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The high-volume horizontal hydraulic fracturing (HVHHF) method of natural gas 

extraction has come into extensive use in the Marcellus and Utica Shale deposits of the 

northeastern United States. Environmental effects of HVHHF could further diminish the 

population of native eastern brook trout (Salvinus fontanalis), which is already reduced in its 

native range due to anthropogenic activities. In this dissertation, I first defined relationships 

between HVHHF activities and the stages of the brook trout life cycle through extensive 

literature review, then used these relationships to establish a research agenda. A subset of the 

identified potential pathways of influence were then investigated through a three-year, multi-

seasonal empirical field study, which was conducted within a single central Pennsylvania State 

Forest subwatershed in which some first order headwater stream catchments had active HVHHF 

activity, while some had no drilling. Data collections included water chemistry measurements 

(pH, dissolved oxygen, conductivity, temperature, ion and metal concentrations) and biotic 

measurements of fish (abundance counts, lengths, and weights) and macroinvertebrates 

(abundance counts, identification, and application of diversity and tolerance indices).  

Year one (young-of-year: YOY) brook trout were found to be significantly longer and 

heavier in the controls as compared to the drilled catchments. Additionally, macroinvertebrate 

communities were richer and more diverse, with more even distributions of families, and greater 

proportions of pollution-sensitive species (a proxy for water quality and stream health), in the 

undrilled as compared to the drilled catchments. Water chemistry discrepancies were also 



observed, with the drilled streams having higher conductivity, higher concentrations of certain 

ions, and lower dissolved oxygen than the control streams. The presence of certain chemical 

markers in the water chemistry of the active drilling streams (chloride:bromide ratios and 

prevalent ions) are suggestive of produced water from the HVHHF process, signifying a direct 

link between brook trout health, macroinvertebrate distribution, and drilling activities.  
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CHAPTER 1  

INTRODUCTION 

 

1.1 BACKGROUND  

Development of the high-volume horizontal hydraulic fracturing (HVHHF) process of 

natural gas extraction triggered a massive expansion of the already well-established shale-gas 

industry into the Marcellus and Utica Shale formations in the northeastern United States, which 

were previously difficult to access in a profitable way (Williams 2008; USEIA 2011). HVHHF is 

unique from conventional, vertical natural gas extraction because the vertical well bore-hole is 

redirected horizontally after drilling reaches the depth of the shale; the lateral portion of the well 

is sometimes quite extensive, allowing access to a larger area of the subterranean shale. The well 

is then subjected to “high-volume hydraulic fracturing,” wherein millions of gallons of water, 

augmented with chemicals and sand, are pumped into the well at high pressure, creating cracks 

in the shale which are kept propped open by the sand (functioning as a “proppant”) to allow for 

the gas held within the pore space of the rock to be extracted (Soeder and Kappel 2009; Kargbo 

et al. 2010; Entrekin et al. 2011; Rahm and Riha 2012; Weltman-Fahs and Taylor 2013). 

HVHHF was used extensively in West Virginia and Pennsylvania over the past decade but was 

placed under a moratorium in New York State pending the results of various health studies, and 

subsequently banned outright (Kaplan, 2014). 

The Marcellus and Utica Shales overlap significantly with the historical range of the 

eastern brook trout (Salvinus fontanalis), a socially, economically, and environmentally 

significant native fish species (MacCrimmon and Campbell 1969). Anthropogenic activities from 

agriculture, industry, and urbanization impact stream water quality and physical habitat and have 

led to declines in, and in some cases complete eradication of, the eastern brook trout in parts of 
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its native range (Hokanson et al. 1973, Lyons et al. 1996; Marschall and Crowder 1996; Hudy et 

al. 2008). Similar activities required for natural gas extraction using the HVHHF method, 

including landscape alterations for infrastructure (clearing for access roadways, pipelines, and 

well pads: the “physical pathway”), discharges of chemical byproducts (spills, leaks, or planned 

discharges of fluids: the “chemical pathway”), or water withdrawals that may alter hydrological 

regimes or intensify the physical and chemical pathways (the “hydrological pathway”) can 

further impact dwindling brook trout populations (Weltman-Fahs and Taylor 2013). This 

dissertation seeks to determine whether the potential impact pathways between HVHHF 

activities and the brook trout life cycle are discernable via direct observation of hydrological, 

physical, chemical, and biological conditions in Pennsylvania headwater catchments, in 

relationship to the presence or absence of proximate HVHHF at the catchment scale. 

 

1.2 ORGANIZATION OF THE WORK 

 This dissertation is organized as follows: 

• Chapter Two establishes a framework for the study of HVHHF in the shale deposits 

of the northeastern United States through the delineation of a biological endpoint, the eastern 

brook trout. First, an extensive literature review provides the basis for understanding 

relationships between HVHHF activities and the brook trout life cycle, which are textually 

explicated as three “influence pathways” and visually depicted in a conceptual model. Based 

upon these influence pathways, a research agenda is established, which allows for the 

development of the empirical field study described in Chapters Three, Four, and Five. 

Chapter Two was submitted for publication as a stand-alone paper prior to the beginning of 

the field study in 2012 and appeared in the January 2013 issue of the journal Fisheries (see 

Weltman-Fahs and Taylor 2013). 
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• Chapter Three summarizes the empirical field study that was conducted from 2012 to 

2014 in the Hyner Run State Park area of the Sproul State Forest in central Pennsylvania. 

The study examined water chemistry, physical environment, and biota in streams with and 

without adjacent HVHHF at the catchment scale. This chapter provides background on the 

study design, explains the spatial analysis processes used to select the study area, and 

describes the sampling sites and data collection methodology. Water chemistry results are 

described and analyzed. 

• Chapter Four explores eastern brook trout data data gathered at the Hyner Run study 

sites in summer and fall of 2012 and 2014. The analysis explores fish size distribution in 

relation to the observed water chemistry.  

• Chapter Five provides background on aquatic macroinvertebrates as indicators of 

water quality in freshwater systems, and examines the macroinvertebrate data collected in the 

summers of 2012, 2013, and 2014. 

• Finally, Chapter Six offers conclusions and further research opportunities. 
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CHAPTER 2  

HYDRAULIC FRACTURING AND BROOK TROUT HABITAT IN THE MARCELLUS 

SHALE REGION: POTENTIAL IMPACTS AND RESEARCH NEEDS 

 

2.1  ABSTRACT  

Expansion of natural gas drilling into the Marcellus Shale formation is an emerging threat 

to the conservation and restoration of native brook trout (Salvelinus fontinalis) 

populations.  Improved drilling and extraction technologies (horizontal drilling and hydraulic 

fracturing) have led to rapid and extensive natural gas development in areas overlying the 

Marcellus Shale. The expansion of hydraulic fracturing poses multiple threats to surface waters, 

which can be tied to key ecological attributes that limit brook trout populations. Here, we expand 

current conceptual models to identify three potential pathways of risk between surface water 

threats associated with increased natural gas development and life history attributes of brook 

trout: hydrological, physical, and chemical. Our goal is to highlight research needs for fisheries 

scientists and work in conjunction with resource managers to influence the development of 

strategies that will preserve brook trout habitat quality, quantity, and connectivity and address 

Marcellus Shale gas development threats to eastern North America’s only native stream 

salmonid.  

 

2.2 INTRODUCTION 

2.2.1 Hydraulic Fracturing in the Marcellus Shale 

Natural gas extraction from subterranean gas-rich shale deposits has been underway in 

the northeastern United States for almost 200 years but has expanded rapidly over the past 

decade within the Devonian Marcellus Shale formation (Williams 2008). This expansion has 
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largely been driven by the development and refinement of the horizontal hydraulic fracturing 

process (USEIA 2011). Horizontal gas drilling differs from the more traditional vertical drilling 

process because the well is drilled to the depth of the shale stratum and then redirected laterally, 

allowing for access to a larger area of subterranean shale (Figure 2.1).  

 
Figure 2.1: Conceptual diagram depicting the hydraulic fracturing process.  

A rig drills down into the gas-bearing rock and the well is lined with steel pipe. The well is 

sealed with cement to a depth of 1000 ft. to prevent groundwater contamination. The well is 

extended horizontally 1,000 ft. or more into the gas bearing shale where holes are blasted 

through the steel casing and into the surrounding rock.  Sand, water and chemicals are pumped 

into the shale to further fracture the rock and gas escapes through fissures propped open by sand 

particles and back through the well up to the surface. Supporting activities include land clearing 

for well pads and supporting infrastructure, including pipelines and access roads. Trucks use 

roads to haul in water extracted from local surface waters, chemicals, and sand.  Recovered water 

is stored in shallow holding ponds until it can be transported by truck to treatment facilities or 

recycled to fracture another well. These activities may impact nearby streams through surface 

and subsurface pathways. 
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Drilling is followed by the hydraulic fracturing process, which involves injecting a chemically-

treated water-based fluid into the rock formation at high pressure to cause fissures in the shale 

and permit the retrieval of gas held within the pore space of the shale. The fissures are kept open 

by sand and other proppants, which allow gas to be extracted (Soeder and Kappel 2009, Kargbo 

et al. 2010). The hydraulic fracturing process was granted exemptions to the Clean Water and the 

Safe Drinking Water Acts under the Energy Policy Act of 2005 (EPA 2005) and has since 

expanded rapidly in the Marcellus Shale deposit in portions of West Virginia and Pennsylvania 

(Figure 2.2), is expected to continue into Ohio and New York, and will likely continue to expand 

within these states to include the gas bearing Utica Shale formation.  

 

2.2.2 Brook Trout Status within the Marcellus Shale 

 Eastern brook trout are native to the eastern United States, with a historic range extending 

from the southern Appalachians in Georgia north to Maine (MacCrimmon and Campbell 1969) 

(Figure 2.2). Brook trout require clean cold water (optimal temperature = 10-19 °C), intact 

habitat, and supporting food webs to maintain healthy populations, making them excellent 

indictors of anthropogenic disturbance (Hokanson et al. 1973, Lyons et al. 1996, Marschall and 

Crowder 1996). Only 31% of subwatersheds (6th level, 12-digit Hydrological Units (HUC12), as 

defined by the Watershed Boundary Dataset – USDA-NRCS 2012) within the historic range of 

brook trout are currently expected to support intact populations (self-sustaining populations 

greater than 50% of the historical population) (Hudy et al. 2008). Substantial loss of brook trout 

populations within their native range is due to anthropogenic impacts that have resulted in habitat 

fragmentation and reduction, water quality and temperature changes, and alteration of the 

biological environment through introduction and removal of interacting species (Hudy et al. 

2008).  
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Figure 2.2: Overlay of the Marcellus Shale region of the eastern United States and the historic 

distribution of eastern brook trout with permitted Marcellus Shale well locations, 2001-2011  

[Marcellus Shale layer (USGS 2011). Historic brook trout distribution (Hudy et al. 2008). 

Permitted Marcellus Shale well locations (ODNR 2011, PADEP 2012a, WVGES 2011)] 
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Conservation efforts, including formation of the Eastern Brook Trout Joint Venture (EBTJV 

2007, 2011) and a shift by organizations such as Trout Unlimited to policies that oppose the 

stocking of nonnative hatchery-produced salmonids in native trout streams (TU 2011a), are 

focused on maintaining and restoring brook trout populations in their native range. With these 

growing concerns about the future of native brook trout populations, natural gas well 

development within the Marcellus Shale region presents another potential threat to native brook 

trout populations.  

Twenty-six percent of the historic distribution of brook trout habitat overlaps with the 

Marcellus Shale (Figure 2.2). The Pennsylvania portion of the Marcellus Shale has experienced 

the largest increase in natural gas development (Figure 2.2). Between January 1, 2005 and May 

31, 2012, the cumulative number of Marcellus Shale well permits issued in Pennsylvania 

increased from 17 to 11,784 (PADEP 2012a). Of these permitted wells, 5,514 have been drilled 

during the same time period (PADEP 2012b) (Figure 2.3A). Trends in drilled well densities 

among subwatersheds during the rapid expansion of drilling activity suggest that there have not 

been any extra protections granted during the well permitting process for subwatersheds that are 

expected to support intact brook trout populations (Figure 2.3B). Fifty-four of the 134 

subwatersheds categorized as having “intact” brook trout populations within the Marcellus Shale 

region have already experienced drilling activity (Hudy et al. 2008). Overall, Marcellus drilling 

activity has expanded to 377 subwatersheds (mean area = 94.8 ± 1.9 km2) in Pennsylvania 

(Figure 2.4). Within these 377 subwatersheds, patterns in well density over time show similar 

trends among subwatersheds varying in their current brook trout population status (Figure 2.3B). 

While there is a significant difference in current well densities among the three subwatershed 

types (one-way ANOVA (Type II), F2, 292 = 4.14, p = 0.02), mean well density does not differ 

between subwatersheds where brook trout are extirpated/unknown and those with intact brook 
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trout populations (Tukey’s multiple comparison test, α = 0.05) (Figure 2.3B). In fact, the two 

highest drilling densities include an extirpated/unknown subwatershed (16.7 wells/10 km2) and a 

subwatershed expected to support intact brook trout populations (15.1 wells/10 km2; Figure 2.4). 

These trends highlight that increasing hydraulic fracturing development is occurring not only in 

degraded subwatersheds, but also in those that support an already vulnerable native species and 

valuable sport fish. This trend should be of concern to fisheries scientists, managers, and 

conservationists who work to maintain and improve the current status of this heritage species. 

 

2.2.3 Linking Marcellus Shale Drilling Impacts to Brook Trout Population Health  

 Recent efforts to conceptualize horizontal hydraulic fracturing impacts have focused on 

stream ecosystems and regional water supplies, but not on potential pathways to particular target 

organisms. Herein, we integrate two existing conceptual models of potential natural gas 

development impacts to surface waters and link them to different brook trout life history 

attributes (Entrekin et al. 2011, Rahm and Riha 2012). Entrekin et al’s (2011) conceptual model 

establishes connections between hydraulic fracturing activities and the “ecological endpoint” of 

stream ecosystem structure and function, by way of potential environmental “stressors” from 

drilling activity “sources.” These stressors to stream ecosystems can be planned activities that 

must necessarily occur in the hydraulic fracturing process (“deterministic” events) or those 

which may occur unexpectedly (“probabilistic” events; Rahm and Riha 2012). Brook trout have 

different environmental requirements at the various stages of their life cycle and may be sensitive 

to potential impacts associated with the current expansion of hydraulic fracturing; thus, 

understanding the environmental stressors associated with hydraulic fracturing has implications 

for fisheries conservation, including maintenance and/or enhancement of native brook trout 

populations.  
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Figure 2.3: Well permitting and drilling in the Pennsylvania portion of Marcellus Shale  

from January 1, 2005 through May 31, 2012. A) Cumulative number of permitted and drilled 

wells over time. B) Mean well density (wells per 10 km2) over time for 377 actively drilled 

HUC12 subwatersheds, grouped by status of brook trout population (Hudy et al. 2008). 

Permitted and drilled Marcellus well data are from PADEP 2012 a and b, respectively. 
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Figure 2.4: Map of Pennsylvania HUC12 subwatersheds symbolized by Brook Trout status  

as of 2008 (by color coding) and high-volume horizontal hydraulic fracturing (HVHHF) drilling 

density (by color saturation). Inset: Hyner Run (HUC 020502030401) study area with active 

HVHHF locations indicated. [12-digit HUC subwatershed boundaries and areas from United 

States Geological Survey Watershed Boundary Dataset (USDA-NRCS 2012). Brook Trout status 

(Hudy 2008). HVHHF drilling density (PADEP 2012b)] 

 

We delineated relationships between various stream ecosystem attributes that are 

potentially impacted by increased drilling activities and different aspects of the brook trout life 

cycle (Figure 2.5). A review of extant literature on the activities associated with natural gas 

drilling and other extractive industries, and of the environmental changes known to directly 

influence brook trout at one or more of their life stages, identified three primary pathways by 

which increased drilling will likely impact brook trout populations. The primary pathways 

include: 1) changes in hydrology associated with water withdrawals; 2) elevated sediment inputs 
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and loss of connectivity associated with supporting infrastructure; and 3) water contamination 

from introduced chemicals or wastewater (Entrekin et al. 2011, Rahm and Riha 2012). These 

three pathways may be considered natural gas drilling threats to brook trout populations that 

require study and monitoring to fully understand potential impacts, and develop strategies to 

minimize and abate these impacts. 

 

2.3 PATHWAY #1: WITHDRAWALS → HYDROLOGY → BROOK TROUT  

 Two to seven million gallons of water are needed per hydraulic fracturing “stimulation” 

event; a single natural gas well can be fractured several times over its lifespan, and a well pad 

site can host multiple wells (Soeder and Kappel 2009; Kargbo et al. 2010). This large volume of 

water needed per well, multiplied by the distributed nature of development across the region, 

suggests that hydraulic fracturing techniques for natural gas development can put substantial 

strain on regional water supplies. This level of water consumption has sparked concern among 

hydrologists and aquatic biologists about the sourcing of the water, as well as the implications 

for available habitat and other hydrologically-influenced processes in adjacent freshwater 

ecosystems (Entrekin et al. 2011, Gregory et al. 2011, Baccante 2012, Rahm and Riha 2012; 

Figure 2.5). Surface water is the primary source for hydraulic fracturing related water 

withdrawals in at least one major basin intersecting the Marcellus Shale region (SRBC 2010), 

but groundwater has been a major water source in other natural gas deposits such as the Barnett 

Shale region in Texas (Soeder and Kappel 2009). The cumulative effects of multiple surface 

and/or groundwater withdrawals throughout a watershed have the potential to effect downstream 

hydrology and connectivity of brook trout habitats (Petty et al. 2012, Rahm and Riha 2012).  
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Aquatic habitat is particularly limited by low flow periods during the summer for fish and 

other aquatic organisms (Figure 2.6). Changes in temperature and habitat volume during summer 

low flow periods are primary factors limiting brook trout populations (Barton et al. 1985, Wehrly 

et al. 2007, Xu et al. 2010). Brook trout rely on localized groundwater discharge areas within 

pools and tributary confluences to lower body temperature below that of the ambient stream 

temperature during warm periods, and groundwater withdrawals can alter these temperature 

refugia. Additionally, access to thermal refugia may be limited by loss of connectivity associated 

with reduced flows between temperature refugia (headwater streams, seeps, tributary 

confluences, groundwater upwellings) and larger stream habitats (Petty et al. 2012). Reduced 

flows, particularly coldwater inputs may inhibit growth rates by reducing feeding activity of both 

juveniles and adults, or inducing sub-lethal heat shock at temperatures above 23 °C and lethal 

effects at 24-25 °C (7-day upper lethal temperature limit) (Cherry et al. 1977, Tangiguchi et al. 

