of ANCOVA model p-value results for temperature, dissolved oxygen, pH, specific 
conductance, alkalinity, phosphorus, ammonia, and nitrate by distance from outfall, season, and the 
interaction between distance and season. For each water quality parameter, we also report the maximum 
(Max) and minimum (Min) values observed over the entire year at each reach. Only P-values showing 
significance (<0.05) are shown and dashes indicate a lack of statistical significance. 

Parameter River Length Distance Season Interaction Max Min 
Temperature 
(°C) SCR- Tres  Long 0.043 <0.001 <0.001 34.2 14.3 
 SCR- Nogales Long <0.001 <0.001 - 30.3 13.9 
 SCR- Agua N. Medium 0.030 0.002 - 32.7 14.3 
 Salt- 91st Ave Short - <0.001 0.028 30.3 18 
 RDF- Wildcat Short - <0.001 - 31.5 14.1 
 RDF- Central Short - <0.001 - 26.1 9.2 
Dissolved 
oxygen  SCR- Tres  Long <0.001 <0.001 - 12.4 2.9 
(mg/L) SCR- Nogales Long 0.003 <0.001 0.014 14.1 5 
 SCR- Agua N. Medium 0.028 - - 10.5 5.1 
 Salt- 91st Ave Short - - - 14.3 6 
 RDF- Wildcat Short - - 0.004 9.9 2.9 
 RDF- Central Short - <0.001 - 20.6 3.8 
pH SCR- Tres  Long <0.001 <0.001 - 9.1 7.5 
 SCR- Nogales Long - 0.008 - 8.9 7.6 
 SCR- Agua N. Medium 0.006 - - 8.7 7.6 
 Salt- 91st Ave Short - <0.001 - 8.5 5.0 
 RDF- Wildcat Short - <0.001 - 8.5 7.0 
 RDF- Central Short <0.001 <0.001 - 9.9 7.5 
Specific 
conductance  SCR- Tres  Long - <0.001 - 1306 932 
(µS/cm) SCR- Nogales Long - 0.011 - 910 359 
 SCR- Agua N. Medium <0.001 <0.001 - 1282 1041 
 Salt- 91st Ave Short <0.001 0.027 - 3410 1710 
 RDF- Wildcat Short - 0.008 - 805 684 
 RDF- Central Short - - - 1001 585 
Alkalinity 
(mg/L CaCO3) SCR- Tres  Long - <0.001 - 188 115 
 SCR- Nogales Long 0.02 - - 253 106 
 SCR- Agua N. Medium - - 0.04 193 75 
 Salt- 91st Ave Short - - - 208 161 
 RDF- Wildcat Short - <0.001 - 175 92 
 RDF- Central Short - - - 383 137 
Phosphorus  SCR- Tres  Long <0.001 <0.001 - 2.5 1.0 
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Parameter River Length Distance Season Interaction Max Min 
(mg/L P) SCR- Nogales Long <0.001 - 0.002 1.9 0.4 
 SCR- Agua N. Medium - 0.046 - 2.3 0.6 
 Salt- 91st Ave Short 0.048 - - 2.3 1.7 
 RDF- Wildcat Short 0.001 <0.001 - 3.5 0.2 
 RDF- Central Short - - 0.03 1.4 0.1 
Ammonia  SCR- Tres  Long <0.001 <0.001 0.019 5.4 0.01 
(mg/L N) SCR- Nogales Long - - - 0.2 0.01 
 SCR- Agua N. Medium 0.002 - - 1.2 0.01 
 Salt- 91st Ave Short - - - 1.2 0.05 
 RDF- Wildcat Short 0.042 - - 0.3 0.05 
 RDF- Central Short - <0.001 - 0.3 0.02 
Nitrate  SCR- Tres  Long 0.002 0.001 - 6.4 0.5 
(mg/L N) SCR- Nogales Long 0.004 <0.001 - 6.4 0.9 
 SCR- Agua N. Medium 0.031 - 0.046 3.3 0.5 
 Salt- 91st Ave Short - - - 5.9 0.7 
 RDF- Wildcat Short - 0.005 - 6.5 0.9 
 RDF- Central Short 0.024 <0.001 - 5.8 0.1 
 

 

A significant effect of season on water quality was common in long and medium reaches (67% of 

cases), but less common in short reaches (54% of cases) (Table 2). The effects of season were especially 

consistent for water temperature, pH, conductivity, and nitrate. The longest reach studied, the Tres Rios 

reach of the Santa Cruz River, exhibited the most consistent effects of both season and distance from 

outfall across water quality parameters. Interactions between season and distance from effluent outfalls 

were rarely significant, highlighting the consistency of distance effects through different seasons. Of all 

the parameters, alkalinity appeared to be the least affected by season or distance from effluent outfalls. 

Across all study reaches, water temperature was usually elevated in spring and summer, and 

reduced in fall and winter. However, the most clear and consistent patterns in temperature were observed 

in the long study reaches, in which temperature generally decreased or stayed constant with increasing 

distance from effluent outfalls (Figure 3.3). However, there was a significant interaction between 

temperature and season in the Tres Rios reach, where temperatures actually increased with distance from 

outfall in warmer months (Figure 3.3A). However, this pattern of increasing temperatures with distance 
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from outfall in warmer months was not observed in the higher elevation Nogales reach, located 70 km 

upstream of the Tres Rios reach. 

 

Figure 3.3. Graph showing relationship between temperature (°C) on the y axis and distance (km) from 
outfall on the x axis at the Tres Rios Reach (A) and Nogales (B) reaches of the Santa Cruz River. Each 
point represents a sampling unit, with points coded by season. Solid lines represent the best fit regression 
corresponding to each season as denoted by color. 
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Figure 3.4. Relationships between dissolved oxygen (mg/L) and distance (km) from outfalls at the Tres 
Rios Reach (A) and Nogales (B) reaches of the Santa Cruz River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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Similar to temperature, dissolved oxygen also responded significantly to both season and distance 

from outfall in the two long reaches of the Santa Cruz River (Figure 3.4). Concentrations of dissolved 

oxygen were lowest during summer and highest during winter and fall. Furthermore, dissolved oxygen 

concentrations were consistently lowest at sampling sites closest to effluent outfalls, and then increased 

with the distance downstream in each season. The lowest dissolved oxygen concentration at the Tres Rios 

reach in the summer dropped as low as ~3 mg/L. 

 
 

Figure 3.5. Relationship between conductivity (µS/cm) and distance (km) from outfalls at the Wildcat 
Hill reach of the Rio de Flag (A), the 91st Avenue reach of the Salt (B), and the Agua Nueva (C) and 
Nogales (D) reaches of the Santa Cruz River. Each point represents a sampling unit, with points coded by 
season. Solid lines represent the best fit regression corresponding to each season. 
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Figure 3.6. Ammonia (A), nitrate (B), and phosphorus (C) levels with increasing distances from the 
effluent outfall in the Tres Rios reach of the Santa Cruz River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season. 
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In general, conductivity values were stable across seasons and with increasing distance from 

effluent outfalls across most reaches (Figure 3.5). However, the Salt River at 91st Avenue reach had much 

higher initial conductivity values, which then increased by about 70% within 6 km from the effluent 

outfall (Figure 3.4B). 

The highest ammonia concentrations observed across all sites were at the long Tres Rios reach of 

the Santa Cruz River, with values as high as 5.36 mg/L N during the fall season. However, these high 

ammonia concentrations decreased with the distance downstream and reached undetectable levels at the 

end of the reach, ~30km downstream from the outfall (Figure 3.6). In other seasons, ammonia 

concentrations remained very low or undetectable across all sampling sites. Nitrate and phosphorus 

exhibited only minor changes with distance, with nitrate increasing slightly and phosphorus decreasing 

slightly (Figure 3.6).   

PCA ordination revealed at least three noticeable clusters of data points when considering all 

water quality parameters together (Figure 3.7A). First, data points from the short 91st Ave reach of the 

Salt River formed a scattered open cluster apart from all other points, with the vector highlighting 

increased conductivity as being the primary cause of this distinction (Figure 3.7A; Table 3.2). Second, 

observations from the long Tres Rios reach and medium-length Agua Nueva reach of the Santa Cruz 

River overlapped in the center of the plot, indicating no single water quality parameter was responsible 

for that cluster. Third, data points from the higher elevation Nogales reach of the Santa Cruz River and 

Central and Wildcat Hill reaches of the Rio de Flag formed a partly separate cluster that was associated 

with higher nitrate values. Data points did not form any distinct clusters by season. However, a few 

patterns were evident from examining the vectors. Observations from the summer tended to have higher 

temperatures and ammonia levels, and lower pH levels, than those from other seasons (Fig. 3.7 B). 