1998, Baird and Krueger 2003, Lund et al. 2003, Wehrly et al. 2007). Recovery from thermal 

stress responses (heat shock) can be prolonged (24-48 hrs) even if exposure to high stream 

temperatures is relatively short (1 hr), but may be > 144 hrs when exposed to high temperatures 

for multiple days (Lund et al. 2003). Adult abundance and biomass of brook trout in run habitats 

declines with flow reduction and carrying capacity is likely limited by available pool area during 

low flow periods (Kraft 1972, Hakala and Hartman 2004, Walters and Post 2008).  

Reduction in surface water discharge during summer months may also indirectly impact 

brook trout growth by decreasing macroinvertebrate prey densities (Walters and Post 2011) in 

small streams and lowering macroinvertebrate drift encounter rates for drift-feeding salmonids 

(Cada et al. 1987, Nislow et al. 2004, Sotiropoulos et al. 2006) (Figure 2.5). Other indirect 

effects may include increasing interspecific competition through habitat crowding, especially 

with more tolerant competitor species such as brown trout (Salmo trutta) and rainbow trout 
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(Oncorhynchus mykiss), due to decreased habitat availability and increased temperature during 

low flow periods. Introduced brown trout tend to out-compete brook trout for resources and have 

higher growth rates in all but the smallest, coldest headwater streams (Carlson et al. 2007, 

Öhlund et al. 2008) (Figure 2.5). Additionally, salmonids may be more susceptible to disease or 

infestation of parasites when the temperature of their environment is not consistent and 

adequately cool (Cairns et al. 2005), a problem that could be exacerbated by the crowding in 

pool habitats that can occur as a result of flow reductions (Figure 2.5). Sediment accrual in redds 

can limit recruitment (Alexander and Hansen 1986, Argent and Flebbe 1999) and adequate 

summer baseflows coupled with occasional high flow pulses are important for preparing 

sediment free spawning redds (Hakala and Hartman 2004). DePhilip and Moberg (2010) 

demonstrated that the magnitude of withdrawals proposed by drilling companies in the 

Susquehanna River basin has the potential to impact summer and fall low flows, and in some 

cases, high flow events (Q10) in small streams.  

Water withdrawals may also impact brook trout spawning activities and recruitment 

during higher flow periods (Figures 2.5, 2.6). Brook trout peak spawning activity typically 

occurs at the beginning of November in gravel substrates immediately downstream from springs 

or in places where groundwater seepage enters through the gravel (Hazzard 1932). Withdrawals 

during the fall may de-water and reduce available spawning habitat, particularly during low flow 

years.  Additionally, stable baseflows after spawning are necessary for maintaining redds during 

egg incubation throughout winter (Figure 2.6).  Maintaining baseflow in spawning habitats 

throughout the incubation period maintains shallow groundwater pathways, chemistry, and flow 

potentials in redds (Curry et al. 1994, 1995), which protect developing eggs from sedimentation 

(Waters 1995, Curry and MacNeill 2004) and freezing (Curry et al. 1995, Baxter and McPhail 

1999). Thus, insuring that water withdrawals required for hydraulic fracturing do not interrupt 
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stable winter baseflows in small coldwater streams is an important consideration in protecting 

brook trout recruitment in the Marcellus Shale region (Figures 2.5, 2.6). 
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2.4 PATHWAY #1: INFRASTRUCTURE → PHYSICAL HABITAT → BROOK TROUT 

Natural gas extraction requires development of well pad sites and infrastructure for 

transportation and gas conveyance, which involves a set of activities that will likely have impacts 

on water quality and habitat quality for brook trout unless proper precautions and planning are 

implemented. These activities include, but are not limited to, construction of well pads, 

roadways, stream crossings, and pipelines; increased use of existing rural roadways for 

transportation of equipment, source water, recycled flow-back, and wastes associated with 

hydraulic fracturing activities; and storage of these same materials (Figure 2.1). Increased 

sediment loads and loss of stream connectivity are some of the stream impacts associated with 

these deterministic activities, which could reduce habitat quality and quantity needed for brook 

trout spawning success, egg development, larval emergence, and juvenile and adult growth and 

survival (Figure 2.5).  

Brook trout are particularly sensitive to the size and amount of sediment in streams, with 

coarse gravel providing a more suitable substrate than fine particles (Witzel and MacCrimmon 

1983; Marschall and Crowder 1996). Well pad site, access road, and pipeline corridor 

construction require land clearing, which can mobilize from tens to hundreds of metric tons of 

soil per hectare (H. Williams et al. 2008; Adams et al. 2011). Pipeline construction (Reid et al. 

2004) and unpaved rural roadways (Witmer et al. 2009) crossing streams can trigger additional 

sediment inputs to streams. Road and well pad densities have been found to be positively 

correlated with fine sediment accumulation in streams (Opperman et al. 2005; Entrekin et al. 

2011), which disrupts fish reproduction and can lead to mortality (Taylor et al. 2006). Overall, 

trout populations have been found to decline in abundance, even with small increases in stream 

sediment loads (Alexander and Hansen 1983, 1986). Sediment can impact all stages of trout life 

cycles, because turbidity reduces foraging success for adults and juveniles (Sweka and Hartman 
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2001), and sediment accumulation can cause oxygen deprivation in salmonid redds and reduce 

successful emergence of larvae from eggs (Witzel and MacCrimmon 1983; Waters 1995; Argent 

and Flebbe 1999; Curry and MacNeill 2004; Figure 2.5). 

The spatial and temporal extent of sediment impacts to streams is linked to the scale and 

persistence of mobilizing activities. For example, localized events, such as construction of 

culverts at stream road crossings can increase sediment loads for up to 200 m downstream of the 

culvert over a two to three-year period (Lachance et al. 2008). Conversely, the sediment loads 

associated with more diffuse land clearing activities and frequent and sustained access into rural 

areas by large vehicles, can contribute to reductions in brook trout biomass and densities and 

shifts in macroinvertebrate communities that last approximately ten years (VanDusen et al. 

2005).  

Sedimentation from drilling infrastructure development can further impact brook trout 

indirectly by reducing the availability of prey (Figure 2.5): high sediment levels reduce species 

richness and abundance of some aquatic macroinvertebrates (Waters 1995, Wohl and Carline 

1996, VanDusen et al. 2005, Larsen et al. 2009), with high sediment envrionments generally 

experiencing a shift from communities rich in mayflies (Ephemoptera), stoneflies (Plectoptera), 

and caddisflies (Trichoptera) to those dominated by segmented worms (Oligochaeta) and 

burrowing midges (Diptera: Chironmidae) (Waters 1995). Riparian clearing can also diminish 

food sources for brook trout populations, which tend to depend heavily on terrestrial 

macroinvertebrates (Allan 1981, Utz and Hartman 2007). However, shifts in the prey base from 

shredder-dominated communities that support higher brook trout abundance to grazer-dominated 

communities have been observed in recently logged watersheds due to higher primary 

productivity associated with increased sunlight from sparser canopy cover (Nislow and Lowe 

2006). Consequently, land clearing and infrastructure development will likely increase sediment 
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loads, culminating in changes in composition and productivity of the invertebrate prey base for 

brook trout, although not all of these changes will necessarily be negative for brook trout (Figure 

2.5).  

Conveyance of hydraulic fracturing equipment and fluids, and the extracted natural gas, 

into and out of well pad sites often necessitates crossing streams with trucks and pipelines. 

Culvert construction for roadway and pipeline stream crossings, if not properly designed, can 

create physical barriers that fragment brook trout habitat and disrupt their life cycle by 

preventing movement of adult fish into upstream tributaries for spawning and repopulation of 

downstream habitat by new juveniles (Wofford et al. 2005, Letcher et al. 2007, Poplar-Jeffers et 

al. 2009) (Figure 2.5).  Barriers to connectivity negatively impact fish species richness (Nislow 

et al. 2011), and habitat fragmentation without repopulation can cause local population extinction 

(Wofford et al. 2005, Letcher et al. 2007). Additionally, connectivity between larger stream 

reaches that provide food resources during growth periods and small headwater streams that may 

serve as temperature refugia during warmer months is important for overall population health 

(Utz and Hartman 2006, Petty et al. 2012). For these reasons, land clearing activities, road 

densities, and culvert densities can have a negative impact on trout reproductive activity and 

overall population size (Eaglin and Hubert 1993, Baxter et al. 1999). 

 

2.5  PATHWAY #3: CHEMICAL WASTE → WATER QUALITY→ BROOK TROUT 

Probabilistic events during the drilling process such as runoff from well pads, leaching of 

wastewater from holding ponds, or spills of hydraulic fracturing fluids during transportation to 

processing sites, can affect the chemical composition of streams (Rahm and Riha 2012). 

Although the specific chemical composition of fracturing fluids is typically proprietary 

information, voluntary reporting of the content of fracturing fluids to the FracFocus Chemical 
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Disclosure Registry (a partnership between Ground Water Protection Council and Interstate Oil 

and Gas Compact Commission, supported the United States Department of Energy) has become 

more common (USDOE 2011). Fracturing fluids are generally a mix of water and sand, with a 

range of additives that perform particular roles in the fracturing process, including friction 

reducers, acids, biocides, corrosion inhibitors, iron controls, “crosslinkers,” “breakers,” pH 

adjusting agents, “scale inhibitors,” gelling agents, and surfactants (GWPC and IOGCC 2012). 

The wastewater resulting from the hydraulic fracturing process is high in total dissolved solids 

(TDS), metals, naturally occurring radioactive materials (NORMS), and fracturing fluid 

additives (USEPA 2012).  Increased metals and elevated TDS from probabilistic spill events, or 

deterministic events including direct discharge of treated flowback water into streams, will likely 

have negative effects on stream ecosystems that support brook trout populations (Figure 2.5).  

Elevated concentration of metals causes decreased growth, fecundity and survival in 

brook trout. In particular, aluminum has been shown to cause growth retardation and persistent 

mortality across life stages (Cleveland et al. 1991, Gagen et al. 1993, Baldigo et al. 2007), 

chromium reduces successful emergence of larvae and growth of juveniles (Benoit 1976), and 

cadmium can diminish reproductive success by causing death of adult fish prior to successful 

spawning (Benoit et al. 1976, Harper et al. 2008). Brook trout normally exhibit avoidance 

behaviors to escape stream reaches that are overly contaminated with heavy metals; however, 

because brook trout are so heavily reliant on low temperature environs, they seek out refugia of 

cold groundwater outflow even if the water quality is prohibitively low (Harper et al. 2009). 

Thus, if groundwater is contaminated and the groundwater fed portions of a stream are receiving 

a significant contaminant load, brook trout might be recipients of high concentrations of those 

contaminants.  

Total dissolved solids (TDS) represent an integrative measure of common ions or 
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inorganic salts (sodium, potassium, calcium, magnesium, chloride, sulfate, and bicarbonate) that 

are common components of effluent in freshwaters (Chapman et al. 2000). Elevated TDS and 

salinity may have negative effects on spawning and recruitment of salmonids by decreasing egg 

fertilization rates and embryo water absorption, altering osmoregulation capacity, and increasing 

post hatch mortality (Shen and Leatherland 1978, Li et al. 1989, Morgan et al. 1992, Stekoll et 

al. 2009, Brix et al. 2010). There is also evidence from western U.S. lakes with increasing TDS 

concentrations that growth and survival of later life stages may be negatively impacted as well 

(Dickerson and Vinyard 1999). Elevated salinities can lower salmonid resistance to thermal 

stress (Craigie 1963, Vigg and Koch 1980), which may influence competition between brook 

trout and more tolerant brown trout (Öhlund et al. 2008). There is a growing body of evidence 

supporting associations between declines in macroinvertebrate abundance, particularly mayflies, 

and increased TDS or surrogate specific conductivity related to mining activities within the 

Marcellus Shale region (Kennedy et al. 2004, Hartman et al. 2005, Pond et al. 2008, Pond 2010, 

Bernhardt and Palmer 2011). Overall, changes in TDS associated with improper handling or 

discharge of flowback water will likely impact brook trout through direct and indirect pathways 

including changes in macroinvertebrate communities that serve as the prey base, and/or the 

alteration of environmental conditions to those more favorable for harmful invasive species, (ie. 

Golden algae: Renner 2009) (Figure 2.5). 

 

2.6  A FRAMEWORK FOR ADDRESSING RESEARCH NEEDS 

 Our examination of potential impacts of hydraulic fracturing for natural gas extraction in 

the Marcellus Shale to brook trout populations reveals three key pathways of influence: 

hydrological, physical, and chemical. These pathways originate from the various activities 

associated with the hydraulic fracturing method of natural gas extraction and may affect brook 
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trout at one or more stages of their life cycle through direct and indirect mechanisms (Figure 

2.5). The hydrological pathway is the broadest, in that it is influenced by events at both the 

surface and groundwater levels and, subsequently, it influences brook trout both directly through 

flow regimes and indirectly by also influencing physical and chemical pathways. The primary 

drilling activity driving the hydrological pathway is the need for source water for the hydraulic 

fracturing process. The physical habitat pathway originates from the infrastructural requirements 

of the natural gas extraction industry, which can be expected to increase stream sedimentation 

and impede brook trout at all life phases. The consequences of infrastructural development 

further impact brook trout populations if road-building activities and poorly designed road-

crossing culverts reduce connectivity between spawning areas, temperature refugia, and 

downstream habitats. Finally, the chemical pathway addresses the potential for contamination of 

streams by the hydraulic fracturing fluids and wastewater. This contamination can have direct 

consequences for brook trout and their food resources. The hydrological and physical pathways 

are expected to result from planned (“deterministic”) hydraulic fracturing activities, while the 

chemical pathway may be triggered by both unplanned spill and leak (“probabilistic”) events, as 

well as planned discharge of treated wastewater into streams or spreading of brines on roadways. 

The delineation of these pathways identifies an array of immediate research priorities.  

The potential relationships identified in the conceptual model (Figure 2.5), provide a framework 

of empirical relationships between Marcellus Shale drilling activities, deterministic pathways, 

and brook trout populations that need to be tested and verified.  There is currently variation in 

hydraulic fracturing density within the Marcellus Shale, ranging from extensive operations in 

Pennsylvania and West Virginia to a moratorium on the process in New York.  Opportunities 

exist for researchers to develop studies that verify potential relationships between drilling 

activities and brook trout populations, such as examining sediment impacts and brook trout 
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responses across watersheds representing a range of well densities (Entrekin et al. 2011), or over 

time in watersheds with increasing levels of drilling activity. Correlative studies should also be 

confirmed through experimental approaches that take advantage of paired watershed or Before-

After-Control-Impact (Downes et al. 2002) designs.  Tiered spatial analysis techniques can be 

used to assess the cumulative impacts of persistent drilling activity within nested drainage areas 

at a range of spatial scales (Bolstad and Swank 1997, MacDonald 2000, Strager et al. 2009).  

Additionally, risk assessment analyses based on biological endpoints are needed to characterize 

impacts of probabilistic events such as chemical spills and leaks (USEPA 1996, Karr and Chu 

1997).   

 

2.7 MOVING FROM RESEARCH TO MANAGEMENT AND CONSERVATION 

POLICY 

Management of hydraulic fracturing activities in the Marcellus Shale is the responsibility 

of various permitting regulatory agencies with various scales of influence, including statewide 

(Departments of Environmental Conservation/Protection, Departments of Transportation, Fish 

and Game Commissions, etc.) and regional (Conservation Districts, River Basin Commissions, 

etc.) entities. While the individual policies are too numerous to describe in depth here, it is 

apparent that policies can be developed and refined with the support of research and monitoring 

programs that provide crucial data, such as a geographically finer scale understanding of brook 

trout distribution and population status, seasonal flow requirements for brook trout at their 

various life stages (Figure 2.6), identification and prioritization of high quality habitat, and 

verification of the potential drilling impacts within the Marcellus Shale.  These types of data are 

necessary for revising existing policies and developing new policies that are protective of brook 

trout populations and the stream ecosystems that support them in the face of increased Marcellus 
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Shale drilling activities. 