56 
 

 

Figure 3.7. PCA ordinations of all 8 water quality factors across all 6 samples reaches and seasons. The 
same ordination is coded here by reach (A) and season (B) to illustrate clusters. The loadings of the 8 
water quality factors on the two primary axes are visualized with the blue vectors.  

 

3.4. DISCUSSION 

3.4.1. Distance effect 

The effect of longitudinal distance from effluent outfalls on water quality varied widely among 

measured factors and length of reaches. For example, water temperature and dissolved oxygen were 

significantly affected by distance in long and medium reaches, but not in short reaches (Table 3.2). 

Effluent is generally warmer than natural baseflow temperatures, so heat exchange between the 

atmosphere and stream in longer reaches likely led to cooling trends (Boyle and Fraleigh, 2003). As 

temperatures cooled in these longer reaches, dissolved oxygen levels rose. Increased oxygen levels were 

likely due to a combination of cooler temperatures, photosynthesis by macrophytes and algae, and 

atmospheric reaeration (O'Connor, 1967; Correa-González et al., 2014). 

In contrast, longitudinal variation in pH was not consistent, and even when trends were 

significant, the magnitude of change was small and values remained circumneutral to slightly basic. These 

results are in line with other studies of streams receiving effluent, which reported relatively stable pH 
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values downstream of effluent outfalls (Chen et al., 2009; Prat et al., 2013; Matamoros and Rodríguez, 

2017). Relatedly, we also found little longitudinal variation in alkalinity, which indicates the buffering 

capacity to neutralize acids and bases of a water body. Some previous studies have reported a decrease in 

alkalinity with distance downstream (Birge et al. 1989; Boyle and Fraleigh, 2003), a result likely due to 

dilution by other water sources. However, our effluent-dependent study reaches are not fed by any 

tributaries that can dilute the effluent during baseflow. 

In natural streams, conductivity tends to be low in headwater reaches and then increase in the 

downstream reaches, especially when streams pass through urban areas (Chusov et al., 2014). However, 

previous studies of effluent-fed streams have reported elevated conductivities near outfalls and then 

relatively stable values downstream (Chen et al., 2009; Prat et al., 2013; Matamoros and Rodríguez, 

2017). In general, our results support this pattern of stable conductivity values, with two exceptions. The 

short reaches of the Santa Cruz River and Salt River exhibited conductivity increases with distance 

downstream, especially on the Salt River. These patterns could be due to urban inputs (i.e. non-point 

sources) that were not mapped as part of our research, or due to underlying soil conditions. For example, 

the Salt River Valley has many areas that are high in soluble mineral salt (Harper, 1931). 

Longitudinal gradients in nutrient levels were most apparent in the longest reaches. For example, 

phosphorus decreased with distance downstream in the >30km Tres Rios reach of the Santa Cruz River, 

as has been observed in other effluent-fed streams (Birge et al. 1989; Chen et al., 2009). This reduction is 

likely due to biotic and abiotic nutrient uptake along the reaches (Davis and Minshall, 1999; Stutter et al., 

2010). For nitrogen species, in the long reach of Tres Rios we found that ammonia levels decreased 

longitudinally as nitrate levels increased. High levels of ammonia have commonly been reported near 

effluent outfalls, with decreasing levels downstream (Sebenik et al., 1972; Hamdhani et al., 2020). The 

average rate of ammonia loss in the fall season was about ten times greater than nitrate gain (-

0.11mg/L/km of N ammonia; 0.01 mg/L/km of N nitrate).  In summer, the average rate of ammonia loss 

was double that of nitrate gain (-0.08mg/L/km of N ammonia; 0.04 mg/L/km of N nitrate) (Figure 3.6). 
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The increased nitrate levels are likely due to nitrification occurring in the stream channel (Sebenik et al., 

1972) but do not fully account for ammonia removal, suggesting mechanisms besides oxidation of 

ammonia to nitrate contributed to ammonia loss during river transport. These other mechanisms include 

volatilization, adsorption by cation exchange complex, fixation by clays, and fixation by organic matter 

(Van Schreven, 1968; Weiler, 1979; Freney et al., 1981; Simon and Kennedy, 1987; Kowalchuk et al., 

1998; Chen et al., 2007; Lin et al., 2019). Since pH at all sites was always <9 (see Supplementary 

Material), total ammonia nitrogen was present mainly as ammonium ion (NH4+), thus volatilization is not 

expected to have contributed significantly to ammonia loss in any of the study reaches. 

3.4.2. Seasonal effect 

Seasonal atmospheric and climatic factors, such as air temperature, solar radiation, relative 

humidity, cloud cover, and wind speed, work together to shape water temperatures through heat exchange 

between the atmosphere and the stream (Sinokrot and Stefan, 1994). This effect is usually stronger in 

unregulated stream systems (Bowles et al., 1977) and relatively weak in effluent-dependent stream 

systems, especially near effluent outfalls (Hamdhani et al., 2020). However, we did observe a significant 

effect of season on water temperatures across all six study reaches, with warmer water observed in spring 

and summer than in fall and winter, regardless of reach length (Table 3.2; Figure 3.3). This pattern 

demonstrates the strong influence of atmospheric and climatic conditions on water temperature despite 

the stable, warm temperature of effluent at its point of release. Trends in dissolved oxygen levels across 

seasons were generally opposite to those of temperature, with the lowest values observed in summer; 

however this pattern was only significant in three of the six reaches (Table 3.2; Figure 3.4). In other 

reaches, dissolved oxygen levels could be more strongly driven by non-temperature factors, such as 

variation in biochemical oxygen demand, water volume, and photosynthetic activity (Guasch and Subater, 

1995; Mulholland et al., 2005; Mandal et al., 2010). 

Conductivity and pH differed significantly by season across five of the six study reaches, but we 

could not detect any consistent patterns (Table 3.2; Figure 3.5). For example, conductivity was often 
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highest in the summer, but in some cases it was lowest in the summer (Figure 3.5), and similar 

inconsistencies were observed with pH (data shown in supplementary material). Both factors can be 

influenced by precipitation and runoff, especially in urban areas where runoff may carry pollutants (Vega 

et al.,1998; Laudon et al., 2000). However, we avoided sampling during periods of precipitation runoff, 

thus all water quality measurements reflect conditions when flow was 100% effluent. Further study is 

needed to understand why these factors vary inconsistently by season in the six study reaches.  

We observed higher variation and inconsistency in nutrient levels than in other measured 

parameters (Table 3.2) that we attribute mainly to seasonal variation in wastewater treatment plant 

performance. The most substantial seasonal variations in ammonia, nitrate, and phosphorus occurred at 

the Tres Rios WRF, which discharges to our longest study reach of the Santa Cruz River (Figure 3.6).  In 

summer and fall, ammonia levels were much higher and nitrate levels were at their lowest, relative to 

concentrations observed in winter and spring, especially nearer to the effluent outfall. This finding was 

unexpected because conversion of ammonia to nitrate during wastewater (Siripong and Rittmann, 2007) 

and drinking water treatment (Liu et al., 2017) is usually highest in warmer seasons. We suspect that 

manipulation in treatment operations at Tres Rios WRF contributed to lessened nitrification capacity in 

summer (Hegg et al., 1979; Liu et al., 2012). Finally, phosphorus levels discharged in effluent from the 

Tres Rios WRF were higher during summer and spring, and lower during winter and fall. We speculate 

that this may be related to the type of Accumulibacter involved in phosphorus removal processes during 

wastewater treatment. Some types of Accumulibacter alter their activity patterns with seasonal-induced 

temperature changes (Flowers et al., 2013). Clearly, more research is needed to disentangle the complex 

seasonal changes in nutrient levels in effluent-dependent streams. 