An example of science influencing policy that is protective of brook trout habitat is the 

current and proposed water withdrawal policies for the Susquehanna River Basin. The 

Susquehanna River Basin Commission (SRBC) governs water withdrawal permitting for the 

Susquehanna River Basin region, and its policies have the potential to influence the degree to 

which hydrologic impacts of Marcellus Shale drilling may influence brook trout populations 

(SRBC 2002). The SRBC currently enforces minimum flow criteria for water withdrawals for 

hydraulic fracturing in coldwater trout streams to prevent low-flow impacts (Rahm and Riha 

2012). The SRBC requires that water withdrawals must stop when stream flow at withdrawal 

sites falls below pre-determined passby flows and cease until acceptable flow returns for 48 

hours.  For small streams (< 100 mile2), passby flows are determined based on instream flow 

models (Denslinger et al. 1998) and are designed to prevent more than 5% to 15% change in 

trout habitat, depending on the amount of trout biomass the stream supports. A more general 

25% Average Daily Flow (ADF) requirement is used as the passby flow for larger coldwater 

trout streams (SRBC 2002). This policy is expected to prevent water withdrawals from impacting 

habitats during low flows in summer. However, analyses of hypothetical withdrawals within the 

range of proposed water withdrawal permits suggest that water needs associated with Marcellus 

Shale drilling will impact seasonal flow needs (not just summer low flow) of small streams likely 

to support brook trout (DePhilip and Moberg 2010, Rahm and Riha 2012). Additionally, multiple 

upstream withdrawal events occurring on the same day within the same catchment may 

culminate in stream flows falling below the passby flow requirement. While there is considerable 

uncertainty around water withdrawal estimates, accounting for cumulative withdrawal induced 

low flow effects can increase the number of days that are expected to fall below passby 

requirements for smaller streams by as much as ~ 100 days within an average year (Rahm and 
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Riha 2012). Consequently, the SRBC has released new proposed low flow protection regulations 

for public comment (SRBC 2012 a,b), based primarily on recommendations from a cooperative 

project between The Nature Conservancy, staff from the SRBC, and its member jurisdictions 

(DePhillip and Moberg 2010). The proposed SRBC flow policy uses a tiered approach to flow 

protection that prevents withdrawals or puts more stringent requirements in extremely sensitive 

or exceptional quality streams such as small headwater streams that support reproducing brook 

trout populations (SRBC 2012 a,b). This proposed policy would also provide significant flow 

protection for trout streams by incorporating seasonal or monthly flow variability into passby 

flow criteria rather than based on a single average daily flow criterion (Richter et al. 2011; 

Figure 2.6), and assessing proposed withdrawal impacts within the context of cumulative flow 

reductions associated with existing upstream withdrawals (Rahm and Riha 2012). 

The SRBC policy is only one example of a regulatory body using scientific data to 

improve and refine a management policy that directly relates to potential drilling impacts on 

trout populations. It is crucial that policies governing hydraulic fracturing activities be likewise 

dynamic and subject to adaptation based on updated scientific knowledge. For example, The 

Pennsylvania Oil and Gas Operators Manual provides technical guidance for infrastructure 

development by identifying best management practices for sediment and erosion control, well 

pad, road, pipeline, and stream crossing designs, and delineates preventative waste handling 

procedures to avoid unexpected probabilistic events like spills and runoff (PADEP 2001). These 

practices should be amended and updated as new studies refine methods to minimize impacts 

(e.g., Reid et al 2004) and strategically protect or restore habitat quality or connectivity (e.g., 

Poplar-Jeffers et al. 2009). Furthermore, water quality data from monitoring efforts, like the 

Trout Unlimited’s “Coldwater Conservation Corps,” (one of many stream survey programs that 

train and equip volunteers to conduct water quality testing in local streams) (TU 2012) can alert 



 

26 

regulatory agencies to failures in the probabilistic event prevention strategies which may help 

better characterize risks and improve waste transport and disposal procedures. For expansion of 

drilling in new areas, such as into New York State, regulatory agencies including New York 

Department of Environmental Conservation, which is currently evaluating potential impacts of 

hydrologic fracturing activities (SGEIS) and developing a corresponding set of proposed 

regulations (NYSDEC 2011), should utilize the most up-to-date and complete scientific data 

possible from active monitoring efforts, to develop best management practices that are optimally 

protective of natural flow regimes, habitat conditions, and water quality in high quality streams.  

Spatial analysis and visualization of well density (Figure 2.4) can be combined with 

refined understanding of brook trout habitat and population status from stream surveys and 

ground-truthing to prioritize and geographically focus conservation efforts. Currently the 

Pennsylvania Fish and Boat Commission’s “Unassessed Waters Program” in conjunction with 

Trout Unlimited and other partner organizations, is conducting intensive assessments of streams 

with unknown brook trout status: to date, this program has identified an additional 99 streams 

that support wild populations (Weisberg 2011).  Similar efforts are being spear-headed in New 

York by the Department of Environmental Conservation and Trout Unlimited (NYSDEC and TU 

2011). Furthermore, the efficacy of regulatory policy can be bolstered by data from monitoring 

and research efforts that define highest priority watersheds for conservation of brook trout. 

Various trout-focused organizations have identified key watersheds for protection and 

restoration. Trout Unlimited has updated their existing Conservation Success Index (Williams et 

al. 2007) with a targeted analysis for Pennsylvania, to integrate new data on brook trout streams 

and natural gas drilling threats (TU 2011b). Likewise, the Eastern Brook Trout Joint Venture has 

identified an extensive set of “Action Strategies” that identify priorities on a state by state basis 

(EBTJV 2011). Results from these types of analyses can be used to identify and direct 
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conservation efforts to key areas where Marcellus Shale drilling activities are likely to have the 

greatest impacts by disturbing habitat for the highest quality remaining brook trout populations. 

In summary, expedient efforts to develop strategies that minimize negative impacts of 

Marcellus Shale drilling activities on brook trout habitat are needed. Horizontal drilling and 

hydraulic fracturing for natural gas extraction is likely to increase and expand from Pennsylvania 

and West Virginia into unexploited areas with growing pressure related to economic incentives 

from the oil and gas industry, and the need for cheap, domestic energy sources. Natural gas 

drilling is expected to persist in the region for several decades due to the extent of the Marcellus 

Shale natural gas resource, and the presence of the gas-rich Utica Shale below it (Williams 

2008). Consequently, development of adequate management and conservation strategies based 

on science, and enforcement of policies that conserve and protect stream ecosystems supporting 

brook trout populations and other aquatic organisms are needed to balance energy needs and 

economic incentives with environmental and brook trout conservation concerns. 
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CHAPTER 3  

HYNER RUN FIELD STUDY: DESIGN AND METHODOLOGY 

 

3.1 STUDY DESIGN BACKGROUND 

To effectively examine the relationship between high-volume horizontal hydraulic 

fracturing (HVHHF) activities and the brook trout life cycle (as established by the research 

agenda in Weltman-Fahs and Taylor 2013) through an empirical field study, it was necessary to 

survey field study sites that were as similar as possible to one another, such that observed in-

stream differences may be reasonably attributed to proximate hydraulic fracturing activities. 

Typically, studies in aquatic ecology that seek to isolate the impacts of a particular event or 

activity in the landscape on the aquatic ecosystem rely on a paired watershed approach, in which 

observations from ‘impact’ location(s) where the target activity is occurring and ‘control’ 

location(s) without that activity, all with similar drainage areas, are compared (Green 1979, 

Downes et al. 2002). Paired watershed study approaches have been repeatedly demonstrated to 

be viable for ecological assessments of the impacts of various land use types, anthropogenic 

disturbances, landscape management scenarios, and conservation efforts (Clausen et al. 1996, 

King et al. 2008). A plethora of studies have used these design techniques to quantify the effects 

of forestry (Hornbeck et al. 1970), agricultural practices (Udawatta et al. 2002, Bishop et al. 

2005, Ricker et al. 2008, Veum et al. 2009), road construction (Torres et al. 2011), extractive 

industry (Dias et al. 2010), and energy development (Kuvlesky et al. 2007). The response 

variables in such studies are generally water chemistry characteristics (especially levels of 

specific dissolved and suspended solids), hydrology factors, and macroinvertebrate and fish 

community assemblages, which are measurable and quantifiable data upon which to base 



 

29 

comparisons between the sites (King et al. 2008, Willacker et al. 2009, Dias et al. 2010, 

Wijnhoven et al. 2011).  

It must be noted, however, that simple paired watershed designs that attempt to detect 

differences between control and impact watersheds by simply comparing data from two sites can 

be problematic because the sites, though seemingly analagous, may have unforseen differences 

that are not related to the landscape alteration being studied (Underwood 1994, Stewart-Oaten 

and Bence 2001). Many paired watershed studies now utilize a Before-After-Control-Impact 

(BACI) experimental design, in which at least one control location and one potential impact 

location are subjected to sampling both prior to and during/after the event in question, for the 

purpose of establishing a baseline of the unaltered state of the environmental factors, processes, 

or species being monitored (Green 1979, Stewart-Oaten et al. 1986, Clausen and Spooner 1993, 

Clausen et al. 1996, Watson et. al. 2001, Downes et al. 2002). In the case of hydraulic fracturing 

activities, the planned drilling locations and timelines for drilling activity are propriety 

information, with many exisiting leases throughout the landscape that can be acted upon at the 

discretion and chosen timing of the drilling company; in such cases it is not feasable to anticipate 

locations in advance for the purpose of acquiring an appropriate amount of calibration data for a 

BACI study (Stewart-Oaten and Bence 2001).  

To overcome these known limitations, careful study site selection techniques are used to 

isolate the potential impacts of the studied activity or land use type by selecting study areas that 

are free from the, possibly similar, impacts of other land use types, such as agriculture, logging, 

or other resource extractive industrial activities. For these reasons, Pennsylvania State Forests 

were obvious as desirable locations for this study. The Pennsylvania Department of Conservation 

and Natural Resources (PADCNR) manages approximately 9,000 square kilometers of State 

Forest, much of which was acquired during the early twentieth century for the purpose of 
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protection and sustainable management (PADCNR 2010, 2012a, 2012b, 2015). Pennsylvania 

State Forests have a variety of recreational land uses that have involved minimal development 

(PADCNR 1999, 2012a,2012b), and the management practices governing timber harvests have 

allowed many subwatersheds in the State Forest to maintain greater than 95% forest cover prior 

to 2008 (PADCNR 2010, 2012a, 2012b). About 6070 km2 of the Pennsylvania State Forest 

overlies the Marcellus Shale deposit and, since 2008, a total of 562 square kilometers of state 

forest land were leased by PADCNR to various drilling companies for natural gas exploration in 

the Marcellus Shale (PADCNR 2015). As of March 2015, PADCNR had approved 232 well pads 

and 1,020 shale gas wells, of which 511 wells have been drilled (PADCNR 2015). Thus state 

forest areas allow for comparison of drilled and undrilled states, relatively unobstructed by 

interfering signals from other land use types. The study design was further strengthened through 

replication, both spatially through sampling of multiple control and impact loci to create a more 

complete understanding of the natural baseline conditions, and temporally through seasonal 

sampling over multiple years (Clausen and Spooner 1993, Clausen et al. 1996). 

 

3.2 SPATIAL ANALYSIS FOR SITE SELECTION 

The goal of the planning phase was to optimize the relevance of the field study by 

focusing on high-value brook trout watersheds and to overcome the potential limitations of the 

paired watershed approach by determining the best possible study site through extensive spatial 

analysis. Toward this end, publicly available data from a range of sources (Table 3.1) were 

overlaid in a Geographic Information System (GIS) and spatially analyzed and interpreted. 

Spatial generalizations were developed describing the potential of particular watersheds to 

support brook trout, the presence of other confounding land use types, and status of HVHHF 

activity.  
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Table 3.1: Data sources for field study site selection 

Type Description Source 

W
a

te
rs

h
ed

  

ch
a

ra
ct

er
is

ti
cs

 

Drainage basins/  

Watershed boundaries 

United Stated Department of Agriculture  

Natural Resources Conservation Service (USDA-NRCS 2012) 

Stream locations/habitat 

characteristics 

The Nature Conservancy and  

Northeast Association of Fish and Wildlife Agencies  

(Olivero and Anderson 2008) 

Contaminated streams 
Pennsylvania Department of Environmental Preservation  

(PADEP 2010) 

Forest (% within watershed) National Landcover dataset (NLCD 2006; Fry et al. 2011) 

State forest extents and development 
Pennsylvania Department of Natural Resources 

(PADCNR 1999,2010,2015) 

B
ro

o
k

 

tr
o
u

t 
 Historical habitat range MacCrimmon and Campbell 1969 

Current population status Hudy et al. 2008 

PA Class A Trout Streams PAFBC 2012 

H
V

H
H

F
  

st
a
tu

s 

Marcellus Shale Extent United Sates Geological Survey (USGS 2011) 

Pennsylvania active hydraulic 

fracturing wells 

Pennsylvania Department of Environmental Preservation  

(PADEP 2014a) 

Pennsylvania hydraulic fracturing 

well permits 

Pennsylvania Department of Environmental Preservation  

(PADEP 2014b) 

 

Brook trout suitability was assessed based upon the findings of Hudy et al. (2008) who 

categorized the entire native range of the eastern brook trout into regions of intact, reduced, or 

extirpated population at the twelve-digit hydrological unit code (HUC12) scale (USDA-NRCS 

2012). These data were enhanced through examination of the streams currently designated by the 

State of Pennsylvania as Class A Trout Streams (PAFBC 2012) with respect to a set of in-stream 

characteristics (buffering/pH, temperature, size, and gradient) as classified by the Northeast 

Aquatic Habitat Classification System (Olivero and Anderson 2008). Seventy-seven percent of 

the streams identified as Class A Trout Streams carried a particular set of characteristics (Table 

3.2), which were interpreted as a suitable ‘brook trout signature;’ the assumption was made that 

streams reflecting the brook trout signature which do not currently contain brook trout are 

theoretically environmentally suitable as brook trout habitat.  



 

32 

Table 3.2: Northeast Aquatic Habitat Classification System for stream temperature, size, 

geology/buffering, and gradient, with ‘brook trout signature’ classification in bolded italics  

(Olivero and Anderson 2008) 

 

Land use, according to 2006 National Land Cover Dataset (NLCD 2006), was analyzed 

to exclude from selection any potential study sites with land use types that could mask possible 

signals associated with HVHHF status, such as developed/urban and agricultural areas. The 

various NLCD forest categories were aggregated and spatially joined to subwatershed (HUC12) 

and catchment (sixteen-digit hydrological unit code: HUC16) scale watershed polygons (USDA-

NRCS 2012) to determine percent forestation at both scales. Watersheds with greater than 95% 

forestation levels were assumed to be the locations least confounded by degrading land use 

types. Finally, active HVHHF well location data were interpreted at both the subwatershed 

(HUC12) and catchment (HUC16) scale to determine well densities.  

Following these three levels of spatial analysis, subwatersheds (HUC12) were evaluated 

to find potential study sites expressing a combination of qualities: lie within the historic 

distribution of eastern brook trout; possess populations of brook trout known to be “intact” prior 

to the introduction of hydraulic fracturing; overlay the Marcellus Shale; are greater than 95% 

forested; have minimal known development (other than HVHHF); contain headwater streams 

expressing the ‘brook trout signature;’ contain multiple headwater catchments of fairly uniform 

Class Temperature 

Size 

(by upstream  

drainage area) 

Geology/Buffering 

(cumulative  

upstream geology) 

Gradient 

(slope of flow line) 

1 Cold 
Headwater (< 3.861 mi2) 

Creek (3.861-38.61 mi2) 

Acidic 

Low Buffered 

Low Gradient 

(< 0.1%) 

2 
Transitional 

Cool 

Small River 

(38.61-200 mi2) 

Neutral 

Moderately Buffered 

Low-Moderate Gradient 

(0.1% - 0.5%) 

3 
Transitional 

Warm 

Medium River 

(200-3861 mi2) 

Calcareous 

Highly Buffered 

Moderate Gradient 

(0.5% - 2%) 

4 Warm 
Large River (3861-9653 mi2) 

Great River (> 9653 mi2) 
 

High Gradient 

(> 2%) 
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size representing with perennial, rather than intermittent, headwater streams; contain catchments 

with both drilled and undrilled statuses; and include streams not currently altered by known 

contamination. Two potential study areas were then ground-truthed to assess whether the 

potential study sites were physically accessible and actively flowing. Ultimately, one HUC12 

subwatershed (“Hyner Run,” HUC12 number 020502030401) was chosen as the study site 

because it exhibited a more favorable combination of the desired characteristics (Figure 2.4). 

 

3.3 STUDY AREA 

3.3.1 Overview of the Study Area 

A multi-year, multi-seasonal observational study was conducted in the Hyner Run 

subwatershed, located in the Sproul State Forest area in Clinton County, Pennsylvania. Sproul 

State Forest occupies 1,236 km2 of northern central Pennsylvania, in Cameron, Centre, 

Clearfield, Clinton, Lycoming, and Potter Counties (PADCNR 2012a). Within Sproul, Hyner 

Run is a 74.7 km2 HUC12 subwatershed (USDA-NRCS 2012) with approximately 99% forest 

cover, no known water contamination sources, limited road construction and little land clearing 

for agriculture or other development (PADCNR 2012a), making it a suitable ecological ‘control’ 

environment prior to HVHHF expansion. Hyner Run itself is a forked third order coldwater 

creek that flows into the West Branch of the Susquehanna River, with second order West and 

East Branches that converge into the main branch approximately six kilometers north of the 

mouth. The system has several contributing headwaters, all expressing the “brook trout 

signature.”  One of the two main branches, East Branch Hyner Run, is classified as a Class A 

Trout Stream (PAFBC 2012; Figure 3.1).  
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Figure 3.1: Map of Hyner Run subwatershed with sampling locations and infrastructure 

(A1,2,3 = active HVHHF locations; B1,2,3 = inactive/pre-drilling HVHHF locations; C1,2,3 = 

control sites). Drainage areas (catchments) contributing to the streams at the sampled sites are 

indicated with color coding: purple = control; gray lines = inactive/pre-drilling; orange = active 

HVHHF). HVHHF locations scaled by number of wells per pad (PA DEP 2014a). Other 

HVHHF infrastructure (compressor pad and fluid retention pond: GoogleEarth 2013a,b). 
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3.3.2 Characteristics of the Individual Study Sites  

Hyner Run represented a unique research opportunity because the subwatershed contains 

headwater catchments of comparable sizes with both active HVHHF locations and control 

catchments which have not been leased for HVHHF (Table 3.3; Figure 3.1). Near the northern 

and southern edges of the watershed were several catchments that were not leased for HVHHF at 

the time of the field study and scheduled to experience no drilling for the duration of the study. 

Of several potential control locations originally identified through spatial analysis, only three 

streams were actively flowing at the time of data collection (Treatment ‘C’ – Figure 3.1, Table 

3.3: sites C1, C2, C3), and these sites were sampled throughout the duration of the study with no 

perceptible change to their catchment character.  

 

Table 3.3: Characteristics of study site locations  

Site 

ID 

Area 

(km2) 

HVHHF  

status 

Well 

pads 
Wells 

Well pad 

density 

(pads/km2) 

Well  

density 

(wells/km2) 

Additional  

HVHHF Features 

A1 6.885 Active 2 8 0.29 1.16 Compressor pad (322 m from stream) 

A2 4.205 Active 2 6 0.48 1.43 N/A 

A3 8.854 Active 3 18 0.34 2.03 Fluid retention pond (470 m from stream) 

B1 3.4 Delayed 1 6 0.29 1.76 Delayed activity – started late 2013 

B2 3.049 Delayed 1 2 0.38 0.66 Delayed activity (late 2012), stream dry (2013) 

B3 2.922 Inactive 1 0 0.34 0.34 Regulatory Inactive Status – never active 

C1 4.239 Control 0 0 0 0 N/A 

C2 4.115 Control 0 0 0 0 N/A 

C3 3.539 Control 0 0 0 0 N/A 

 

The eastern portion of the Hyner Run subwatershed study area is permitted for HVHHF 

to Anadarko Petroleum Corporation, which kept three headwater catchments in active HVHHF 

activity throughout the duration of the field study (Treatment ‘A’ – Figure 3.1, Table 3.3, Table 

3.4: Catchments A1, A2, A3, well pads A, B, C, D, E, F, H). All Treatment A Catchments had at 

least two well pads with multiple wells in continuous gas production prior to the first data 

collection, and continuing production throughout the duration of the study (PADEP 2015). 
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However, intensity of drilling and time in production varied markedly between active drilling 

sites (Table 3.4).  

Catchment A1 is the headwater catchment of East Branch Hyner Run, a stream 

designated a Class A Trout Stream by the state of Pennsylvania. The stream runs alongside 

Hyner Mountain Road and begins near the intersection with Pats Ridge Road. Catchment A1, 

hosts two well pads, with a total of four active wells (Tables 3.3, 3.4). The Anadarko “A” pad 

had four wells SPUD on February 7, 2010, all of which commenced active status in late 2010 or 

early 2011, and which were all in near-constant production throughout 2011-2014. [The initial 

groundbreaking for a future active well (industrially known and henceforth referred to as 

“SPUD”) frequently occurs long before the commencement of HVHHF for natural gas 

extraction.] The A wells are located an average of 493.2 meters from the steam (Table 3.4). 

Additionally, Catchment A1 houses the Anadarko “F” well pad, which holds the distinction of 

being the well pad where drilling commenced closest to the start of sampling for this study. 

Ground was first broken to initiate drilling of test wells on the Anadarko F pad in June 2011; of 

four wells SPUD that month, two were vertical wells that were later plugged and two were 

horizontal that were subsequently made productive using HVHHF methodology. The first period 

of productive drilling for the F wells commenced in the months immediately prior to the first 

sampling trip of the field study (January to June 2012), during which time the wells were each in 

production for approximately 130 days (72% of the six-month period; Table 3.4). The two active 

F wells in catchment A1 stayed in production for the duration of the study and after its 

completion. The F wells are farther from the stream, with an average distance of 690.6 meters 

(Table 3.4). Finally, Catchment A1 houses a compressor pad (GoogleEarth 2013a, Clinton 

County Government 2011; Figure 3.1) approximate 322 meters from the stream (Table 3.4).  
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Table 3.4: Well pad details for study catchments (PADEP 2015) 

Site 

ID 

Pad 

ID 
Company Well # 

SPUD 

Date 

Dist. to 

stream 

(m) 

Days in production 

2
0

1
0
 

2
0

1
1
 

2
0

1
2
 

2
0

1
3
 

2
0

1
4
 

Total 
Pre-

Study 

A1 A Anadarko A1005H 2/7/2010 494.9 5 365 366 330 338 1404 552 

A1 A Anadarko A1006H 2/7/2010 493.7  358 366 365 338 1427 540 

A1 A Anadarko A1007H 2/7/2010 492.4 4 331 366 330 335 1366 517 

A1 A Anadarko A1008H 2/7/2010 491.6 3 356 364 330 338 1391 539 

A1 F Anadarko F1031H 6/17/2011 684.2 Plugged Inactive Status 

A1 F Anadarko F1032H 6/16/2011 688.6   313 365 338 1016 129 

A1 F Anadarko F1033H 6/17/2011 692.6 Plugged Inactive Status 

A1 F Anadarko F1034H 6/18/2011 697.0   319 365 338 1022 135 

A2 D Anadarko D1020H 6/11/2011 482.1  48 366 353 361 1128 230 

A2 D Anadarko D1022H 6/12/2011 489.9  48 363 352 361 1124 228 

A2 D Anadarko D1024H 6/13/2011 497.7  48 366 344 360 1118 230 

A2 H Anadarko H1044H 5/26/2011 406.4  33 363 355 331 1082 214 

A2 H Anadarko H1046H 5/27/2011 403.7  34 363 355 300 1052 215 

A2 H Anadarko H1048H 5/28/2011 401.2  34 362 354 351 1101 215 

A3 B Anadarko B1001H 7/29/2009 1660.4 86 223 306 322 285 1222 457 

A3 B Anadarko B1002H 9/26/2009 1672.2 183 235 335 329 329 1411 575 

A3 B Anadarko B1003H 9/7/2010 1663.1  234 366 321 335 1256 416 

A3 B Anadarko B1004H 9/10/2010 1666.4  237 351 329 338 1255 409 

A3 B Anadarko B1011H 12/29/2010 1669.9  237 366 365 338 1306 419 

A3 B Anadarko B1012H 12/29/2010 1673.5  238 366 321 338 1263 420 

A3 C  Anadarko C1013H 6/17/2011 586.2   326 365 265 956 142 

A3 C  Anadarko C1014H 6/18/2011 587.8   325 365 288 978 141 

A3 C  Anadarko C1015H 6/19/2011 589.5   324 365 255 944 141 

A3 C  Anadarko C1016H 6/20/2011 591.1   325 365 286 976 141 

A3 C  Anadarko C1017H 6/21/2011 592.9   325 365 250 940 141 

A3 C  Anadarko C1018H 6/22/2011 594.4   309 362 323 994 141 

A3 E Anadarko E1025H 1/21/2011 371.1  51 336 358 344 1089 230 

A3 E Anadarko E1026H 1/21/2011 369.6    305 361 666 0 

A3 E Anadarko E1027H 1/21/2011 368.1  61 341 361 356 1119 243 

A3 E Anadarko E1028H 1/21/2011 366.8  61 331 358 365 1115 242 

A3 E Anadarko E1029H 2/21/2011 365.3  61 341 361 365 1128 242 

A3 E Anadarko E1030H 1/21/2011 363.9  61 340 365 365 1131 241 

B1 E XTO E1H 12/4/2011 490.6    153 355 508 0 

B1 E XTO E2H 12/9/2011 490.5 Plugged Inactive Status 

B1 E XTO E3H 12/5/2011 491.0    123 364 487 0 

B1 E XTO E4H 12/5/2011 490.7    153 364 517 0 

B1 E XTO E5H 12/8/2011 490.8    123 364 487 0 

B1 E XTO E6H 5/26/2012 490.2    153 362 515 0 

B1 E XTO E7H 5/2/2012 490.3    139 356 495 0 

B2 G XTO G1H 3/29/2012 586.8   48 307 364 719 0 

B2 G XTO G2H 4/4/2012 583.7    311 364 675 0 

B3 I XTO I3H 4/17/12 613.5 Regulatory Inactive Status 
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Catchment A2 contains Spring Run, a stream which forks of from Right Branch Hyner 

Run and follows Right Branch Hyner Run Road, a dirt road with minimal traffic. The streams in 

Catchments A2 (Spring Run) and A3 (Right Branch Hyner Run) reach a confluence, which was 

the starting point of sampling for both streams. Other contributing headwaters visible on some 

maps were found to be intermittent streams that were not actively flowing during the study 

period. Catchment A2 hosts six wells distributed evenly on two well pads, Anadarko pads “D” 

and “H”, all of which were SPUD in May and June of 2011 (Tables 3.3, 3.4). The D wells were 

set back an average of 489.9 meters from the stream, while the H wells were closer, at 403.8 

meters. Production commenced in late 2011 for all the D and H wells, and both pads were kept 

under consistent production throughout 2012-2014. There was no additional HVHHF 

infrastructure installed in this catchment.  

Catchment A3 was the largest catchment surveyed, containing Right Branch Hyner Run 

creek, and the one with the highest density of active HVHHF; three well pads in the catchment 

host six wells apiece, all of which were in nearly constant production for the entire time period of 

the field study (Table 3.4). Within Catchment A3, six wells on the “B” well pad were SPUD 

first, between July 2009 and December 2010, and were productive for more than a year prior to 

the start of sampling. Next, the “E” well pad was SPUD six times in January 2011 (Table 3.4), 

and brought quickly into production in the fall of 2011, allowing about two months of active 

production in 2011, which continued throughout all of all of 2012-2014. Lastly, the “C’ well pad 

was SPUD for all six wells in June 2011, and the wells were brought into active status in early 

2012. The C pad operated throughout much of the study period, but experienced reduced 

production at the end of 2014: most of the C wells operated less than 60% of the second half of 

2014 (Table 3.4). The E pad is situated closest to the stream, at an average distance of 367.4 

meters; the B and C wells were found at 1667.6 meters and 590.3 meters, respectively. It is 
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worthwhile to note that that B wells are physically closer (average of 535 meters) to the stream 

in Catchment A1, though any runoff from that well pad would be expected to drain to stream A3 

due to catchment area geography. Catchment A3 also has a fluid retention pond (GoogleEarth 

2013b; Figure 3.1) located 470 meters from the stream (Table 3.3).  

On the western side of the Hyner watershed, drilling operations by XTO Energy were not 

underway yet at the beginning of the field study. Three sample locations in that portion of the 

watershed were considered for inclusion in this study. Catchment B1, which was not in 

production at the commencement of the field study, was put into production in 2013. Five wells 

were SPUD on the XTO Energy “E” well pad in December 2011, and two more in May 2012. 

Six of these seven “E” wells were put into production in the second half of 2013 and operated for 

68 to 85% of the period from July-December 2013, followed by constant production in 2014. 

The seventh well was plugged and never became productive (Tables 3.3, 3.4). Catchment B2 

hosted a two well pad, XTO “G” Pad, which was SPUD in late March and early April of 2012. 

One well went into production late in 2012, and the other early in 2013 (Tables 3.3, 3.4). The 

stream in Catchment B2 was sampled in Summer 2012, before production had commenced on 

the G Pad, but was found to be dewatered to the point where sampling was impossible on 

subsequent sampling trips. Catchment B3 was SPUD with one well in April 2012, but the well 

(XTO “I” Pad) was not put into production and went into Regulatory Inactive Status, making it 

essentially an inactive catchment, though not quite a control site (Tables 3.3, 3.4). Upon 

consideration of the varied development trajectories of Catchments B1, B2, and B3 it was 

determined that they could not be reasonably considered to fall into either the control or the 

active drilling site categories, and that they were also inadequately alike to be classified as their 

own category. Therefore, the decision was made to exclude the “B” catchments from 

comparative analysis. 
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3.4 WATER CHEMISTRY SAMPLING AND ANALYSIS METHODOLOGY 

Sampling trips were conducted in summer (July) and fall (October) of 2012, 2013, and 

2014. Field data were collected following as closely as possible to United States Geological 

Society (USGS) National Water Quality Assessment (NAWQA) Protocols (Table 3.5), with 

certain modifications made to account for time, equipment, and personnel limitations. Reaches of 

100 m were delineated starting from downstream endpoints established at the mouth of each 

selected first order stream (where it meets another first order tributary or higher order stream), 

such that all the suspended runoff from the various points within the catchment could be 

reasonably thought to exit through the sampling reach. Qualitative site observations of proximate 

land disturbances, bank conditions, riparian vegetation, and other relevant qualities of the 

surrounding landscape were noted, as well as the time of day and weather conditions. Water 

chemistry measurements of conductivity (µS/cm), pH, dissolved oxygen (DO: mg/L), and 

temperature (ºC) were collected using a YSI 6600V2-2 Multiparameter Data Sonde (YSI 

Incorporated, Yellow Springs OH). (Biological sampling of fish and macroinvertebrates is 

described in detail in Weltman-Fahs 2019 Chapters 4 and 5). 

 

Table 3.5: Field data collection protocol sources 

Category Protocol Source 

Qualitative 

Observations 

Qualitative site assessment Fitzpatrick et al. 1998 

Riparian land-use/land-cover Johnson and Zelt 2005 

Hydrological 

measurements 
Flow and depth transects 

Bain and Stevenson 1999  

Rantz and others 1982a,b 

Chemical/ 

water quality 

sampling 

Water sample collection Wilde 2006a, USGS 2006 

pH Wilde 2006a, Ritz and Collins 2005 

Conductivity Wilde 2006a, Radtke et al. 2005 

Dissolved Oxygen Wilde 2006a, Lewis 2006 

Temperature Wilde 2006a,b 

Biological 

sampling 

Electrofishing fish sampling 
Moulton et al. 2002 

Wagner et al. 2014 (re one-pass sampling) 

Kick-Net Macroinvertebrate sampling Moulton et al. 2002 
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One liter of water was also collected at each site for additional analysis in the laboratory 

setting. Water samples were analyzed for concentrations of ions and metals by the Cornell 

University Soil and Water Laboratory (Ithaca NY) and the Cornell University Nutrient Analysis 

Laboratory (Ithaca NY). Nitrate (NO3
-), nitrite (NO2

-), sulfate (SO4
2-) were assessed using ion 

chromatography (IC). Concentrations of other ions and metals (Aluminum (Al), Arsenic (As), 

Boron (B), Barium (Ba), Bromide (Br-), Calcium (Ca), Chloride (Cl-), Cadmium (Cd), Cobalt 

(Co), Chromium (Cr), Copper (Cu), Iron (Fe), Potassium (K+), Magnesium (Mg), Manganese 

(Mn), Molybdenum (Mo), Sodium (Na), Nickle (Ni), Phosphorus (P), Lead (Pb), Sulfur (S), 

Selenium (Se), Silicon (Si), Strontium (Sr), Titanium (Ti), Vanadium (V), and Zinc (Zn)) were 

evaluated using inductively coupled plasma atomic emission spectroscopy (ICP-AES).  

Water chemistry measurements were compared via ANalysis Of VAriance (ANOVA) 

methodology, with Treatment, Year, and Season as predictive factors for the water chemistry 

response variables. The ANOVA utilized nesting terms, which account for hierarchical 

arrangement of categorical factors nested within other factors; in this case, Site within Treatment 

captures the positioning of multiple sampling sites nested within each treatment, and Season 

within Year captures the multiple seasonal sampling trips per study year. The possibility of 

annual variation was also considered through a Treatment-Year interaction term. The generalized 

formula for the ANOVA was as follows: 

 

Response ~ Treatment + Year + Season + Year:Treatment + Treatment|Site + Year|Season 

 

All statistical analyses were conducted using R version 3.1.2 (The R Foundation, Vienna 

Austria) supported by the user interface RStudio version 0.98.1102 (RStudio, Boston MA). 
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3.5 WATER CHEMISTRY AND PHYSICAL ENVIRONMENT RESULTS 

ANOVA analysis of the field-collected water chemistry data showed significantly higher 

conductivity levels and lower dissolved oxygen levels in the active HVHHF (A) sites than the 

control (C) sites; temperature was found to be marginally higher in the control sites, while pH 

levels were not significantly different between treatments (Table 3.7, Figure 3.2). Of the thirty 

ions and metal concentrations that were tested at the Cornell University Soil and Water 

Laboratory and the Cornell University Nutrient Analysis Laboratory, fourteen ions/metals (Al, 

As, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Se, Ti, V) had zero values for all samples, across all 

sites on all sampling dates. These fourteen measurements were therefore considered 

uninformative factors were omitted from further consideration and analysis. The remaining 

sixteen (B, Ba, Br-, Ca, Cl-, K+, Mg, Na, P, S, Si, Sr, NO3
-, NO2

-, and SO4
2) were found in 

detectable levels in some or all samples and were therefore analyzed statistically (Table 3.6).  

Of the sixteen measurable test factors, no significant differences were found between 

treatments in the levels of B, Br-, P, Si, NO3
-, NO2

-, and SO4
2- (Figure 3.2). The other nine 

concentrations (Ba, Ca, Cl-, K+, Mg, Na, Pb, S, and Sr) varied between the treatments with very 

high statistical significance; all concentrations were significantly higher in the active HVHHF 

treatment than the control treatment (Figure 3.2, Table 3.7). Strong seasonal influence was 

detected in the conductivity, DO, and temperature measurements, but not in any of the ionic 

concentrations (Table 3.7). Meanwhile, Mg, Pb, and Sr had annual discrepancies, but no 

interaction between treatment and year (Table 3.7). 
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Table 3.6: Water quality measurements and mean concentrations of ions and metals observed  

by treatment and sampling trip (A = active high-volume horizontal hydraulic fracturing; C = 

control). All units are mg/L except conductivity (µS/cm), temperature (°C), and pH. 