3.4.3. Geography and climate 

Geographic and climatic settings strongly influence the structural and functional features of 

natural rivers and streams (Gasith and Resh, 1999; Shi et al., 2019), but it is unclear how strongly 

effluent-dependent systems might be influenced. For example, we expected that water temperature would 
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be fairly consistent across all reaches, regardless of climate zone, given the warm temperature of effluent 

resulting from the treatment process (Brooks et al., 2006; Hamdhani et al., 2020). However, when 

considering all measured factors across all reaches, sampling sites, and sampling dates together, distinct 

clusters were observed for high elevation sites (>1,000 m), the medium elevation sites (~700 m), and the 

low elevation site (<300 m) (Figure 7). As previously mentioned, the lowest elevation reach (91st Ave, 

Salt River) occurs in a stream basin with natural salt deposits (Harper, 1931). The high mineral content in 

the water likely contributed to the distinctness of that reach (Figure 3.7A). Higher nitrate levels were 

observed in the higher elevation reaches. Because rates of biochemical reactions, including 

denitrification, are temperature-dependent (Dawson and Murphy, 1972; Xu et al., 2019), lower air 

temperatures may reduce nitrate removal capacity of the treatment plants in the high elevation sites. 

In contrast to the distinct geographic clusters in the PCA ordination, we observed broad overlap 

of water quality conditions by season (Figure 3.7B). This lack of pattern is likely due to idiosyncratic 

seasonal changes across the factors and reaches, as described in the previous section and observed in 

previous studies (Hamdhani et al., 2020). Thus, although individual reaches may exhibit clear seasonal 

trends in water quality, the variation in the significance of those trends across reaches in different 

locations obscures detection of any overall seasonal patterns (Gardner and McGlynn, 2009; Pratt and 

Chang, 2012). 

3.4.4. Potential for effluent to support native aquatic species 

The ability of effluent to enhance or re-create habitat for native aquatic species is still actively 

debated, but some conservation successes have been noted in recent years (Halaburka et al., 2013; Luthy 

et al., 2015). In our six study reaches, effluent has restored flow to rivers that had been dry for decades 

due to abstraction of groundwater and surface water (e.g. Webb et al. 2014). However, prior to 

wastewater treatment plant upgrades, water quality was generally poor and aquatic biodiversity was low 

(Cordy et al., 2000; Walker et al., 2005; Sonoran Institute, 2017). In particular, high water temperatures, 

low dissolved oxygen levels, and elevated concentrations of ammonia are frequently cited as the cause of 
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low biodiversity in effluent-dependent streams (e.g. Monda et al., 1995; Hamdhani et al., 2020; 

Eppehimer et al., 2020).  

Many aquatic animals are adapted to specific temperature ranges (Carveth et al., 2006; Eliason et 

al., 2011) and warmer water can affect their growth, behavior and survial (Crawshaw, 1977; Schneider 

and Connors, 1982; Marine and Cech, 2004). Among 11 native Arizona fish species tested by Carveth et 

al. (2006), the most sensitive to high water temperatures was the Speckled dace (Rhinichthy osculus), 

which becomes disoriented at 34ºC and perishes at 36ºC. One of the most tolerant fishes identified was 

the Gila topminnow (Poeciliopsis occidentalis), which can withstand temperatures as high as 38-39ºC for 

short periods of time (Carveth et al., 2006). The highest temperature we recorded across all of our sites 

and seasons was 34.2ºC, suggesting that most effluent-dependent streams in the state are thermally 

suitable for native fish, but sensitive species could be negatively impacted in the warmest reaches. In 

these cases, a gradient in fish composition could occur, where thermally sensitive species are only found 

further downstream from the outfalls. A similar pattern has been reported for the thermally-sensitive 

Greenside Darter (Etheostoma blennioides) in a Canadian effluent-fed stream (Brown et al., 2011). 

Dissolved oxygen concentration also can be a direct indicator of the ability of a waterbody to 

support aquatic life. We occasionally observed low dissolved oxygen levels near effluent outfalls in 

summer, with concentrations as low as 2.9 mg/L, as has been observed in similar systems (Birge et al. 

1989; Boyle and Fraleigh, 2003; Matamoros and Rodríguez, 2017). Mortality or loss of equilibrium for 

fishes and other aquatic organisms can occur at concentrations between 1 and 3 mg/L (US EPA, 1986), 

and chronic exposure can cause behavioral changes that make individuals vulnerable to predation or other 

risk factors (Dean and Richardson, 1999). For native Arizona fishes, dissolved oxygen levels ranging 

from 0.22 to 1.47 mg/L have been reported as being lethal (Lowe et al., 1967). These findings suggest 

that oxygen levels were sufficient for native fishes across all of our study sites and seasons.  

Aquatic invertebrates can also be affected by low oxygen levels, with tolerant worms 

(Oligochaeta: Martins et al., 2008) and fly larvae (e.g. Chironomus, Chironomidae: Lencioni et al., 2008) 
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replacing sensitive mayflies (Ephemeroptera) and stoneflies (Plecoptera) near effluent outfalls (Hamdhani 

et al., 2020). In fact, a previous study from the Santa Cruz and Salt Rivers reported low oxygen levels and 

only a few tolerant invertebrate taxa near effluent outfalls (Cordy et al., 2000). However, wastewater 

treatment plants supplying these reaches have since been upgraded, and recent findings from the Santa 

Cruz River demonstrate a robust aquatic invertebrate community with few apparent dissolved oxygen 

limitations (Eppehimer et al., 2020). Although invertebrate studies are not available for the other two 

rivers (Salt and Rio de Flag), dissolved oxygen measurements suggest that diverse aquatic invertebrate 

communities could be found there too.  

Ammonia has direct toxic effects on aquatic species (e.g., Richardson, 1997; Hickey and Vickers, 

1994), with concentrations greater than 2 mg/L as N (pH 7.0 and temperature 20°C) causing impairment 

of aquatic life (Constable et al. 2003; Yeom et al., 2007; US EPA, 2013). The vast majority of our 

measurements in Arizona were below this threshold, but at one site on the Santa Cruz River we did find 

concentrations as high as 3-5 mg/L in summer and fall. In a prior study of the Santa Cruz River, before 

treatment plants were upgraded, the absence of sensitive mayfly taxa was likely caused by elevated 

ammonia concentrations (Boyle and Fraleigh, 2003). However, recent work has shown that both mayflies 

and fish can even be found at locations with occasional high ammonia levels (e.g. lower Santa Cruz 

River: Sonoran Institute, 2017; Eppehimer et al., 2020). Together, these findings suggest that ammonia is 

no longer a primary concern for aquatic species in effluent-dependent streams of Arizona. 

3.5. CONCLUSION 

Results from this study suggest that distance from effluent outfalls, season, and climatic and 

geographic factors all play important roles in the water quality dynamics of effluent-dependent streams. 

Water quality conditions deteriorated somewhat in some reaches during the hottest months of the summer 

and, for several factors, we observed natural remediation of water quality in longer reaches. Our study 

also shows that effluent-dependent streams supported by high quality tertiary effluent meet or exceed 

water quality conditions needed to support robust assemblages of native species. However, conditions 
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may be stressful for the most sensitive taxa at sites closest to effluent outfalls, especially in summer. 

Natural streams across arid and semi-arid regions are continuing to dry up due to climate change and 

water abstraction (Seager et al., 2007; de Graaf et al., 2019), but effluent-dependent streams are becoming 

more common (Luthy et al., 2015; Hamdhani et al., 2020). Our findings suggest that these systems have 

the capacity to serve as refuges for native biota, and they may become the only aquatic habitat available 

in many urbanizing arid regions. 
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CHAPTER 4 –Performance of a handheld chlorophyll-a fluorometer: potential use for rapid algae 
monitoring 

 

Chlorophyll-a measurements are an important factor in water quality monitoring of surface waters, 

especially for determining trophic status and ecosystem management. However, collection of field 

samples for extractive analysis in a laboratory may not fully represent field conditions. Handheld 

fluorometers that can measure chlorophyll-a in situ are available, but their performance in waters with a 

variety of potential light interfering substances has not yet been tested. We tested a hand-held fluorometer 

for sensitivity to ambient light and turbidity, and compared these findings with EPA Method 445.0 using 

water samples obtained from two urban lakes in Tucson Arizona, USA. Our results suggest that the probe 

is not sensitive to ambient light, and performed well at low chlorophyll-a concentrations (< 25 µg/L) 

across a range of turbidity levels (50 to 70 NTU). However, performance was lower when chlorophyll-a 

concentrations are > 25 µg/L and turbidity levels are <50 NTU. To account for this discrepancy, we 

developed a calibration equation to use for this hand-held fluorometer when field monitoring for potential 

harmful algal blooms in water bodies. 