 
Summer 

2012 

Fall 

2012 

Summer 

2013 

Fall 

2013 

Summer 

2014 

Fall 

2014 

 A C A C A C A C A C A C 

Conductivity 75.3 36.4 60.6 35.9 81.1 35.8 59.4 29.4 80.4 38.2 77.5 35.2 

pH 7.24 6.98 7.45 7.40 7.04 6.80 6.77 6.57 7.04 6.98 6.96 7.21 

DO 7.29 8.85 8.48 9.26 7.41 9.02 8.35 9.29 7.38 8.79 7.77 8.63 

Temperature 15.2 15.5 8.09 9.17 14.2 14.2 11.4 12.3 13.5 14.0 11.7 13.4 

B 1.17 1.23 1.22 1.07 1.24 1.21 1.13 1.25 1.01 1.21 1.19 1.18 

Ba 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 

Br 0.33 0.31 0.24 0.27 0.31 0.33 0.30 0.30 0.33 0.34 0.36 0.33 

Ca 4.47 3.13 4.53 3.29 6.26 3.27 4.40 2.60 6.48 3.63 6.21 4.25 

Cl- 10.8 4.85 16.1 6.78 20.6 5.52 15.4 5.54 19.0 5.76 18.6 5.93 

K+ 1.05 0.97 1.65 1.06 1.46 1.10 1.21 1.00 1.40 1.14 1.39 1.17 

Mg 1.02 0.83 1.38 1.11 1.77 1.10 1.31 0.93 1.79 1.17 1.74 1.29 

Na 4.30 2.08 5.25 2.02 6.52 2.15 5.14 2.05 6.05 2.29 6.23 2.33 

P .001 .000 .004 .003 .003 .003 .001 .003 .000 .002 .001 .002 

Pb 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

S 2.26 2.10 2.29 2.24 2.24 2.20 2.17 2.09 2.28 2.16 2.28 2.22 

Si 4.61 4.75 5.15 4.90 5.34 5.24 4.86 4.89 4.78 5.26 5.13 5.16 

Sr 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.01 0.03 0.02 0.03 0.02 

NO3 0.32 0.34 0.04 0.11 0.10 0.15 0.14 0.06 0.30 0.33 0.05 0.06 

NO2 0.02 0.01 0.01 0.00 0.00 0.03 0.01 0.00 0.00 0.01 0.01 0.01 

SO4 2.25 2.30 0.47 0.91 0.72 1.33 0.88 0.49 2.12 2.07 1.30 1.54 

 

Table 3.7: Summary of ANOVA analysis results for water quality measurements with 

statistically significant differences between Treatments [A = active high-volume horizontal 

hydraulic fracturing locations; C = control] including Means by Treatment, ANOVA summary 

statistics (F and p values) for the Treatment, Year, and Season factors. Statistically significant p 

values (p<0.05) are italicized, highly significant values (p < 0.01) are in bolded italics) All units 

are mg/L except conductivity (µS/cm), temperature (°C), and pH. 

 Mean 

(A) 

Mean 

(C) 

Treatment Year Season 

 F p F p F p 

Cond. 72.389 35.140 159.852 <0.001 1.907 0.170 7.728 0.010 

DO 7.780 8.974 55.816 <0.001 2.184 0.135 10.167 0.004 

Temp. 12.341 13.095 4.857 0.037 4.769 0.018 100.328 <0.001 

Ba 0.020 0.008 52.945 <0.001 0.944 0.403 4.563 0.043 

Ca 5.392 3.361 20.142 <0.001 2.986 0.069 0.534 0.472 

Cl- 16.756 5.728 102.019 <0.001 2.285 0.124 0.075 0.786 

K+ 1.357 1.074 9.499 0.005 0.421 0.667 0.447 0.510 

Mg 1.500 1.071 24.576 <0.001 7.486 0.003 0.033 0.858 

Na 5.580 2.153 146.578 <0.001 2.873 0.076 0.047 0.830 

Pb 0.0283 0.0278 7.895 0.010 27.079 <0.001 1.263 0.272 

S 2.422 2.320 6.863 0.015 1.103 0.348 0.015 0.904 

Sr 0.026 0.015 47.627 <0.001 8.080 0.002 0.005 0.944 
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Figure 3.2: Boxplots of the concentrations of ions and metals observed, divided by treatment  

(A = active high-volume horizontal hydraulic fracturing locations; C = control). P-values from 

nested ANOVA analysis indicate whether the means of the treatments are significantly different 

(“***”=highly significant; “*”/“**”=significant; Grey Boxes=not significant). Red boxes=ions 

associated with HVHHF produced water (Rhodes and Horton 2015). Blue boxes=TENORM 

(USEPA 2018a). All units mg/L except conductivity (µS/cm), temperature (°C), and pH.  



 

45 

3.6 DISCUSSION OF WATER CHEMISTRY DATA 

3.6.1 Conductivity and Ionic Concentrations 

Conductivity is a general indicator of the level of dissolved solids in a sample, which 

make the water more conductive. Conductivity was higher in the active drilling sites across all 

sampling trips. Control site conductivity levels were very consistent from year to year, while the 

active drilling sites had more variability, though always higher values across all sites (Figure 

3.3). Seasonal variation was observed (Table 3.7), with lower values in the fall than the summer, 

though measurements were consistent across the study years (no annual variation). Conductivity 

levels are explained by discrepancy in the levels of particular ions across the treatment, most 

notably Ba, Ca, Cl, K, Mg, Na, Pb, and Sr (Figure 3.2). All the ionic concentrations that varied 

by treatment were higher in the control sites, with some having very uniform concentrations 

across the control sites, with more variability in the active drilling sites (eg. Figure 3.4: Cl-, 

Figure 3.5: Na+), and others having more variability among both treatments (eg. Figure 3.6: Ba). 

The formidable challenge here is to determine whether the observed water chemistry 

differences are caused by, or merely correlated with, the proximate HVHHF activity. HVHHF 

fluids can contain high levels of TDS and particular ions, salts, and metals (USDOE 2011, 

GWPC and IOGCC 2012, USEPA 2012), but it has historically been difficult to assess whether 

the elements found in significantly higher concentrations in the active HVHHF catchments (Ba, 

Ca, Cl-, K+, Mg, Na, Pb, S, Sr: Table 3.6) were used in the HVHHF process at the adjacent well 

sites. HVHHF fluids can contain a wide range of chemical additives, which are not subject to 

mandatory disclosure. FracFocus, the voluntary Chemical Disclosure Registry, allows the user to 

search for additive types by well location, but does not indicate, if no records are found, whether 

any reporting was done for the site in question (GWPC and IOGCC 2012). However, recent 

research into exactly this topic has provided analysis metrics that can be applied to these data. 
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Figure 3.3: Boxplots of Conductivity (µS/cm) observed in each study season and year  

[by treatment (A = active high-volume horizontal hydraulic fracturing locations; C = control)] 

 

 
Figure 3.4: Boxplots of the concentrations of Cl (mg/L) observed in each study season and year  

[by treatment (A = active high-volume horizontal hydraulic fracturing locations; C = control)] 
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Figure 3.5: Boxplots of the concentrations of Na (mg/L) observed in each study season and year  

[by treatment (A = active high-volume horizontal hydraulic fracturing locations; C = control)] 

 

 
Figure 3.6: Boxplots of the concentrations of Ba (mg/L) observed in each study season and year  

[by treatment (A = active high-volume horizontal hydraulic fracturing locations; C = control)] 
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Recent, regionally-specific studies have determined that certain elements identified in 

flowback fluids (Ba, Br, Ca, Cl, Mg, Na, S, Sr) are dependable indicators of HVHHF 

contamination, as compared to local water quality baselines (Rhodes and Horton 2015). This set 

of ions expected to be contributed by flowback fluids represents a nearly exhaustive list of ions 

found to be present in statistically higher concentrations in the active drilling catchments than the 

controls; of these seven, only Bromide was found to be statistically indistinguishable between 

control and active catchments, and only three additional elements (K, Pb, and S) that were not 

included in the Rhodes and Horton (2015) list were found to vary among treatments in this study. 

One additional aspect of the process is distinguishing possible HVHHF-related chemicals 

from other sources of similar additives, such as road salt runoff. An emerging literature seeks to 

identify water chemistry signatures that differentiate between observed ionic concentrations 

related to HVHHF produced water, other types of regional brine sources, or road salt runoff 

(Johnson and Graney 2013, Johnson 2014, Warner et al. 2014, Johnson and Graney 2015, Phan 

et al. 2015, Stewart et al. 2015). One distinguishing factor is the Cl-/Br ratio, which has been 

found to differ by an order of magnitude when indicating road salt versus brine: high Cl-/Br 

ratios of 1000 or more have been associated with road salt, while much lower ratios (closer to 

100) are associated with brines or produced water (Mullaney et al. 2009, Barbot et al. 2013, 

Haluszczak et al. 2013, Warner et al. 2014, Johnson et al. 2015b, Dr. Jason Johnson, personal 

communication, March 5 2015). These ratios should be applicable at Cl- concentrations of 10 

mg/L or greater (Mullaney et al. 2009, Johnson et al 2015b, Dr. Jason Johnson personal 

communication March 5 2015). For the control sites, the chloride levels were below the 

minimum threshold for application of the Cl-/Br ratio. In the active HVHHF sites, Cl-/Br ranged 

from 25.91 to 120.95, with all Cl- levels above the 10 mg/L threshold for applying the ratio. The 

Cl/Br ratios were significantly different between treatments (F = 85.210, P < 0.001). Based upon 



 

49 

this chemical signature, it is reasonable to suspect that the observed Cl- and Br, and perhaps other 

chemical constituents, are not result of road salt runoff, but rather of another source.  

Using the Cl/Br ratio metric alone, it is not always possible differentiate between the 

impacts of HVHHF produced water and naturally-occurring regional brine sources. Application 

of additional ionic metrics from Johnson et al. (2015b) were attempted in this study, with 

inconclusive results. One such metric, the ratio of (Barium + Strontium)/Magnesium 

((Ba+Sr)/Mg) yielded consistently higher values for the active drilling sites than then controls, 

but the differences were too subtle to be considered true evidence of produced water 

contamination in the active drilling sites. Another described metric, the relative abundance of 

Strontium isotopes 87Sr and 86Sr, was not applied because the water sample testing service used 

was not sophisticated enough to differentiate between these two isotopes. In the absence of these 

further metrics, the inference was made that, given the geographic proximity of the sample sites 

to one another, it is unlikely that a naturally-occurring regional brine would impact the active 

HVHHF sites and not the nearby control sites.  

 

3.6.2 Other evidence of HVHHF: TENORM and organic matter contamination 

Another documented pathway of potential stream contamination from HVHHF is from 

the discharge of Technologically-Enhanced Naturally Occurring Radioactive Materials 

(TENORM), which are radioactive materials that generally remain trapped in subterranean shale, 

but can be released when displaced by mining activities (Entrekin et al. 2011, Weltman-Fahs and 

Taylor 2013). Two elements found in higher concentration in the active drilling sites (K and Pb) 

are classified as TENORM (USEPA 2008a, USEPA 2008b, USEPA 2018a, USEPA 2018b). 

Finally, organic contamination, another possible HVHHF pathway (Entrekin et al. 2011, 

Weltman-Fahs and Taylor 2013) which consumes oxygen, thereby reducing dissolved oxygen 
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(DO) levels (Greig et al. 2005, Greig et al. 2007); thus, the significantly higher levels of DO in 

the control sites than the active HVHHF treatments may have been related to the presence of 

organic contamination from HVHHF. Follow up studies will further examine these results in the 

context of their implications for brook trout growth and macroinvertebrate abundance and 

community structure. The complementary biological data from the sampling excursions 

discussed here allow for not only interpretation of the water chemistry data presented here, but 

also of the biological relevance of these data. 
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CHAPTER 4  

BROOK TROUT GROWTH AND IN−STREAM CONDITIONS IN CATCHMENTS 

WITH AND WITHOUT HYDRAULIC FRACTURING IN THE MARCELLUS SHALE 

 

 4.1  ABSTRACT     

The increasing prevalence of the high-volume horizontal hydraulic fracturing (HVHHF) 

method of natural gas extraction in the Marcellus and Utica Shale deposits of the northeastern 

United States could add additional stressors to an already diminishing population of native 

eastern brook trout (Salvinus fontanalis). In this field study, brook trout growth and in-stream 

conditions are compared among first order headwater stream catchments, some with active 

HVHHF and some with no drilling, within a single central Pennsylvania State Forest 

subwatershed. Data collection and analysis included water chemistry measurements (pH, 

dissolved oxygen, conductivity, temperature, ion and metal concentrations) and biotic 

measurements (fish lengths and weights). Young-of-year (YOY) brook trout were significantly 

larger (longer and heavier) in the control as opposed to the drilled catchments. Water chemistry 

differences were also observed, with the drilled streams exhibiting higher conductivity, higher 

concentrations of particular ions and metals, and lower dissolved oxygen than the control 

streams. The chloride:bromide ratio and prevalent ions in the drilled streams are indicative of 

produced water associated with HVHHF, suggesting a direct link between brook trout health and 

drilling. Further research into stream habitat impacts of proximate HVHHF activities would help 

define the implications of the observed differences.  

 

Key words: Salvinus fontinalis; high-volume horizontal hydraulic fracturing; brook trout; 

natural gas extraction; in-stream impacts, Marcellus Shale 
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4.2 INTRODUCTION 

Extraction of natural gas from the shale deposits underlying the northeastern United 

States is a centuries-old industry that has experienced a boom in the new millennium, mostly due 

to the introduction of the controversial high-volume horizontal hydraulic fracturing (HVHHF) 

process, which has made accessible larger areas of deeper subterranean shale gas reserves than 

were previously reachable (Williams 2008, USEIA 2011). HVHHF is distinctive from 

conventional natural gas extraction methods in two important ways, both of which are reflected 

in the descriptive name of the process. “Horizontal” refers to the practice of drilling wells to the 

depth of the shale stratum and then turning the bore-hole laterally to reach a broader portion of 

the shale deposit than would a vertical well. “High-volume” references the millions of gallons of 

chemical- and proppant-enhanced water solution that are pumped down the bore-holes at high 

pressure, causing fractures to occur in the shale, which are propped open by the proppant (often 

sand) to allow for the extraction of gas contained within the rock (Soeder and Kappel 2009, 

Kargbo et al. 2010, Entrekin et al. 2011, Rahm and Riha 2012, Weltman-Fahs and Taylor 2013).  

Due to technological advancement and political encouragement of the HVHHF process, 

the last decade has seen an increase in extraction of gas from shale formations that had 

previously been less industrially popular, including portions of the deep Marcellus and Utica 

Shales (EPA 2005, Williams 2008). HVHHF has been widely used in the West Virginia and 

Pennsylvania portions of the Marcellus Shale, but is currently banned in New York State 

(Kaplan 2014). Accompanying this surge in extractive intensity is increased prevalence of the 

activities required for the HVHHF process, including land clearing for well pad sites and access 

roadways, ground/surface water extraction, transportation and storage of fluids required for the 

process, and processing/discharge of waste products after the process is completed, which can 

have physical, chemical, and biological influences on the surrounding landscape. The HVHHF 
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process has been studied globally at universities and environmental agencies, both governmental 

and non-governmental, by scientists seeking to understand the possible impacts of the process for 

human, animal, and environmental health. This study seeks to assess the impacts of HVHHF on a 

target species: the eastern brook trout (Salvinus fontanalis). 

The increased prevalence of HVHHF in the shales of the northeastern United States has 

implications for native brook trout, which historically inhabited streams from Maine to Georgia 

(MacCrimmon and Campbell 1969). This environmentally-sensitive fish species has already 

experienced population declines and extirpation in some of its historically occupied watersheds, 

due in large part to pressures from anthropogenic activities that effect changes in stream 

chemistry, temperature, habitat connectivity, and biotic communities (Hokanson et al. 1973, 

Lyons et al. 1996, Marschall and Crowder 1996, Hudy et al. 2008). The activities required for 

natural gas extraction using the HVHHF method can further impact brook trout, directly or 

indirectly, via three major pathways: hydrological, physical, and chemical (Weltman-Fahs and 

Taylor 2013). These activities can trigger increases in stream sediment loads, metal 

concentrations, total dissolved solids (TDS: ions and salts), and nutrient levels, as well as 

reductions in streamflow. 

Physical landscape alterations, such as land clearing of the type and magnitude required 

for HVHHF infrastructure, can release sediment into streams in varying amounts depending on 

the area and duration of the clearing (Reid et al. 2004, Opperman et al. 2005, VanDusen et al. 

2005, Lachance et al. 2008, Ricker et al. 2008, Williams et al. 2008, Witmer et al. 2009, 

Hendrick et al. 2010, Johnson 2010, Adams et al. 2011, Entrekin et al. 2011, NYSDEC 2011, 

Weltman-Fahs and Taylor 2013). The clearing of riparian vegetation is observed to have 

particularly notable impacts on the adjacent stream sedimentation level and water chemistry 

(Sponseller et al. 2001, Arimoro and Ikomi 2008, Kobayashi et al. 2010). Chemically, hydraulic 
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fracturing fluid additives find their way into streams through multiple channels: they are 

sometimes discharged into streams intentionally, such as through application of dehydrated 

materials to roadways, or sometimes through probabilistic (unplanned) events such as storage 

basin or tank leaks and spills during transportation (Rahm and Riha 2012). Hydraulic fracturing 

fluids can contain high levels of total dissolved solids (TDS), metals, and nutrients, which means 

that these discharge events can result in changes to stream conductivity and the concentrations of 

these chemical additives (USDOE 2011, GWPC and IOGCC 2012, USEPA 2012, Weltman-Fahs 

and Taylor 2013). Reduced stream flow from overzealous water extraction can compound these 

other factors by increasing concentrations of these additives in the stream. Finally, an indirect 

“biological pathway” arises from the implications of HVHHF effects for macroinvertebrates in 

streams, which are a prey source for brook trout. (These pathways of influence were originally 

delineated in Weltman-Fahs and Taylor 2013, see Figure 4.1).  

This study uses a control-impact paired watershed approach to test the premise that 

divergent chemical characteristics are present in study streams with different HVHHF statuses, 

using field study sites with and without the target activity (HVHHF) that are otherwise 

comparable with respect to all known characteristics. The study design further examines whether 

there is a measurable brook trout growth signal across stream categories, which may be 

correlated to the chemical differences (Figure 4.1: modified conceptual model from Weltman-

Fahs and Taylor 2013). 

 

4.3 METHODS 

4.3.1 Spatial analysis for site selection 

Geographic Information Systems (GIS)-based study site selection techniques were used 

to isolate the impacts of the target HVHHF activities by selecting study areas that are free from 
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similar impacts of other resource extractive land use, including agriculture, logging, or other 

industries. The Pennsylvania Department of Conservation and Natural Resources (PADCNR) 

manages approximately 9,000 square kilometers of Pennsylvania State Forest, which are 

primarily used for a range of minimally-invasive recreational activities (PADCNR 1999, 2010, 

2012a, 2012b, 2015). Despite some logging activity, subwatersheds in the Pennsylvania State 

Forest persisted as more than 95% forest cover prior to the commencement of HVHHF leasing in 

2008 (PADCNR 2010, 2012a, 2012b). Since 2008, hundreds of square kilometers of state forest 

land have been leased to drilling companies by PADCNR for the development of over 1000 

approved natural gas wells (PADCNR 2015). Thus, the Pennsylvania State Forest was a prime 

research opportunity to assess drilled and undrilled watersheds in the relative absence of 

confounding signals from other types of extractive land use.  

Site selection was conducted through an extensive Geographic Information System (GIS) 

process in which publicly available data from a range of sources were overlaid and spatially 

analyzed to assess the overall health of the watershed, the potential of watersheds to support 

brook trout, and status of HVHHF activity. Watershed health data layers included land use/land 

cover (National Land Cover Dataset: NLCD 2006; Fry et al. 2011), known contamination 

(PADEP 2010), stream locations and habitat classifications (Olivero and Anderson 2008, USDA-

NRCS 2012), as well as state forest extents and management practices (PADCNR 1999, 2010, 

2015). HVHHF activity was assessed by overlaying the Marcellus Shale extent boundary (USGS 

2011) and the HVHHF active wells (PADEP 2014a) and permitted drilling locations (PADEP 

2014b). Brook trout habitability and status were determined through known historical habitat 

range (MacCrimmon and Campbell 1969), current population status (Hudy et al. 2008), and the 

Class A Trout Stream designation (PAFBC 2012). (See Weltman-Fahs 2019 Chapter 3 for 

detailed site selection description). 
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These data were interpreted to optimize for study sites that would be expected to support 

healthy brook trout populations prior to the influx of drilling. The vast majority (77%) of the 

State of Pennsylvania Class A Trout Streams (PAFBC 2012) expressed a particular combination 

of in-stream characteristics (buffering/pH, temperature, size, and gradient: as classified by the 

Northeast Aquatic Habitat Classification System (Olivero and Anderson 2008)), which were 

interpreted as a ‘brook trout signature,’ based upon the assumption that streams reflecting this set 

of features were likely to be favorable as habitat for brook trout (Table 4.1). Level of forestation 

was interpreted from the categories of the National Land Cover Dataset (NLCD 2006), with all 

forest types considered as undeveloped land, and to the exclusion of sites with any substantial 

urban or agricultural development; 95% forestation was set as the threshold level for least 

degraded watersheds. Finally, active HVHHF well densities were determined from wells location 

data (PADEP 2014a) at a range of spatial scales (subwatershed/catchment: USDA-NRCS 2012). 

(See Weltman-Fahs 2019 Chapter 3 for detailed site selection methodology). 

 

Table 4.1: Northeast Aquatic Habitat Classification System for stream temperature, size, 

geology/buffering, and gradient, with ‘brook trout signature’ classification in bolded italics  

(Olivero and Anderson 2008) 

 

Following spatial generalizations, potential study sites were selected that met the following 

conditions: positioned within the historic eastern brook trout distribution; populations of brook 

Class Temperature 

Size 

(by upstream  

drainage area) 

Geology/Buffering 

(cumulative  

upstream geology) 

Gradient 

(slope of flow line) 

1 Cold 
Headwater (< 3.861 mi2) 

Creek (3.861-38.61 mi2) 

Acidic 

Low Buffered 

Low Gradient 

(< 0.1%) 

2 
Transitional 

Cool 

Small River 

(38.61-200 mi2) 

Neutral 

Moderately Buffered 

Low-Moderate Gradient 

(0.1% - 0.5%) 

3 
Transitional 

Warm 

Medium River 

(200-3861 mi2) 

Calcareous 

Highly Buffered 

Moderate Gradient 

(0.5% - 2%) 

4 Warm 
Large River (3861-9653 mi2) 

Great River (> 9653 mi2) 
 

High Gradient 

(> 2%) 
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trout were “intact” as of 2008; within the Marcellus Shale region; forestation greater than 95%; 

development (other than HVHHF) is minimal; ‘brook trout signature’ expressed by multiple 

headwater stream catchments; presences of several catchments of fairly uniform size 

representing with perennial, rather than intermittent, headwater streams; catchments in both 

drilled and undrilled categories of HVHHF development; and streams unaffected by any known 

contamination. Two potential study areas that met all the qualifications were subjected to on-site 

evaluation to determine their accessibility and suitability for sampling. The selected Hyner Run 

subwatershed (HUC12 number 020502030401 (USDA-NRCS 2012); Figure 4.2) was chosen as 

the study site because it exhibited a more favorable combination of the desired characteristics.  

 

4.3.2 Study site description 

The selected study site was the Hyner Run subwatershed, in the Sproul State Forest, a 

1,236 km2 State Forest area of northern central Pennsylvania (located in Cameron, Centre, 

Clearfield, Clinton, Lycoming, and Potter Counties (PADCNR 2012a)). The Hyner Run area is a 

74.7 km2 HUC12 subwatershed (USDA-NRCS 2012) that expressed ecologically optimal 

“control” conditions prior to the influx of HVHHF activity (approximately 99% forest cover, no 

known water contamination sources, limited road construction, little land clearing for any kind of 

development (PADCNR 2012a)). The dominant waterway is Hyner Run, a third order coldwater 

creek that contributes its flow into the West Branch of the Susquehanna River. The West and 

East Branches are second order streams that converge into the main branch at a fork 

approximately 6 km north of the outflow into the River. All the numerous contributing 

headwaters express the “brook trout signature” and the East Branch of Hyner Run is designated a 

Class A Trout Stream by the State of Pennsylvania (PAFBC 2012; Figure 4.2). 

 



 

59 

 
Figure 4.2: Map of Hyner Run subwatershed with sampling locations and infrastructure  

(Weltman-Fahs 2019 Chapter 3) (A1,2,3 = active HVHHF locations; B1,2,3 = inactive/pre-

drilling HVHHF locations; C1,2,3 = control sites). Drainage areas (catchments) contributing to 

the streams at the sampled sites are indicated with color coding: purple = control; gray lines = 

inactive/pre-drilling; orange = active HVHHF). HVHHF locations scaled by number of wells per 

pad (PA DEP 2014a). Other HVHHF infrastructure (compressor pad and fluid retention pond: 

GoogleEarth 2013a,b). 
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Some of the headwater catchments in the Hyner Run subwatershed were being 

intensively drilled at many active HVHHF locations, while other control catchments were not 

been leased for HVHHF (Table 4.2, Figure 4.2). The eastern portion of the Hyner Run 

subwatershed study area has three headwater catchments with active hydraulic fracturing activity 

(Treatment ‘A’ – Figure 4.2: sites A1, A2, A3). All Treatment A catchments have at least one 

well pad with multiple wells in continuous gas production for at least six months prior to the first 

data collection, and continuing production throughout the duration of the study (PADEP 2015). 

Additionally, Catchment A1 houses a compressor pad (GoogleEarth 2013a, Clinton County 

Government 2011; Figure 4.2) and Catchment A3 has a fluid retention pond (GoogleEarth 

2013b; Figure 4.2).  

 

Table 4.2: Characteristics of study site locations  

Site 

ID 

Area 

(km2) 

HVHHF  

status 

Well 

pads 
Wells 

Well pad 

density 

(pads/km2) 

Well  

density 

(wells/km2) 

Additional  

HVHHF Features 

A1 6.885 Active 2 8 0.29 1.16 Compressor pad (322 m from stream) 

A2 4.205 Active 2 6 0.48 1.43 N/A 

A3 8.854 Active 3 18 0.34 2.03 Fluid retention pond (470 m from stream) 

B1 3.4 Delayed 1 6 0.29 1.76 Delayed activity – started late 2013 

B2 3.049 Delayed 1 2 0.378 0.656 Delayed activity (late 2012), stream dry (2013) 

B3 2.922 Inactive 1 0 0.342 0.342 Regulatory Inactive Status – never active 

C1 4.239 Control 0 0 0 0 N/A 

C2 4.115 Control 0 0 0 0 N/A 

C3 3.539 Control 0 0 0 0 N/A 

 

Of several potential control locations originally identified through spatial analysis, only 

three streams were actively flowing at the time of data collection (Figure 4.2 – C1, C2, C3). 

Three additional sites were originally explored as “pre-drilling” locations where HVHHF was 

leased and expected to commence (“Treatment B”; Figure 4.2), but these sites experienced 

varied HVHHF development trajectories and flow inconsistencies that eventually rendered them 
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inadequately similar to be a third treatment; sampling of these sites was therefore discontinued, 

and they were excluded from analysis (See Weltman-Fahs 2019 Chapter 3 for study area details). 

The study sites were sampled under spatial replication (multiple sites in both the control and 

impact categories) and temporal replication (multiple seasons per year over a multi-year period). 

 

4.3.3 Brook Trout collection and analysis methods 

Brook trout data was collected in the field sites in the summer (July) and fall (September-

October) of 2012 and 2014. One-hundred-meter sampling reaches were established, with 

downstream endpoints at the mouth of each selected first order stream (the confluence with 

another first order tributary or higher order stream). Fish sampling was conducted starting at the 

downstream endpoint and working progressively upstream, making one-pass of the 100-meter 

reach with a Smith-Root LR24 Backpack Electrofisher (Smith-Root, Vancouver WA), to a 

maximum of active 1200 seconds of electrofishing time. In each stream, the waveform, duty 

cycle, and output voltage of the electrofisher were assigned by the internal set up functions of the 

device to account for the conductivity of the stream and maintain 25 watts average output power 

(Smith-Root Inc. 2009). All fish were collected and stored in water from their home reach in 

aerated buckets until they could be identified visually at the completion of the electrofishing 

pass. The brook trout were weighed, measured, and returned live to the stream from which they 

were caught. 

The brook trout measurements were arrayed into length histograms by season (summer 

and fall) to check for normal distribution and assess length limits for the year classes, with the 

expectation that the observed length distributions would be bi- or multi-modal according to age 

classes, with little or no overlap between year one fish and other year classes (Figure 4.3; Hunt 

1965). Assessment of fish age from the overall distribution of fish lengths by extracting normal 
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distributions of various age classes has a long history (Petersen 1891, Harding 1949, Cassie 

1954, Tanaka 1956, Richer 1975). However, this technique is more reliably applied to younger 

year classes, as their normal distributions are more distinct and therefore more easily isolated, 

while the distributions of older fish may blend together, requiring additional methodology (such 

as assessment of otoliths or scale structures) to differentiate them (Gulland and Rosenberg 1992).  

 

 
Figure 4.3: Length distribution histograms for brook trout caught in all Hyner Run sampling sites 

in summer and fall sampling trips of 2012 and 2014, divided by season and year 

with cut-off length for distributions of young-of-year (YOY: year zero) fish indicated  

by vertical red line (90 mm for summer; 115 mm for fall) 

 



 

63 

Use of otoliths or scales as aging structures is increasingly widespread, though these 

methods continue to be controversial in that they are time intensive, cause impairment or 

mortality in the studied fish population, and do not necessarily improving accuracy over length-

frequency assessments due to the subjectivity of the aging process (Gulland and Rosenberg 

1992). Additionally, otolith and scale aging methods are often inapplicable to young of year fish 

in general, and brook trout in particular (Cooper 1951, Horn 1997, Pfeifer 2005, Kusnierz et al. 

2009). Only the young-of-year (YOY: year zero) fish were considered in the subsequent 

analyses, because the YOY are more likely to remain in their natal catchments in their first 

months of life, whereas larger fish have a greater likelihood of movement among study areas 

(McFadden 1961, Hunt 1965).  

The relationship between length and weight was explored through calculation of 

condition factor (K), standard weight (Ws), and relative condition (Kn) (Table 4.3), which are 

used to draw value judgments about fish health. Condition factor (K) is an indicator of overall 

health that looks at fish weight relative to length to determine whether an individual fish is 

growing in a favorable proportion (Fulton 1902,1904; Blackwell et al. 2000; Williams 2000), 

that can be adjusted with a scaling factor (N=5) to apply it specifically to salmonids (Barnham 

and Baxter 1998). Standard weight (Ws) curves are species-specific regression equations 

describing the relationship between fish length and weight, which have been developed to refine 

the interpretation of fish condition relative to accepted standards for the species (Blackwell et al. 

2000, Murphy et al. 2001). The brook trout standard weight curve continues to be studied and 

refined, and there are multiple accepted versions, including one from Whelan and Taylor (1984) 

and a more recent one from Hyatt and Hubert (2001). Relative condition (Kn) is the ratio of an 

individual’s observed weight to the expected standard weight at a given length (Blackwell et al. 

2000). In general, a K or Kn value of greater than one indicates healthy fish. 
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Table 4.3: Equations for condition factor (K), relative weight (Kn), and standard weight (Ws)  

with sources and minimum applicable weights [W = weight, L = total length] 

Name Equation 
Min. 

length 
Source 

Fulton’s Condition Factor 
K = 10N * W / L3 

(N = scaling factor) 
Not stated Fulton 1902, 1904 

Salmonid Specific 

Condition Factor 
K = 100,000*W/L3 Not stated 

Barnham and Baxter 

1998, Williams 2000 

Relative Condition Kn = W / Ws Not stated Blackwell et al. 2000 

Whelan and Taylor 

Standard Weight for 

Brook Trout 

log(Ws) = -5.085 + 3.043 * 

log(L) 
130 mm 

Whelan and Taylor 

1984, Murphy et al. 

1991 

Hyatt and Hubert Standard 

Weight for Brook Trout 

log(Ws) = -5.186 + 3.103 * 

log(L) 
120 mm Hyatt and Hubert 2001 

 

ANalysis Of VAriance (ANOVA) was used to assess whether the several brook trout 

measurements were significantly different across the Treatments (A vs C), by collection season 

(summer vs. fall), and over the years of the study. A set of ANOVA analyses were run with 

YOY brook trout length and the various relative condition calculations (K, Kn(Whelan), and 

Kn(Hyatt) as response variables, using the following generalized formula: 

 

Response ~ Treatment + Year + Year:Treatment + Treatment|Site 

 

The predictor variables (Treatment and Year) were supplemented by the interaction term 

between the two to check for annual variation, and the nested term (Site within Treatment) was 

included to account for the nesting of one hierarchical attribute within another (in this case, 

multiple sampling Sites nested in a within each Treatment). Summer and fall seasons were 

treated as separate data sets because the brook trout caught in the fall had a longer period for 

growth than those caught in the summer (and, because of the replication of seasonal collections 

in the same locations, it is likely the same specimens may have been captured in corresponding 

summer and fall trips in the same study year). All statistical analyses were conducted using R 
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version 3.1.2 (The R Foundation, Vienna Austria) supported by the user interface RStudio 

version 0.98.1102 (RStudio, Boston MA). 

 

4.3.4 Water chemistry data collection and analysis methods 

Water chemistry and physical environment characteristics were measured on the same 

sampling trips according to United States Geological Society (USGS) National Water Quality 

Assessment (NAWQA) Protocols (See Weltman-Fahs 2019 Chapter 3, especially Table 3.5, with 

certain modifications made to account for time, equipment, and personnel limitations). Initial 

qualitative observations were made of catchment characteristics (including land disturbances, 

bank conditions, riparian vegetation, and other relevant qualities of the surrounding landscape, as 

well as the time of day and weather conditions). A YSI 6600V2-2 Multiparameter Data Sonde 

(YSI Incorporated, Yellow Springs OH) was used for measurements of conductivity (µS/cm), 

pH, dissolved oxygen (DO: mg/L), and temperature (ºC). Additionally, one liter of water was 

collected at each site for further analysis in the laboratory setting.  

Collected water samples were submitted to the Cornell University Nutrient Analysis 

Laboratory (Ithaca, NY) for analysis of the concentrations of ions and metals (Aluminum (Al), 

Arsenic (As), Boron (B), Barium (Ba), Bromide (Br-), Calcium (Ca), Chloride (Cl-), Cadmium 

(Cd), Cobalt (Co), Chromium (Cr), Copper (Cu), Iron (Fe), Potassium (K+), Magnesium (Mg), 

Manganese (Mn), Molybdenum (Mo), Sodium (Na), Nickle (Ni), Phosphorus (P), Lead (Pb), 

Sulfur (S), Selenium (Se), Silicon (Si), Strontium (Sr), Titanium (Ti), Vanadium (V), and Zinc 

(Zn)) by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Additionally, 

nitrate (NO3
-), nitrite (NO2

-), and sulfate (SO4
2-) were evaluated at the Cornell University Soil 

and Water Laboratory (Ithaca NY) using ion chromatography (IC).  