4.1. INTRODUCTION 

In many water bodies, excess nutrient loading has contributed to proliferation of primary producers 

(e.g. phytoplankton) and resulted in eutrophication, which can directly reduce aquatic biodiversity (Elliott 

et al., 2006; Paerl and Huisman, 2009; Paerl and Otten, 2013; Zhu et al., 2017). However, harmful algal 

blooms can be controlled successfully with regular water quality monitoring to help guide appropriate 

remediation measures (Ibelings et al., 2014). Algae monitoring programs are necessary for tracking both 

aquatic and public health risks, and should include algal biomass estimation (Ibelings et al., 2014; 

Hollister and Kreakie, 2015). 

Accurate measurement of chlorophyll-a is important for the ambient monitoring and protection of 

any aquatic resource and may possibly be used as an early warning sign of harmful algal blooms 

(Hollister and Kreakie, 2015). The United States Environmental Protection Agency (EPA) has standards 
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for measuring algae, but they rely upon an extractive analysis of chlorophyll-a concentration to estimate 

algal abundance (Arar and Collins, 1997). This extractive analysis (EPA Method 445.0) is time-

consuming and involves collection, and potential preservation of field collected samples. An in vivo 

fluorometric method for the measurement of chlorophyll-a was proposed in the mid 1970’s (Loftus and 

Seliger, 1975; Porter et al., 1977) but due to the expense of electronic miniaturization, never gained wide 

spread acceptance or use at the time. More recently, handheld probes have been developed and refined for 

in vivo fluorometric measurement of chlorophyll-a. This methodology offers real-time measurement of 

chlorophyll-a without the need to collect samples for an extractive process (Salonen et al., 1999; 

Ghadouani and Smith 2005). Hand-held fluorometers to measure in vivo chlorophyll-a concentrations in 

the field vary greatly in their sensitivity, points of calibration, and the number of excitation channels 

(Cremella et al., 2018). Some of them are equipped with integrated turbidity sensors and data loggers, 

while others lack these features. Publications about the efficiency of hand-held fluorometers suggest that 

their measurement methods are instrument-specific and vary greatly among brands and models due to 

variations in measured emission bandwidths (Cremella et al., 2018).  

The use of in vivo probes for field measurements also raises a number of questions concerning their 

precision in different environmental conditions. Many hand-held fluorometers available are sold without 

guidelines for their performance, including the potential need to measure other parameters (e.g., turbidity) 

to improve accuracy (Zamyadi et al., 2012). Previous studies demonstrate that in a natural aquatic 

environment, ambient light and turbidity could interfere with measurements of hand-held fluorometers 

(e.g., Vincent, 1981; Strass, 1990; Laney, 2010; Leeuw et al., 2013; Cui and Lv, 2014). For example, 

most hand-held fluorometers use dedicated light sources to illuminate a small volume of water that is 

passing through the measuring chamber. This technique may need to be shielded from ambient light to 

ensure the accuracy of the sensor’s reading (Leeuw et al., 2013). Additionally, turbidity can interfere with 

the transmission of the excitation wavelength and the cells’ response to the probe. Although, some 

manufacturers recognize these limitations and recommend correction factors, many hand-held 
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fluorometers require frequent validation with more robust methods (i.e. EPA Method 445.0) for better 

accuracy (Zamyadi et al. 2012; Leeuw et al., 2013). 

We evaluated the performance of a hand-held fluorometer under differing scenarios. Our goals 

were to: (1) explore its performance under different concentrations and assemblages of algae, (2) test its 

sensitivity to ambient light, (3) investigate the impact of turbidity on measurements, and (4) compare its 

measurements with those produced by EPA method 445.0 (Arar and Collins, 1997). If this hand-held 

fluorometer produces accurate measurements of chlorophyll-a concentrations across a wide range of 

environmental conditions, it could become a user-friendly and cost-effective tool in the monitoring of 

chlorophyll-a and harmful algal blooms 

4.2. METHODS 

4.2.1. Apparatus description 

The FluoroSenseTM hand-held fluorometer (hereafter referred to as FluoroSense), manufactured by 

Turner Designs (Sunnyvale, California), detects the fluorescence of in vivo chlorophyll-a using excitation 

light from the fluorometer to excite chlorophyll-a within algal cells, causing them to fluoresce. The 

fluorescence is then detected and converted to a digital value and can then be correlated to a known 

concentration of chlorophyll-a in μg/L. Use of the FluoroSense probe is simple: submerge the probe into 

water and press the button for an immediate result. FluoroSense is factory-calibrated and capable of 

detecting algae concentrations within the range of 0-199 µg/L in vivo chlorophyll-a, with 1µg/L 

resolution. FluoroSense also is equipped with a shade cap intended to prevent ambient light interference 

during field measurements. The manufacturer claims that this instrument is intended as an early warning 

device to determine whether additional testing is required in a body of water. 

The TD-700TM fluorometer, also manufactured by Turner Designs, is used in extractive 

chlorophyll-a quantification. Chlorophyll-a filtering and dissolving in acetone is required in this method 

before results can be read according to Method 445 for in vitro determination of chlorophyll-a in 
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freshwater algae by fluorescence (Arar and Collins, 1997). Chlorophyll-containing phytoplankton in a 

measured volume of sample water are concentrated by filtering at low vacuum through a glass fiber filter. 

Chlorophyll-a is water-insoluble, but can be easily dissolved in organic solvents such as acetone. In 90% 

acetone, the pigments can be extracted from the phytoplankton with the aid of a mechanical tissue grinder 

to ensure thorough extraction of the chlorophyll-a (Arar and Collins, 1997). 

4.2.2. Sampling and laboratory experiment 

We tested for differences in measurements between the FluoroSense probe and the TD-700 

fluorometer under different environmental conditions using water samples from two urban, man-made 

lakes in Tucson, Arizona, USA (Figure 4.1 and 4.2). Lakeside Lake (5.7-hectare surface area) and 

Silverbell Lake (5.3-hectare surface area) both receive moderate recreational and fishing use and are fed 

by groundwater pumped to the surface via wells. The well that supports Silverbell Lake is influenced by 

treated wastewater recharge in the nearby effluent-dependent Santa Cruz River (Eppehimer et al., 2020) 

and Lakeside Lake also receives episodic runoff from Atterbury Wash, an ephemeral urban stream. 

Licensed and permitted boats up to 5 meters long are allowed, but gasoline motors are prohibited 

(Arizona Game and Fish, 2020). 

 

Figure 4.1. A) FluoroSenseTM Handheld Fluorometer and B) TD-700TM Fluorometer (source: Turner 
Designs) 
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Figure 4.2. Water samples for analyses were collected from Lakeside Lake (A) and Silverbell Lake (B) in 
Tucson, Arizona (USA). 

 

In each lake, we collected a 15-liter composite water sample on October 5, 2019. Each composite 

sample consisted of five, 3-liter grabs collected from different portions of the lake accessible from the 

shore. The composite samples were combined into a 5-gallon plastic water container, transported to the 

laboratory at the University of Arizona, and analyzed within 24 hours. In the laboratory, each composite 

water sample was transferred into, and homogenized using, a mixing bucket. One liter of homogenized 

water from each lake was used for taxonomic analyses of algae. This taxonomic subsample was then 

transferred to a 1-liter glass beaker and stirred with a magnetic stir bar for 1 minute prior to pipetting out 

1 mL of sample. Phytoplankton samples were read using an Olympus BH2 phase-contrast microscope and 

Sedgewick-Rafter (S-R) counting chamber. The S-R cell was 10 cm2. Both strip and field counts were 

performed and units/cm2 calculated (Stevenson and Bahls,1999). 

We tested the performance of the FluoroSense probe on water from both lakes at three different 

algal concentrations, under light and dark conditions, and under four different levels of added turbidity. 

We obtained 600 mL subsamples from the homogenized samples collected from each lake. These 

subsamples were subjected to the following treatments. To achieve three algal concentrations, we used (1) 

the original water collected from each lake, (2) a dilution with one-third distilled water, and (3) a dilution 

with two-thirds distilled water. Hereafter, these treatments are called high, medium, and low 

concentrations of algae, respectively. We selected these treatments after testing the undiluted samples to 
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be sure that all treatment concentrations would be within the detection range reported by the FluoroSense 

maufacturer (0-199 µg/L). Next, four turbidity treatments were created from undiluted subsamples (i.e. 

ambient algal concentrations) from each lake by adding kaolinite clay mineral powder. We added 0 

(ambient turbidity), 0.01, 0.02, and 0.03 grams of kaolinite clay (Cremella et al., 2018; Chang et al., 

2011) into replicate subsamples to create the four added turbidity treatments (none, low, medium, and 

high, respectively). The exact turbidity NTU in each replicate and treatment was measured with a Sper 

Scientific 860040 Turbidity Meter (Sper Scientific). There were fifteen 600mL replicates for each 

treatment. 

After all treatment replicates were created, we used the FluoroSense to measure chlorophyll-a 

under the two different light treatments for all three algal concentration treatments and all four turbidity 

treatments. Dark treatment measurements were made in a completely dark chamber, while light treatment 

measurements were made under bright light (5500 Lux) generated from two LED lamps positioned at 45º 

angles, which simulated the intensity of mid-day outdoor light at the two lakes we sampled. Finally, we 

examined how well the FluoroSense probe compared to the EPA Method 445.0 approach under these 

varying algal concentrations and turbidities. We measured chlorophyll-a using the FluoroSense probe and 

the TD-700 for the same replicate samples from each lake under the three different algal and the four 

different added turbidity treatments.  

Prior to testing, all instruments were calibrated using manufacturer-recommended procedures. 

Rhodamine dye 100μg/L was used for the FluoroSense and chlorophyll-a Solid Secondary Standard (P/N 

7000-994) was used for the TD-700. Additionally, the TD-700, was zero-adjusted using acetone. Finally, 

the turbidity probe was calibrated using two points: the zero point was calibrated with 0 NTU solution 

and the second point was calibrated using a 100 NTU solution provided by the manufacturer.  
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4.2.3. Statistical analyses 

The FluoroSense readings under three different concentrations (with no added turbidity) in the dark 

and light treatments were compared using paired t-tests using Stata Version 15.1 (StataCorp, 2017). We 

used α=0.05 as a threshold to identify statistical significance. To investigate the performance of the 

FluoroSense probe under different turbidity treatments across both lakes, a multiple regression was run in 

R version 3.5.1 (R Core Team, 2019). The FluoroSense readings and turbidity measurements were 

included as independent variables for predicting the dependent TD-700 values. This approach aimed to 

determine if the hand-held fluorometer could reliably predict the measurements produced by EPA Method 

445.0. Light treatments were not included in the regression model because they were not found to affect 

the probe’s chlorophyll-a measurements (see below). Lake identity (Lakeside vs Silverbell) was initially 

considered as a model factor to account for potential differences in probe performance in waters from 

differing algal assemblages. However, lake identity was excluded after we found that the responses to 

light, turbidity, and chlorophyll-a concentrations were not statistically different between the two lakes. 

4.3. RESULTS  

4.3.1. Algal taxa and concentrations in Lakeside and Silverbell Lakes 

Lakeside Lake supported a more diverse algal assemblage, with 8 genera in 4 phyla at relatively 

low to moderate concentrations, including two cyanobacteria taxa (Table 4.1). In contrast, we only 

detected a single algal taxon in Silverbell Lake, the cyanobacteria Microcystis, and it was found in 

relatively high concentrations. Chlorophyll-a readings (µg/L) under both measurement approaches 

(FluoroSense and TD-700) were roughly twice as high in subsamples from Silverbell Lake when 

compared to those from Lakeside Lake (Table 4.2, Fig. 4.3). 

https://link.springer.com/article/10.1007/s10750-020-04343-6#ref-CR73
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Figure 4.3. Comparison between extracted total chlorophyll-a using TD-700 versus chlorophyll-a 
estimated from in vivo measurements using the FluoroSense probe across different added turbidity levels 
[none (blue), low (brown), medium (grey), and high (yellow)] and three different sample dilutions from 
Lakeside and Silverbell Lake water samples (panels A and B, respectively). For all panels, the solid black 
line illustrates a 1:1 relation between the two measurement techniques.  

 

Table 4.1. Algal taxa identified in 1L samples collected from Lakeside and Silverbell Lakes, including the 
concentrations of individual taxa reported in units/ml. 

Phylum Genus Quantity (units/ml) 
Lakeside Lake  
Chlorophyta Dictyosphaerium 3,400 
Chlorophyta Chlamydomonas 3,000 
Chlorophyta Scenedesmus 2,800 
Pyrrophyta Gymnodinium 2,200 
Chrysophyta Fragilaria 2,000 
Chrysophyta Cymbella 800 
Cyanobacteria Microcystis 400 
Cyanobacteria Oscillatoria 200 

Total 14,800 
Silverbell Lake 
Cyanobacteria Microcystis 32,600 

Total 32,600 
 

4.3.2. Sensitivity to ambient light  

FluoroSense chlorophyll-a measurements generally were not affected by light across the wide range 

of dilutions and turbidity treatments that we tested (Table 4.2). Only two of the 24 treatment 
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combinations resulted in significant differences between light and dark conditions. Both of these 

significant results occurred under the low algal concentration treatments of Lakeside and Silverbell Lakes, 

with one occurring under no added turbidity and the other occurring under the medium turbidity 

treatment.  

Table 4.2. Paired t-test results for FluoroSense readings under light and dark conditions at three levels of 
algal concentration dilutions and three turbidity treatments. The mean, standard deviation (Std. Dev.), and 
minimum (min) and maximum (max) FluoroSense chlorophyll-a readings (µg/L) are provided for each 
dilution series (n= 15 for each series), and exact turbidity measurements (NTU) are provided for the three 
turbidity treatments as well. Significant t-test results are highlighted in bold with an asterisk.  

Sample 
origin 

Algal 
concentration 

Turbidity 
added 

Turbidity 
(NTU) 

Light treatment Dark treatment t test  
(p-value) 

    Mean Std. 
Dev. 

Min Max Mean Std. 
Dev. 

Min Max  

Lakeside 
Lake 

High None 21.48 71.00 3.08 67 74 66.20 3.27 62 71 >0.05 
Low 45.39 66.00 2.45 63 69 63.60 2.97 59 67 >0.05 

Medium 61.00 63.80 1.79 62 66 62.40 3.65 58 67 >0.05 
High 82.20 51.20 1.30 49 52 54.00 2.74 50 57 >0.05 

Medium None 16.65 47.00 2.55 44 50 50.60 5.86 43 57 >0.05 
Low 42.64 44.00 3.55 40 48 44.80 3.56 39 48 >0.05 

Medium 72.00 42.00 2.24 39 45 40.40 1.67 39 43 >0.05 
High 90.80 34.60 1.52 33 37 33.20 1.30 32 35 >0.05 

Low None 12.13 34.40 2.07 31 36 32.60 2.70 28 35 <0.05* 
Low 34.00 29.20 0.84 28 30 28.20 1.10 27 30 >0.05 

Medium 52.80 30.20 1.64 28 32 28.40 1.52 27 30 >0.05 
High 71.00 25.00 2.00 23 27 26.20 1.10 25 27 >0.05 

Silverbell 
Lake 

High None 12.28 151.80 8.24 139 170 148.60 7.24 133 156 >0.05 
Low 34.03 136.07 7.37 122 150 136.67 6.86 126 148 >0.05 

Medium 56.60 121.67 5.84 114 134 125.13 7.38 112 138 >0.05 
High 89.00 112.73 3.71 105 118 111.33 5.02 104 124 >0.05 

Medium None 4.408 91.93 7.31 78 102 88.80 5.28 77 100 >0.05 
Low 35.68 83.47 3.58 78 90 82.40 5.05 74 89 >0.05 

Medium 61.40 75.73 4.25 71 85 72.20 6.06 66 85 >0.05 
High 97.80 64.67 6.22 55 76 62.67 4.43 55 70 >0.05 

Low None 3.08 51.53 6.00 41 63 47.33 5.42 39 61 >0.05 
Low 46.16 43.07 2.76 39 48 43.47 4.75 37 50 >0.05 

Medium 95.00 33.93 4.18 29 43 31.73 3.73 26 41 <0.05* 
High 118.00 34.47 2.29 30 38 33.27 2.60 30 38 >0.05 

 