ANOVA analysis of the water chemistry attributes was similar to the brook trout 
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ANOVA analysis, except that Season was also included as a predictor variable, and the nesting 

of Season within year was considered, yielding the following, slightly modified generalized 

ANOVA formula: 

 

Response ~ Treatment + Year + Season + Year:Treatment + Treatment|Site + Year|Season 

 

4.4 RESULTS 

4.4.1 Brook Trout  

Brook trout sampling attempts during the summer and fall 2012 and 2014 yielded fish 

capture in all sampling locations on all sampling trips (Table 4.4). Based on the seasonal length 

distribution histograms, the maximum sizes of 90 mm for YOY fish in the summer and 115 mm 

in the Fall were established (Figure 4.3). In both seasons (combined across years), the mean 

lengths and weights of YOY brook trout sampled in the control treatment were significantly 

higher than those in the active HVHHF treatment (Table 4.4; Figures 4.4 and 4.5). Both seasonal 

datasets had highly significant annual variation (Year predictor variable) without interaction 

between year and treatment, ANOVA was also run on each individual sampling trip dataset, 

revealing significant differences in both the length and weight response variables in every year 

and season of sampling (Figures 4.4 and 4.5). 

On average, the observed brook trout in both treatments exhibiting slightly less than 

favorable condition and relative condition (K<1 or Kn<1: Table 4.5). ANOVA analysis of 

condition factors by Treatment and Years did not yield any significant differences in the summer 

dataset, but in the fall all metrics showed highly significant annual variation (Year predictor 

variable), as well as significant interaction between Treatment and Year, meaning that the 

relative condition of the fish by Treatment was not consistent between the study years (Table 
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4.5). When the fall dataset is broken down by study year a transition can be observed from 

slightly more favorable condition in the active drilling sites in fall 2012 to significantly more 

favorable condition in the controls in fall 2014 (Figure 4.6). 

 

 

Figure 4.4: Boxplots of the length distributions of young-of-year (YOY: year zero) brook trout 

consolidated by season and by seasonal sampling trip, divided by treatment  

(A = active high-volume horizontal hydraulic fracturing locations; C = control). P-values from 

nested ANOVA analysis indicate whether the means of the treatments are significantly different 

(“***” = highly significant; “*”/“**” = significant; “(no asterisk)” = not significant).  
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Figure 4.5: Boxplots of the weight distributions of young-of-year (YOY: year zero) brook trout 

consolidated by season and by seasonal sampling trip, divided by treatment  

(A = active high-volume horizontal hydraulic fracturing locations; C = control). P-values from 

nested ANOVA analysis indicate whether the means of the treatments are significantly different 

(“***” = highly significant; “*”/“**” = significant; “(no asterisk)” = not significant).  
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Table 4.4: Brook trout catch numbers and measurements by treatment, season, and sampling trip  

[catch numbers: by total and young-of-year (YOY: year zero). measurements: mean and standard 

deviation (SD) for length and weight), and nested ANOVA results (for length and weight 

measurements). Treatments: A = active high-volume horizontal hydraulic fracturing locations; C 

= control]. Statistically significant p values are in bolded italics. 

 Catch Totals Length (mm) Weight (g) 

 
Total 

(A/C) 

YOY 

(A/C) 

A 

YOY 

mean 

(SD) 

C 

YOY 

mean 

(SD) 

F p 

A 

YOY 

mean 

(SD) 

C 

YOY 

mean 

(SD) 

F p 

Summer 

2012 

288 

(139/149) 

236 

(114/112) 

66.86 

(7.34) 

74.72 

(8.25) 
78.67 <0.001 

3.02 

(1.26) 

4.04 

(1.43) 
41.55 <0.001 

Fall 2012 
165 

(71/94) 

143 

(60/83) 

78.27 

(11.13) 

83.96 

(9.03) 
13.59 <0.001 

4.57 

(2.03) 

5.29 

(1.87) 
5.84 0.017 

Summer 

2014 

100 

(46/54) 

17 

(5/12) 

52 

(9.95) 

63.25 

(6.21) 
11.72 0.005 

1.32 

(0.57) 

2.32 

(0.74) 
7.95 0.016 

Fall 2014  
82 

(47/35) 

55 

(34/21) 

83.18 

(16.98) 

93.19 

(17.48) 
4.39 0.041 

5.73 

(3.16) 

8.98 

(4.47) 
11.99 0.001 

Summer 

ALL 

388 

(185/203) 

253 

(119/134) 

66.24 

(8.00) 

73.69 

(8.71) 
72.30 <0.001 

2.95 

(1.28) 

3.89 

(1.46) 
37.89 <0.001 

Fall 

ALL 

247 

(118/129) 

198 

(94/104) 

80.04 

(13.65) 

85.83 

(11.75) 
11.82 <0.001 

4.99 

(2.54) 

6.04 

(2.98) 
9.637 0.002 

 

Table 4.5: Brook trout condition factor (K) and relative condition (Kn) by treatment and season  

[based on two different calculations of standard weight (Whelan and Taylor 1984; Hyatt and 

Hubert 2001)]. Means by treatment and ANOVA results (F and p values) for Treatment, Year, 

and Year*Treatment interaction term for each sampling season (summer and fall). Statistically 

significant p values are in italics. [Treatments: A = active high-volume horizontal hydraulic 

fracturing locations; C = control].  

 

Metric 
Mean 

(A) 

Mean 

(C) 

Treatment Year 
Year*Treatment 

Interaction 

 F p F p F p 

S
u

m
m

er
 K 0.963 0.935 1.382 0.241 1.326 0.251 0.228 0.634 

Kn(Whelan) 0.978 0.946 1.841 0.176 0.975 0.324 0.193 0.660 

Kn(Hyatt) 0.960 0.960 2.588 0.109 0.571 0.451 1.100 0.357 

F
al

l 
 K 0.906 0.899 0.136 0.713 18.439 <0.001 14.022 <0.001 

Kn(Whelan) 0.913 0.903 0.279 0.598 16.958 <0.001 13.188 <0.001 

Kn(Hyatt) 0.887 0.873 0.549 0.460 15.008 <0.001 12.048 <0.001 
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Figure 4.6: Boxplots of condition factor (K) and relative condition (Kn) of brook trout caught in 

the fall seasonal sampling trips of 2012 and 2014, divided by treatment.  

[based on two different calculations of standard weight (Whelan and Taylor 1984; Hyatt and 

Hubert 2001)] (A = active high-volume horizontal hydraulic fracturing locations; C = control). 

P-values from nested ANOVA analysis indicate whether the means of the treatments are 

significantly different (“***” = highly significant; “*”/“**” = significant; “(no asterisk)” = not 

significant).  
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4.4.2 Water Chemistry Data 

The ANOVA analysis of the field-collected water chemistry data showed significantly 

higher conductivity levels and lower dissolved oxygen levels in the active HVHHF (A) sites than 

the control (C) sites. Temperature exhibited weak significance between treatments, while pH 

levels were not significantly different (Table 4.6; Figure 4.7). No observable differences were 

found in the levels of B, Br-, P, Si, NO3
-, NO2

-, and SO4
2- between treatments (Table 4.6; Figure 

4.7), but some ion/metal concentrations varied greatly between the treatments: Ba, Ca, Cl-, K+, 

Mg, Na, Pb, S, and Sr were significantly higher in the active HVHHF treatment (Table 4.6; 

Figure 4.7). 

 

Table 4.6: Summary of ANOVA analysis results for water quality measurements  

with statistically significant differences between Treatments [A = active high-volume horizontal 

hydraulic fracturing locations; C = control] including Means by Treatment, ANOVA summary 

statistics (F and p values) for the Treatment, Year, and Season factors. Statistically significant p 

values (p<0.05) are italicized, highly significant values (p < 0.01) are in bolded italics) All units 

are mg/L except conductivity (µS/cm), temperature (°C), and pH. 

 Mean 

(A) 

Mean 

(C) 

Treatment Year Season 

 F p F p F p 

Cond. 72.389 35.140 159.852 <0.001 1.907 0.170 7.728 0.010 

DO 7.780 8.974 55.816 <0.001 2.184 0.135 10.167 0.004 

Temp. 12.341 13.095 4.857 0.037 4.769 0.018 100.328 <0.001 

Ba 0.020 0.008 52.945 <0.001 0.944 0.403 4.563 0.043 

Ca 5.392 3.361 20.142 <0.001 2.986 0.069 0.534 0.472 

Cl- 16.756 5.728 102.019 <0.001 2.285 0.124 0.075 0.786 

K+ 1.357 1.074 9.499 0.005 0.421 0.667 0.447 0.510 

Mg 1.500 1.071 24.576 <0.001 7.486 0.003 0.033 0.858 

Na 5.580 2.153 146.578 <0.001 2.873 0.076 0.047 0.830 

Pb 0.0283 0.0278 7.895 0.010 27.079 <0.001 1.263 0.272 

S 2.422 2.320 6.863 0.015 1.103 0.348 0.015 0.904 

Sr 0.026 0.015 47.627 <0.001 8.080 0.002 0.005 0.944 
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Figure 4.7: Boxplots of the concentrations of ions and metals observed, divided by treatment  

(A = active high-volume horizontal hydraulic fracturing locations; C = control). P-values from 

nested ANOVA analysis indicate whether the means of the treatments are significantly different 

(“***”=highly significant; “*”/“**”=significant; Grey Boxes=not significant). Red boxes=ions 

associated with HVHHF produced water (Rhodes and Horton 2015). Blue boxes=TENORM 

(USEPA 2018a). All units mg/L except conductivity (µS/cm), temperature (°C), and pH. 
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4.5 DISCUSSION 

YOY brook trout collected during this study were observed to be significantly larger in 

the control treatment than in the active HVHHF treatment, and significant water chemistry 

differences were observed between the two treatments. The relationship between these two sets 

of observations, while not definitively causal, points to a relationship between differential water 

quality between the treatments and brook trout growth in the first year of life. Specifically, the 

results support the influence pathway between HVHHF produced water and juvenile growth 

(highlighted in Figure 4.1).  

 

4.5.1 Brook Trout Findings 

Brook trout YOY were definitively larger and heavier in the control treatments than the 

active drilling treatments in all sampling trips. The condition factor analysis suggests that any 

differences in condition are not likely to be observable yet in the summer, but rather emerge as 

the fish grow into their first fall season (Table 4.5). The suggestion of an annual temporal trend 

in the significant differences between fall condition across study years if difficult to verify with 

only two annual data points. It should also be noted that standard weight curves are optimally 

functional when applied to YOY fish, and indeed the equations are better calibrated for fish 

larger than a stated minimum length that tends to exclude year zero fish and many juveniles 

(Table 4.5, Blackwell et al. 2000, Hyatt and Hubert 2001, Whelan and Taylor 1984, Murphy et 

al. 1991). The Fulton Condition Factor (K) is most commonly applied to young and small fish, 

but it can be problematic because of the underlying assumptions about growth patterns (Fulton 

1902,1904; Blackwell et al. 2000; Barnham and Baxter 1998; Williams 2000). With these 

caveats in mind, the relative condition analysis is perhaps less informative than the individual 

length and weight comparisons. 
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Brook trout size discrepancies between the treatments were 6-8 mm in the summer and 

fall of 2012, and 10-11 mm in both seasons of 2014. Early body size discrepancies in young of 

the year brook trout perpetuate throughout their lives and may increase in magnitude due to 

differential growth rates (Letcher et al. 2011). Because larger fish exhibit greater reproductive 

success and reduced post-reproductive mortality (Hutchings 1991, Hutchings 1994), the 

observed size differences could have implications for fecundity and survival. The fact that the 

growth discrepancies seemed to increase from the first study year to the last could indicate a 

cumulative impact, or a relationship to maternal fitness. 

 

4.5.2 Water Chemistry Findings 

Several of the components of water chemistry that differed between the treatments are 

known to be indicators of HVHHF produced water. Conductivity, an indicator of TDS (total 

dissolved solids), was significantly higher in the active drilling treatment, owing in large part to 

concentrations of nine ions (Ba, Ca, Cl-, K+, Mg, Na, Pb, S, and Sr: Table 4.6; Figure 4.7). Of 

the nine statistically relevant ions, six (Ba, Ca, Cl, Mg, Na, Sr) are known to be associated with 

HVHHF fluids (Rhodes and Horton 2015). Additionally, two of the other concentrations that 

were higher in the active drilling sites (K and Pb) are classified as Technologically-Enhanced 

Naturally Occurring Radioactive Material (TENORM), which concentrate and emerge from 

mining sites during the extraction process (USEPA 2008a and B, USEPA 2018a and b). 

Dissolved oxygen (DO) levels were significantly higher in the control sites than the active 

HVHHF treatments, which may have been related to the presence of organic contamination, 

which consumes oxygen, thereby reducing DO levels (Greig et al. 2005, Greig et al. 2007). 

The water chemistry results were further interpreted using methodology from a growing 

body of research seeking to quantify the differences in chemical markers from HVHHF fluid 
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runoff as opposed to other sources of similar compounds, such as road salt runoff (Johnson and 

Graney 2013, Johnson 2014, Johnson and Graney 2015, Johnson et al. 2015b, Phan et al. 2015, 

Warner et al. 2014). A primary metric in this emergent literature is the ratio of chloride ions (Cl-) 

to bromide ions (Br-), which varies by an order of magnitude when comparing road salt runoff to 

HVHHF flowback [Cl-/Br- ratios < 100 indicate produced water vs. Cl-/Br- ratios ≈ 1000 suggest 

road salt runoff (Mullaney et al. 2009, Barbot et al. 2013, Haluszczak et al. 2013, Warner et al. 

2014, Johnson et al. 2015b, Dr. Jason Johnson, personal communication, March 5 2015)]. These 

ratios can be applied at Cl- concentrations of 10 mg/L or greater (Dr. Jason Johnson personal 

communication March 5 2015). The control sites all had the chloride levels that were too low to 

apply the Cl-/Br- ratio metric, but in the active HVHHF sites all Cl- levels were above the 10 

mg/L threshold, and Cl-/Br ranged from 34.1 to 121. Using this approach, it must be concluded 

that the observed Cl- and Br, and likely other chemical constituents, cannot be attributed to road 

salt runoff, but more realistically to HVHHF produced water.  

 

4.5.3 Relating Water Chemistry to Brook Trout Growth 

The predicted water chemistry alterations, which this study seems to verify (Figure 4.1) 

likely contributed directly to brook trout size discrepancy. Dissolved oxygen is associated with 

improved fish growth rates (Kramer 1987), particularly in young fish (Cuenco et al. 1985), with 

Brook trout being an especially DO dependent species (Creaser 1930, Whitworth 1968). Organic 

matter contamination (represented by the DO proxy metric) correlates strongly to YOY growth 

in brook trout (Alberto et al. 2017). Metal concentrations, total dissolved solids (TDS), and 

concentrations of particular ions and salts are known to reduce brook trout population 

abundance, spawning success, egg development, larval emergence, and juvenile and adult 

growth and survival (Weltman-Fahs and Taylor 2013). The significantly higher conductivity 
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measurements in the active HVHHF treatment indicate higher levels of TDS and salts, which can 

be detrimental to salmonids in various aspects of their life histories (Chapman et al. 2000; Shen 

and Leatherland 1978; Li et al. 1989; Morgan et al. 1992; Stekoll et al. 2009; Brix and Grosell 

2005; Brix et al. 2010; Dickerson and Vinyard 1999; Craigie 1963; Vigg and Koch 1980; Öhlund 

et al. 2008). Specific ions that were found in significantly higher concentrations in the active 

drilling sites can have marked implications for brook trout growth and reproduction. For 

example, Calcium (Ca) has documented detrimental impacts (Ketola et al.1988; Stekoll et al. 

2003b; Weber-Scannell and Duffy 2007), while Potassium (K+) and Chlorine (Cl-) can impact 

reproduction (Stekoll et al. 2003a), reduce resistance to other toxicity effects (Erickson et al. 

1996), and cause behavioral and physiological changes (Dandy 1972). Lead (Pb) can cause 

growth deformities (Holcombe et al 1976) 

 

4.6 FUTURE DIRECTIONS 

Overall, these results verify the suspected pathway of influence between proximate 

HVHHF activities, water chemistry changes, and juvenile brook trout size (hypothesized in 

Figure 4.1 and Weltman-Fahs and Taylor 2013). To further illuminate this possible pathway 

between HVHHF activities and fish growth, a companion study (Weltman-Fahs 2019 Chapter 5) 

examines whether the fish size discrepancy across treatments might be contributed to by diet 

implications: the same water chemistry changes that directly impact brook trout growth may also 

have an effect on brook trout prey species, particularly aquatic macroinvertebrates, thereby 

impacting brook trout food availability (Weltman-Fahs and Taylor 2013, Kennedy et al. 2004; 

Hartman et al. 2005; Pond et al. 2008; Pond 2010; Bernhardt and Palmer 2011; Ashton et al 

2014). Macroinvertebrate collections from the field sites used in this study over the same study 

period were analyzed for a supplemental paper exploring this additional biological pathway. 
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CHAPTER 5  

MACROINVERTEBRATE DISTRIBUTION AND WATER QUALITY IN HYNER RUN 

 

5.1 ABSTRACT 

 Benthic macroinvertebrates are environmentally sensitive, making their abundance and 

community dynamics useful proxies for stream health. In streams of the northeastern United 

States, where high-volume horizontal hydraulic fracturing (HVHHF) is being used to extract 

natural gas from the Marcellus and Utica Shale deposits, assessment of macroinvertebrate 

populations across streams with active HVHHF and control streams is a useful tool in 

determining whether HVHHF activities are having ecosystem-altering water chemistry impacts. 