4.3.3. Sensitivity to turbidity  

Linear regression illustrated that chlorophyll-a estimations between the two methods were closest 

for the high turbidity treatment (i.e. fell closest to the 1:1 line) but grew farther apart with decreasing 

turbidity (Fig. 4.3). These results suggest the FluoroSense probe overestimates chlorophyll-a 

concentrations in low turbidity situations. Additionally, measurements between the two methods were 

closer to the 1:1 line at lower chlorophyll-a concentrations than at higher concentrations. This pattern 
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occurred in subsamples from both lakes, but was especially pronounced in samples from Silverbell Lake, 

which had much higher ambient algal densities of Microcystis (see Table 4.1) and higher concentrations 

of chlorophyll-a (Fig. 4.3). Both the Fluorosense reading and turbidity level (NTU) were significant 

factors in the final regression model (Table 4.3). Overall, our testing within the range of 25-150 μg/L 

chlorophyll-a across subsamples from both lakes resulted in a final model with the following equation:  

TD-700 Chl-a = 1.7962 + (0.5897*FluoroSense Chl-a) + (0.1862*Turbidity) 

Where TD-700 Chl-a is the predicted chlorophyll-a concentration in µg/L using EPA Method 445.0, 

FluoroSense Chl-a is the chlorophyll-a reading using the Fluorosense in µg/L, and the Turbidity is the 

ambient known turbidity in NTU. This model explained 94% of the variation in TD-700 readings across 

all samples from Lakeside and Silverbell Lakes. 

Table 4.3. Multiple linear regression model for predicting TD-700 readings using FluoroSense readings 
and turbidity measurements across three algal concentration and turbidity treatments from Lakeside and 
Silverbell Lakes (R2 = 0.94).  

 Coefficients Std. Error t value p-value 
Intercept 1.796 0.563 3.189 0.0015 
FluoroSense reading 0.590 0.005 107.204 < 2e-16 
Turbidity  0.186 0.006 30.565 < 2e-16 

 

4.4. DISCUSSION 

Studies examining the performances of low-cost portable fluorometers suggest that sensitivity to 

light during daytime deployment can be a primary limitation, with detectors easily becoming saturated by 

ambient light (Rovati and Docchio, 1999; Leeuw et al., 2013). As a result, two methods were suggested to 

reduce the light sensitivity of probes: (1) modulate the light source and apply a high frequency filter as 

part of detection circuit and (2) create a flow through system that excludes ambient light (Leeuw et al., 

2013). The FluoroSense takes the latter approach, with a cap at the bottom tip of the unit that aims to 

prevent ambient light penetration. Our results indicate that the FluoroSense cap does block ambient light 

and that the probe can confidently be used for daytime field measurements, even in the bright conditions.  
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Turbidity can introduce errors into the measurements of fluorescence probes, leading to 

overestimating (e.g. Leeuw et al., 2013; Cui and Lv, 2014; Cremella et al., 2018) or underestimating of 

the actual fluorescence readings (e.g. Brient et al., 2008; Zamyadi et al. 2012). These errors likely arise 

due to the light scattering, so the optical configuration of the fluorescence probe may cause different 

responses to turbidity (Zamyadi et al. 2016). In our study, the added inorganic mineral turbidity 

treatments most likely reduced the FluoroSense’s signal, leading to decreased estimations in chlorophyll-

a values. Interestingly, this pattern almost seemed to correct for the probe’s tendency to overestimate 

chlorophyll-a, such that the high turbidity treatments (~70 NTU) were closest to the 1:1 line, especially at 

lower ambient concentrations of algae (~25 µg/L of chlorophyll-a) (Fig. 4.3). Whether this tendency to 

overestimate values is intentional to the design of FluoroSense is unknown, but it results in a probe that 

works better under some of the higher turbidity situations that could be encountered in the field. Although 

we did not test the probe’s performance on samples from lotic ecosystems, mean chlorophyll-a values in 

temperate streams tend to be low (~27 µg/L), even during the high productivity summer period (Van 

Nieuwenhuyse and Jones, 1996). Our finding of better performance under higher turbidities and lower 

algal concentrations suggests that the Fluorosense probe could work well in streams where these 

conditions are frequently encountered. 

We tested the effect of turbidity emanating from inorganic fine kaolinite clay, however, different 

grain sizes of suspended sediment causing turbidity may affect the performance of hand-held probes 

differently than what was quantified in this study. One study revealed that smaller particle sizes result in 

higher reductions of florescence intensities when compared to measurements made in samples with the 

same mass of sediment, but larger particle sizes (Brient et al., 2008). Optical interference in fluorometer 

readings may also originate from dissolved organic compounds of different colors. For example, tannins 

from leaves emit florescence in a wide spectrum of wavelengths (Hudson et al., 2007; Cremella et al., 

2018), and could interfere with probe measurements. More research is needed to understand the responses 
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of the FluoroSense probe to colored dissolved organic compounds or sediments of different origin and 

grain size than what we examined in this study. 

One concern about hand-held fluorometers is how well they perform across a range of sampling 

locations that vary widely in algae concentrations and taxonomic composition. Although we only tested 

water from two lakes in this study, algal assemblages and concentrations differed markedly between 

them, with one supporting a diverse assemblage at lower concentrations and the other supporting only 

cyanobacteria at higher concentrations (Table 4.1). Despite these differences, our results suggest that 

FluoroSense’s measurements, and its response to different light, turbidity, and algal dilution treatments, 

were similar between the two study lakes. Additionally, FluoroSense worked well in Silverbell Lake, 

which was dominated by the potentially harmful cyanobacteria (Microcystis). This taxon is a management 

concern due to its wide range of potential adverse health effects (e.g. Pip and Bowman, 2014; Yuan et al., 

2014), so it is important that the probe works well to estimate concentrations of cyanobacteria.  

4.5. CONCLUSION 

Our testing of the hand-held FluoroSense probe showed that, as an in situ instrument, it is not 

sensitive to ambient light, but that it overestimates chlorophyll-a concentrations at lower inorganic 

turbidity levels and higher ambient algal concentrations. However, our regression model was able to 

adjust for these limitations within the range tested (25-150 μg/L). In these situations, FluoroSense can be 

used as a fast, simple, and easy method in monitoring algal biomass for determining trophic status and 

ecosystem management. Future studies evaluating FluoroSense or other hand-held fluorometers should 

address how they are affected by organic turbidity and colored dissolved organic matter, and also test 

their performance in measuring very low chlorophyll-a concentrations (<25 μg/L) that were not assessed 

in our study. 
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CHAPTER 5 – Conclusion 
 

In this dissertation, I present evidence that release of treated effluent can impair water quality and 

ecological communities, especially in areas that only use secondary treatment of raw municipal 

wastewater. However, effluent also could help to restore flow and maintain aquatic habitat in water-

stressed regions, and tertiary treatment will support more diverse ecological communities.  

I found that water quality impairment near effluent outfalls included increased water 

temperatures, nutrients, and concentrations of TrOCs, as well as decreased dissolved oxygen levels 

(Chapter 2). Many aquatic animals (e.g. fish, invertebrates) are adapted to specific temperature ranges 

(Carveth et al., 2006; Eliason et al., 2011), so increased temperatures may exclude sensitive taxa from 

effluent-fed reaches. Dissolved oxygen levels in some effluent-fed streams often fall below the levels 

which many lotic organisms require to survive (Birge et al., 1989). Invertebrate taxa that require high 

oxygen levels, such as mayflies and stoneflies, are frequently absent below effluent outfalls and are 

replaced by tolerant worms and true flies (Lencioni et al., 2008). High nutrient levels in effluent-fed 

streams can lead to increased algal biomass and turbidity, and decreased dissolved oxygen concentrations 

(e.g. Gafny et al., 2000; Boyle and Fraleigh, 2003; Chen et al., 2009). Exposure to TrOCs in the aquatic 

environment may result in bioaccumulation (Du et al., 2015) and biomagnification (Du et al., 2014). 

TrOCs may cause changes in fish at cellular, organ, organismal, and community levels (Porter and Janz, 

2003). Fortunately, many studies show water quality recoveries downstream from effluent outfalls, 

potentially due to dilution and natural purification processes (Boyle and Fraleigh, 2003; Canobbio et al., 

2009; Dong et al., 2015). 

In my study of seasonal and longitudinal water quality dynamics in three effluent-dependent 

rivers in Arizona (Chapter 3), I observed water quality deterioration (e.g. elevated temperature and low 

dissolved oxygen) in some reaches during the hottest summer months. However, I also observed 

significant natural remediation of water quality (e.g. higher dissolved oxygen, lower ammonia levels) in 

longer effluent-dependent reaches. Additionally, nearly all sites met or exceeded water quality conditions 
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needed to support robust assemblages of native species. Overall, the effluent-dependent streams I studied 

have the capacity to serve as refuges for native biota, and they may become the only aquatic habitat 

available as our climate continues to warm and dry. 

Elevated temperature in combination with high nutrient level at sites closest to effluent outfalls 

potentially can cause algal blooms. This concern led me to evaluate a rapid method to estimate 

chlorophyll-a in water column (Chapter 4). Previous studies suggested that in situ chlorophyll-a may be 

sensitive to ambient light and turbidity (e.g., Vincent, 1981; Strass, 1990; Laney, 2010; Leeuw et al., 

2013; Cui and Lv, 2014). However, the handheld fluorometer that I tested is not sensitive to ambient 

light, and it performed well at low chlorophyll-a concentrations (< 25 µg/L) across a range of turbidity 

levels (50 to 70 NTU). However, performance was lower when chlorophyll-a concentrations are > 25 

µg/L and turbidity levels are <50 NTU. I developed a regression model to account for this discrepancy, 

and this can be used for field measurements in water bodies with chlorophyll-a concentrations within the 

range of 25-150 μg/L. The method that I developed is fast, simple, and an easy approach for monitoring 

potential harmful algal blooms in aquatic system.  

Finally, I hope all three chapters in my dissertation make a significant contribution to our 

understanding and management of anthropogenic water bodies, such as effluent-dependent streams. These 

systems were historically quite impaired and treated as second-class ecosystems. But they are likely to 

become important refuges for aquatic biodiversity in our rapidly urbanizing, warming, and in many cases 

drying, world.  
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2.6. APPENDICES – SUPLEMENTARY DATA 

Table A2.1. Complete list of compiled papers, their locations and stream sampling geographic 

No. References 
Geographic location Stream sampling geographic 

Single 
Stream 

Multiple 
Streams 

Country (ies) One or 
two sites 

Upstream vs 
downstream 

Effluent vs 
reference 

Gradient 

1 Akiyama, T., & Savin, M. C. (2010). Populations of antibiotic-resistant coliform 
bacteria change rapidly in a wastewater effluent dominated stream. Science of the 
Total Environment, 408(24), 6192-6201.  

X   USA   X     

2 Alvarez, D. A., Stackelberg, P. E., Petty, J. D., Huckins, J. N., Furlong, E. T., 
Zaugg, S. D., & Meyer, M. T. (2005). Comparison of a novel passive sampler to 
standard water-column sampling for organic contaminants associated with 
wastewater effluents entering a New Jersey stream. Chemosphere, 61(5), 610-
622.  

X   USA X       

3 Andersen, C. B., Lewis, G. P., & Sargent, K. A. (2004). Influence of wastewater-
treatment effluent on concentrations and fluxes of solutes in the Bush River, 
South Carolina, during extreme drought conditions. Environmental Geosciences, 
11(1), 28-41. 

X   USA   X   X 

4 Andersen, D. C., & Nelson, S. M. (2013). Floral ecology and insect visitation in 
riparian Tamarix sp.(saltcedar). Journal of Arid Environments, 94, 105-112.  

X   USA  X       

5 Andersen, D. C., Stricker, C. A., & Nelson, S. M. (2016). Wood decay in desert 
riverine environments. Forest Ecology and Management, 365, 83-95.  

  X USA X       

6 Arce, E., Archaimbault, V., Mondy, C.P. and Usseglio-Polatera, P. (2014). 
Recovery dynamics in invertebrate communities following water-quality 
improvement: taxonomy-vs trait-based assessment. Freshwater Science, 33(4), 
1060-1073.  

X   France   X     

7 Arnon, S., Avni, N. and Gafny, S. (2015). Nutrient uptake and macroinvertebrate 
community structure in a highly regulated Mediterranean stream receiving treated 
wastewater. Aquatic Sciences, 77(4), 623-637.  

X   Israel   X     

8 Bae, M. J., Merciai, R., Benejam, L., Sabater, S., & García‐Berthou, E. (2016). 
Small weirs, big effects: disruption of water temperature regimes with 
hydrological alteration in a Mediterranean stream. River Research and 
Applications, 32(3), 309-319.  

X   Spain   X   X 

9 Barber, L. B., Antweiler, R. C., Flynn, J. L., Keefe, S. H., Kolpin, D. W., Roth, 
D. A., ... & Verplanck, P. L. (2011). Lagrangian mass-flow investigations of 
inorganic contaminants in wastewater-impacted streams. Environmental Science 
& Technology, 45(7), 2575-2583.  

  X USA   X     

10 Barber, L. B., Keefe, S. H., Brown, G. K., Furlong, E. T., Gray, J. L., Kolpin, D. 
W., ... & Zaugg, S. D. (2013). Persistence and potential effects of complex 
organic contaminant mixtures in wastewater-impacted streams. Environmental 
Science & Technology, 47(5), 2177-2188. 

  X USA       X 



80 
 

No. References 
Geographic location Stream sampling geographic 

Single 
Stream 

Multiple 
Streams 

Country (ies) One or 
two sites 

Upstream vs 
downstream 

Effluent vs 
reference 

Gradient 

11 Barber, L.B., Loyo-Rosales, J.E., Rice, C.P., Minarik, T.A. and Oskouie, A.K. 
(2015). Endocrine disrupting alkylphenolic chemicals and other contaminants in 
wastewater treatment plant effluents, urban streams, and fish in the Great Lakes 
and Upper Mississippi River Regions. Science of the Total Environment, 517, 
195-206.  

  X USA   X     

12 Barrett, T. J., Lowell, R. B., Tingley, M. A., & Munkittrick, K. R. (2010). Effects 
of pulp and paper mill effluent on fish: a temporal assessment of fish health 
across sampling cycles. Environmental Toxicology and Chemistry, 29(2), 440-
452.  

  X Canada     X   

13 Bartelt-Hunt, S. L., Snow, D. D., Damon, T., Shockley, J., & Hoagland, K. 
(2009). The occurrence of illicit and therapeutic pharmaceuticals in wastewater 
effluent and surface waters in Nebraska. Environmental Pollution, 157(3), 786-
791. 

X   USA   X     

14 Batt, A. L., Bruce, I. B., & Aga, D. S. (2006). Evaluating the vulnerability of 
surface waters to antibiotic contamination from varying wastewater treatment 
plant discharges. Environmental Pollution, 142(2), 295-302.  

  X USA    X   X  

15 Bedore, P. D., David, M. B., & Stucki, J. W. (2008). Mechanisms of phosphorus 
control in urban streams receiving sewage effluent. Water, Air, and Soil 
Pollution, 191(1-4), 217-229.  

  X USA       X 

16 Begum, A. & Harikrishnarai (2008). Study on the quality of water in some 
streams of Cauvery River. Journal of Chemistry, 5(2), 377-384. 

X   India   X   X 

17 Berestov, A. L., Fernando, H. J. S., & Fox, P. (1998). Modeling of transport and 
seepage in effluent‐dominated streams. Water Resources Research, 34(11), 3025-
3033.  

X   USA X       

18 Birge, W. J., Black, J. A., Short, T. M., & Westerman, A. G. (1989). A 
comparative ecological and toxicological investigation of a secondary wastewater 
treatment plant effluent and its receiving stream. Environmental Toxicology and 
Chemistry, 8(5), 437-450. 

X   USA   X   X 

19 Bjerregaard, L. B., Korsgaard, B., & Bjerregaard, P. (2006). Intersex in wild 
roach (Rutilus rutilus) from Danish sewage effluent-receiving streams. 
Ecotoxicology and Environmental Safety, 64(3), 321-328. 

X   Denmark     X   

20 Boyle, T.P. and Fraleigh Jr, H.D. (2003). Natural and anthropogenic factors 
affecting the structure of the benthic macroinvertebrate community in an 
effluent-dominated reach of the Santa Cruz River, AZ. Ecological 
Indicators, 3(2), 93-117.  

X   USA       X 

21 Bradley, P. M., Barber, L. B., Duris, J. W., Foreman, W. T., Furlong, E. T., 
Hubbard, L. E., ... & Kolpin, D. W. (2014). Riverbank filtration potential of 
pharmaceuticals in a wastewater-impacted stream. Environmental Pollution, 193, 
173-180. 

X   USA X       
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No. References 
Geographic location Stream sampling geographic 

Single 
Stream 

Multiple 
Streams 

Country (ies) One or 
two sites 

Upstream vs 
downstream 

Effluent vs 
reference 

Gradient 

22 Bradley, P. M., McMahon, P. B., & Chapelle, F. H. (1995). Effects of carbon and 
nitrate on denitrification in bottom sediments of an effluent‐dominated river. 
Water Resources Research, 31(4), 1063-1068. 

X   USA       X 

23 Brooks, B. W., Chambliss, C. K., Stanley, J. K., Ramirez, A., Banks, K. E., 
Johnson, R. D., & Lewis, R. J. (2005). Determination of select antidepressants in 
fish from an effluent‐dominated stream. Environmental Toxicology and 
Chemistry, 24(2), 464-469. 

X   USA X   X   

24 Brown, C. A. (1996). Macroinvertebrate community patterns in relation to select 
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Tress Rios 

 

Figure A3.1. Graph showing the relationship between pH on the y axis and distance (km) from outfall on 
the x axis at the Tres Rios Reach of the Santa Cruz River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

 

Figure A3.2. Graph showing the relationship between conductivity on the y axis and distance (km) from 
outfall on the x axis at the Tres Rios Reach of the Santa Cruz River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 
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Figure A3.3. Graph showing the relationship between alkalinity on the y axis and distance (km) from 
outfall on the x axis at the Tres Rios Reach of the Santa Cruz River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 

 

Nogales 

 

Figure A3.4. Graph showing the relationship between pH on the y axis and distance (km) from outfall on 
the x axis at the Nogales Reach of the Santa Cruz River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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Figure A3.5. Graph showing the relationship between alkalinity on the y axis and distance (km) from 
outfall on the x axis at the Nogales Reach of the Santa Cruz River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

 

 

Figure A3.6. Graph showing the relationship between phosphorus on the y axis and distance (km) from 
outfall on the x axis at the Nogales Reach of the Santa Cruz River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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Figure A3.7. Graph showing the relationship between ammonia on the y axis and distance (km) from 
outfall on the x axis at the Nogales Reach of the Santa Cruz River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

 

Figure A3.8. Graph showing the relationship between nitrate on the y axis and distance (km) from outfall 
on the x axis at the Nogales Reach of the Santa Cruz River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color 
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Agua Nueva 

 

Figure A3.9. Graph showing the relationship between temperature on the y axis and distance (km) from 
outfall on the x axis at the Agua Nueva Reach of the Santa Cruz River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 

 

 

Figure A3.10. Graph showing the relationship between dissolved oxygen on the y axis and distance (km) 
from outfall on the x axis at the Agua Nueva Reach of the Santa Cruz River. Each point represents a 
sampling unit, with points coded by season. Solid lines represent the best fit regression corresponding to 
each season as denoted by color. 



98 
 

 

 

Figure A3.11. Graph showing the relationship between pH on the y axis and distance (km) from outfall on 
the x axis at the Agua Nueva Reach of the Santa Cruz River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

 

Figure A3.12. Graph showing the relationship between alkalinity on the y axis and distance (km) from 
outfall on the x axis at the Agua Nueva Reach of the Santa Cruz River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 
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Figure A3.13. Graph showing the relationship between phosphorus on the y axis and distance (km) from 
outfall on the x axis at the Agua Nueva Reach of the Santa Cruz River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 

 

 

Figure A3.14. Graph showing the relationship between ammonia on the y axis and distance (km) from 
outfall on the x axis at the Agua Nueva Reach of the Santa Cruz River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 
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Figure A3.15. Graph showing the relationship between nitrate on the y axis and distance (km) from 
outfall on the x axis at the Agua Nueva Reach of the Santa Cruz River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 

 

91st Ave 

 

Figure A3.16. Graph showing the relationship between temperature on the y axis and distance (km) from 
outfall on the x axis at the 91st Ave. Reach of the Salt River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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Figure A3.17. Graph showing the relationship between dissolved oxygen on the y axis and distance (km) 
from outfall on the x axis at the 91st Ave. Reach of the Salt River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

 

Figure A3.18. Graph showing the relationship between pH on the y axis and distance (km) from outfall on 
the x axis at the 91st Ave. Reach of the Salt River. Each point represents a sampling unit, with points 
coded by season. Solid lines represent the best fit regression corresponding to each season as denoted by 
color. 
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Figure A3.19. Graph showing the relationship between alkalinity on the y axis and distance (km) from 
outfall on the x axis at the 91st Ave. Reach of the Salt River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

Figure A3.20. Graph showing the relationship between phosphorus on the y axis and distance (km) from 
outfall on the x axis at the 91st Ave. Reach of the Salt River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 



103 
 

 

Figure A3.21. Graph showing the relationship between ammonia on the y axis and distance (km) from 
outfall on the x axis at the 91st Ave. Reach of the Salt River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

 

Figure A3.22. Graph showing the relationship between nitrate on the y axis and distance (km) from 
outfall on the x axis at the 91st Ave. Reach of the Salt River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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Wildcat Hill 

 

Figure A3.23. Graph showing the relationship between temperature on the y axis and distance (km) from 
outfall on the x axis at the Wildcat Hill Reach of the Rio de Flag River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 

 

 

Figure A3.24. Graph showing the relationship between dissolved oxygen on the y axis and distance (km) 
from outfall on the x axis at the Wildcat Hill Reach of the Rio de Flag River. Each point represents a 
sampling unit, with points coded by season. Solid lines represent the best fit regression corresponding to 
each season as denoted by color. 
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Figure A3.25. Graph showing the relationship between pH on the y axis and distance (km) from outfall on 
the x axis at the Wildcat Hill Reach of the Rio de Flag River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

 

Figure A3.26. Graph showing relationship between alkalinity on the y axis and distance (km) from outfall 
on the x axis at the Wildcat Hill Reach of the Rio de Flag River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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Figure A3.27. Graph showing the relationship between phosphorus on the y axis and distance (km) from 
outfall on the x axis at the Wildcat Hill Reach of the Rio de Flag River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 

 

 

Figure A3.28. Graph showing the relationship between ammonia on the y axis and distance (km) from 
outfall on the x axis at the Wildcat Hill Reach of the Rio de Flag River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 
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Figure A3.29. Graph showing the relationship between nitrate on the y axis and distance (km) from 
outfall on the x axis at the Wildcat Hill Reach of the Rio de Flag River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 

Central 

 

Figure A2.30. Graph showing the relationship between temperature on the y axis and distance (km) from 
outfall on the x axis at the Central Reach of the Rio de Flag River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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Figure A3.31. Graph showing the relationship between dissolved oxygen on the y axis and distance (km) 
from outfall on the x axis at the Central Reach of the Rio de Flag River. Each point represents a sampling 
unit, with points coded by season. Solid lines represent the best fit regression corresponding to each 
season as denoted by color. 

 

 

Figure A3.32. Graph showing the relationship between pH on the y axis and distance (km) from outfall on 
the x axis at the Central Reach of the Rio de Flag River. Each point represents a sampling unit, with 
points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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Figure A3.33. Graph showing the relationship between conductivity on the y axis and distance (km) from 
outfall on the x axis at the Central Reach of the Rio de Flag River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

 

Figure A3.34. Graph showing the relationship between alkalinity on the y axis and distance (km) from 
outfall on the x axis at the Central Reach of the Rio de Flag River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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Figure A3.35. Graph showing the relationship between phosphorus on the y axis and distance (km) from 
outfall on the x axis at the Central Reach of the Rio de Flag River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 

 

Figure A3.36. Graph showing the relationship between ammonia on the y axis and distance (km) from 
outfall on the x axis at the Central Reach of the Rio de Flag River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 

 



111 
 

 

Figure A3.37. Graph showing the relationship between nitrate on the y axis and distance (km) from 
outfall on the x axis at the Central Reach of the Rio de Flag River. Each point represents a sampling unit, 
with points coded by season. Solid lines represent the best fit regression corresponding to each season as 
denoted by color. 
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