The benthic macroinvertebrate data collected for this study were a component part of a larger 

study examining HVHHF implications for an already diminishing population of native eastern 

brook trout (Salvinus fontanalis), which found water chemistry and brook trout growth signals 

when comparing the active drilling streams to control streams (See Weltman-Fahs 2019 Chapters 

3,4). The abundance and diversity of benthic macroinvertebrates in study streams is relevant both 

as a stand-alone assessment of ecological implications of water chemistry and as a possible 

contributing factor to observed differences in brook trout growth between HVHHF treatments.  

This study found that benthic macroinvertebrates vary between the control and active 

drilling treatments in almost all applied metrics, including family/EPT family richness, indices of 

diversity, and pollution tolerance indices. However, no observable difference in overall 

macroinvertebrate abundance was detected, suggesting that though the observed water chemistry 

disparities impact the composition of the macroinvertebrate community, they do not cause 

extirpation of macroinvertebrates in the active drilling streams. Thus, the observed brook trout 

growth discrepancies cannot be attributed to decreases in prey availability alone. 
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5.2 INTRODUCTION 

5.2.1 Macroinvertebrates as indicators of stream health 

Benthic macroinvertebrates (BMIs) are well-established indicators of environmental 

integrity and water quality in stream environments. BMIs can be an invaluable tool for the study 

of anthropogenic landscape alterations because they are sensitive to suspended sediment, metals, 

total dissolved solids (TDS), and nutrient concentrations; these may alter macroinvertebrate 

abundances and community composition (Weltman-Fahs and Taylor 2013). Among stream biota, 

macroinvertebrates provide particularly illuminating information about stream health because 

they move relatively little from their natal location, are present in all orders of stream (including 

those too small to support fish), occupy diverse trophic levels (as both predators and prey) and 

functional feeding groups, and are sensitive to stressors at short timescales (Merritt and 

Cummins 1996, Barbour et al. 1999, Tzilkowski 2008). Depending on the scope and duration of 

landscape alteration, immediate macroinvertebrate community effects can persist for a decade or 

more (VanDusen et al. 2005).  

An extensive literature describes the implications of changing in-stream qualities on 

various taxonomic levels of macroinvertebrates. Most coarsely, human-disturbed landscapes 

with low water quality are generally characterized by macroinvertebrate communities dominated 

by annelids [phylum Annelida, particularly segmented worms (subclass Oligochaeta) and true 

leeches (subclass Hirudinea, infraclass Euhirudinea)], springtails (order Collembola), several 

tolerant families of fly larvae (order Diptera: especially Chironomidae, Psychodidae, Syrphidae), 

molluscs (phylum Mollusca) and crustaceans (subphylum Crustacea) (Hilsenhoff 1987, Waters 

1995, Hilsenhoff 1998, Zweig and Rabeni 2001, Arimoro and Ikomi 2008, Hendrick et al. 2010, 

Ashton et al. 2014, Xu et al. 2014). Conversely, undisturbed sites with high water quality and 

intact riparian vegetation are normally inhabited by diverse macroinvertebrates (Roth et al. 1996) 
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including multiple families of larval mayflies (order Ephemeroptera), stoneflies (order 

Plecoptera) and caddisflies (order Trichoptera), representing a range of functional feeding groups 

(See Appendix A/Table 5.9). These orders, collectively known as EPT, are associated with high 

quality water and undisturbed landscapes, and are particularly sensitive to contamination, with 

certain species declining markedly in the presence of contaminants (Arimoro and Ikomi 2008, 

Kasangaki et al 2008). EPT are generally impacted by the types of landscape alterations required 

for natural resource extraction, often declining in abundance and richness in correlation with 

mining (Pond et al. 2008, Pond 2010, Bernhardt and Palmer 2011), road building (Hendrick et al. 

2010), agricultural runoff (Kilonzo et al. 2014), and riparian clearing (Sponseller et al. 2001), 

which can alter stream sediment loads, TDS, metals, and nutrient concentrations. In addition to 

EPT, undisturbed sites with high water quality, low suspended sediment, low conductivity/TDS, 

and intact riparian vegetation are generally inhabited by beetles (order Coleoptera, especially 

riffle beetles Coleoptera:Elimidae) and diverse communities of dragonflies/damselflies (order 

Odonata) (Hilsenhoff 1987, Hilsenhoff 1998, Zweig and Rabeni 2001, Arimoro and Ikomi 2008, 

Larsen et al. 2009, Hrovat et al. 2014). Within orders there is variability between families with 

respect to susceptibility to pollution types; due to the range of sensitives within orders, the 

implications of macroinvertebrate community composition are best understood through 

examination of the more precise (family or lower) taxonomic levels (See Appendix A/Table 5.9). 

There is also variation in the response by macroinvertebrate functional feeding groups 

(FFGs) to different types of environmental alteration. In general, taxa with more specialized 

feeding requirements, like scrapers and shredders, are likely to be susceptible to environmental 

alterations that limit their specific food source and are often the first extirpated in disturbed 

streams, while more generalist eaters, such as collector-filterers and collector-gatherers, can 

adapt to another option for sustenance if one type of food becomes harder to find (Cummins and 
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Klug 1979, Barbour et al. 1999). Certain orders are dominated by a single functional feeding 

strategy (eg. common Plecoptera families tend to be shredders or predators; Odonata are all 

predators: See Appendix A/Table 5.9) while other orders are split between collectors and more 

sensitive feeding types (eg. Orders Ephemeroptera and Trichoptera exhibit a range of FFGs: See 

Appendix A/Table 5.9). Overall, a balanced array of functional feeding groups, with solid 

representation of scrapers, shredders, and predators, is generally an indicator of a healthy stream 

(Barbour et al. 1999).  

 

5.2.2 Metrics 

Myriad metrics exist for translating macroinvertebrate data into an understanding of 

water quality and stream health, ranging from simple summations of abundance or richness, to 

more complex formulae assessing diversity, relative abundance, and community composition, to 

regionally-specific rankings of pollution tolerance (See Appendix B/Table 5.10, for an 

exhaustive review of macroinvertebrate metrics). The most appropriate metrics to apply in a 

study are those that have been demonstrated to be regionally and seasonally relevant, and well-

matched to the sample stream sizes and flow regimes. For the purpose of this study, the primary 

metrics utilized for regional water quality surveys in small northeastern streams by the 

Pennsylvania Department of Environmental Conservation and the New York Department of 

Environmental Conservation were selected: family richness (FAM), EPT richness (FEPT: AKA 

the EPT Index), Hilsenhoff Biotic Index (HBI), and Shannon Diversity/Evenness Indices (H/EH) 

(NYSDEC 2012, PADEP 2012c). In addition to these widely accepted regional metrics, which 

represent a cross-section of metric categories, this study examined overall abundance of 

individual macroinvertebrates per sample (TOT) and the dominance-weighted Community 

Tolerance Quotient (CTQd), an additional tolerance index that includes other pollutant types 
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besides the organics considered by the HBI. 

Exclusive use of traditional simple proxies for stream health using macroinvertebrates, 

like overall abundance and family richness (Table 5.1 [TOT, FAM]) was mostly supplanted 

decades ago in favor of metrics that examine diversity and unique characteristics of the 

assemblage, rather than raw numbers of organisms or families. Perhaps the most widely-used 

assessment metric for water quality is the EPT Index, the summation of the number of families 

of environmentally-sensitive indicator orders Ephemeroptera, Plecoptera, and Trichoptera (Table 

5.1 [FEPT]; Barbour et al. 1999, Klemm et al. 2002, Klemm et al. 2003, Böhmer at al. 2004, Ode 

et al. 2005, Hargett and ZumBerge 2006, Purcell et al. 2009, Blockson et al. 2002). Another very 

popular metric is the Shannon Diversity Index, and its companion Evenness Index (Table 5.1 [H, 

EH]; Shannon 1948a and b), which consider both richness and abundance. These indices rely on 

the assumption that a more diverse community is healthier, which, while important, overlooks 

the marked differences in pollution tolerance among different species.  

All abundance, richness, and diversity metrics are coarse in that they fail to account for 

pollution-sensitivity variations among families or functional feeding groups within orders, giving 

rise to a plethora of well-respected studies that have established and refined numerical values 

representing a taxon’s ability to withstand perturbed environments, at the family or species level.  

Some of these tolerance scales, which often range from zero (intolerant) to ten or higher (most 

tolerant), describe the general robustness of the organism in response to a disturbed environment, 

while other measures evaluate susceptibility to specific stressors. Two of the most well-known of 

these scales are the Hilsenhoff Biotic Index (Table 5.1 [HBI]; Hilsenhoff 1987, 1988, 1998), 

which quantifies the relative sensitives of families to organic pollution according to assigned 

Tolerance Values (TVs; See Appendix A/Table 5.9) and the Biotic Condition Index, which 

utilizes a dominance-weighted Community Tolerance Quotient (Table 5.1 [CTQd]; Winget and 
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Mangum 1979) based upon more general pollution Tolerance Quotients (TQs; See Appendix 

A/Table 5.9). For these indices, lower values correspond to healthier streams, in that organisms 

with lower tolerance values (TVs) and tolerance quotients (TQs) are more environmentally 

sensitive.  

 

Table 5.1: Formulae and Components of Primary Macroinvertebrate Metrics 

 

5.2.3 Positioning this study in the context of ongoing research 

This study builds upon a prior examination of brook trout data in the same study sites 

over the same data collection time period, which showed diminished brook trout growth in study 

sites with active HVHHF, as compared to undrilled control sites; these brook trout data were 

linked water chemistry discrepancies between the site types. Overall conductivity/total dissolved 

solids (TDS) and levels of certain ions (Ba, Ca, Cl-, K+, Mg, Na, Pb, S, and Sr) were higher in 

the active drilling sites than the controls, and dissolved oxygen (DO) was lower (Figure 5.1; See 

Weltman-Fahs 2019 Chapter 3). Of the nine ions found in higher concentrations in the active 

drilling sites, six (Ba, Ca, Cl, Mg, Na, Sr) are known components of hydraulic fracturing fluids 

(Figure 5.1; Rhodes and Horton 2015) and two (K+ and Pb) are known Technologically 

Enhanced Natural Occurring Radioactive Materials (TENORM) that are released by mining 

processes (USEPA 2008a, USEPA 2008b, USEPA 2018a, USEPA 2018b). Reduced DO can be 

Type Description Abbr. Formula Definitions 

Abundance

/Richness 

Total abundance TOT N N = # of specimens 

Number of families FAM F F = # of families 

# EPT families FEPT fEPT fEPT = # of EPT families 

Diversity/ 

Evenness 

Shannon Diversity Index H - ∑pi ln(pi) pi = proportion of ith family in 

F (Shannon 1948a,b) Shannon's Equitability  EH (H/Hmax) = H/ln(F) 

Tolerance 

Metrics 

Hilsenhoff Biotic Index HBI (∑ni x TVi) / N 

ni = # specimens of taxon i 

TVi = Tolerance Value of taxon i  

(Hilsenhoff 1987, 1988) 

Dominance Weighted 

Community Tolerance Quotient 
CTQd 

∑(TQi * log(ni)) / 

∑log(ni) 

TQi = tolerance quotient of taxon i 

(Mangut and Wingum 1979) 
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a result of increased levels of organic pollution in stream, which can consume oxygen during 

their decomposition, though it was not possible to perform targeted tests for organic compounds 

that are used in the HVHHF process in this study, as those compounds are proprietary 

information that does not legally have to be disclosed by HVHHF operators (GWPC and IOGCC 

2012, USDOE 2011, USEPA 2012, Weltman-Fahs and Taylor 2013). 

Additionally, the Cl-/Br ratios of the active drilling sites are indicative of HVHHF 

produced water, according to emergent metrics from abundant recent studies (Mullaney et al. 

2009, Barbot et al. 2013, Haluszczak et al. 2013, Warner et al. 2014, Johnson et al. 2015b). 

These water chemistry factors were hypothesized to have negatively impacted brook trout 

growth in the cohort of young-of-year (YOY) fish (See Weltman-Fahs 2019 Chapter 4). In this 

companion study, macroinvertebrate data collected in the same sites over the same time period 

are compared to assess whether the observed brook trout growth signals might have an additional 

indirect relationship to water chemistry, by way of impacts upon the availability of 

macroinvertebrate prey. This relationship was one of the several possible influence pathways 

established in the conceptual framework upon which the field study was based (Figure 5.2; 

Weltman-Fahs and Taylor 2013). 

 

5.2.4 Implications of identified water chemistry disparities for macroinvertebrates 

Specific conductivity, which is a standard measure of TDS in freshwater systems, is often 

elevated in proximity to mining activities, and has been found to trigger declines in 

macroinvertebrate abundance and diversity (Kennedy et al. 2004, Hartman et al. 2005, Pond et 

al. 2008, Hrovat et al. 2009, Pond 2010, Bernhardt and Palmer 2011, Hrovat et al. 2014). Beetles 

(order Coleoptera) and dragonflies/damselflies (order Odonata) are also TDS intolerant (Hartman 

et al. 2005), while Chironomids (fly larva: order Diptera) are not particularly impacted by TDS 
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from mining effluent (Chapman et al. 2000). TDS from valley infills (mining) also correlates to 

reduced scraper and shredder feeding groups (Hartman et al. 2005). Salinity (the component of 

TDS specifically referring to the concentration of dissolved salts in water, but exclusive of other 

particulates like organic matter) in increasing concentration correlates with marked declines in 

EPT species, while non-EPT insects, crustaceans, and molluscs thrive consistently across salinity 

categories (Kefford et al. 2011).  

Among environmental variables, conductivity has been shown to correspond most 

significantly to EPT richness reductions (Hrovat et al. 2009, Hrovat et al. 2014). Ephemeroptera 

are particularly sensitive to TDS/conductance levels in disturbed streams, experiencing declines 

in richness and relative abundance, and even extirpations (Osborne et al. 1979, Hartman et al. 

2005, Horrigan et al. 2007, Pond et al. 2008, Pond 2010, Cormier et al. 2013). Indeed, 

Ephemeroptera emergence and growth has been observed to be severely depressed in watersheds 

with elevated TDS (Johnson et al. 2015a), with mined areas experiencing reduced richness or 

extirpations that persist for years following the reclamation of the mined site (Cormier et al. 

2013). Plecoptera also generally thrive in low conductivity water (Corbin and Goonan 2010).  

Some of the elements with higher concentrations in the active drilling sites were metals 

(Ba, Ca, K+, Mg, Na, and Sr), which can disproportionately impact Ephemeroptera and 

Plecoptera (Clements 2004). It is well documented that metal levels connected to valley infill 

from mining correlate to reduced Ephemeroptera, Coleoptera and Odonata, and declining 

communities of shredder and scraper feeders (Hartman et al. 2005). Amphipods are also 

sensitive to metals, while Chironomids and Oligichaeta exhibit less susceptibility (Phipps et al. 

1995). Additionally, metals can bioaccumulate in benthic macroinvertebrates and, therefore in 

the fish that eat them (Yi et al. 2008, Yi et al. 2011).  
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Figure 5.1: Boxplots of the concentrations of ions and metals observed, divided by treatment  

(A = active high-volume horizontal hydraulic fracturing locations; C = control). P-values from 

nested ANOVA analysis indicate whether the means of the treatments are significantly different 

(“***”=highly significant; “*”/“**”=significant; Grey Boxes=not significant). Red boxes=ions 

associated with HVHHF produced water (Rhodes and Horton 2015). Blue boxes=TENORM 

(USEPA 2018a). All units mg/L except conductivity (µS/cm), temperature (°C), and pH. 
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Finally, the reduced dissolved oxygen points to potential organic pollution, as in-stream 

oxygen can be consumed during decomposition of organics. Organic pollutants and nutrient 

concentrations impact macroinvertebrate communities by reducing biodiversity to only the most 

tolerant species (Cao et al 1996, Duan et al. 2011, Ashton et al. 2014, Xu et al. 2014). Streams 

with high concentration of organic materials and nutrients are frequently more suitable to 

Oligochaeta and Diptera, to the exclusion of more sensitive species, especially Plectoptera 

(Arimoro and Ikomi 2008, Ashton et al. 2014). Water conditions associated with high nutrient 

and organics concentrations seem to favor collector-gatherers over collector-filterers, scrapers, 

shredders, and predators, with scrapers, shredders, and predators practically extirpated in 

extreme cases (Kobayashi et al. 2010, Duan et al. 2011, Ashton et al. 2014). 

In the presence of known variation in ionic/metal concentrations and dissolved oxygen 

levels between site types, this study seeks to test hypothesized pathway of influence between 

water quality and the composition of the macroinvertebrate community, and to assess the 

possible relationship to juvenile brook trout growth (Figure 5.2). 

 

5.3 METHODS 

5.3.1 Field data collection methods 

Macroinvertebrates were collected in the Hyner Run subwatershed, located in Hyner Run 

State Park, in the Sproul State Forest of northern central Pennsylvania (Figure 5.3). The 

watershed is highly forested (>99%) with very little road construction or other development and 

no known sources of water contamination, prior to the start of HVHHF activities. All sampling 

sites were headwater catchments contributing eventually to the same third order coldwater creek, 

Hyner Run, which in turn flows to the West Branch of the Susquehanna River. The study streams 

were similar with respect to their temperature, size, geology/buffering, and gradient/slope 



 

88 

characteristics (as defined by the Northeast Aquatic Habitat Classification System: Olivero and 

Anderson 2008). Of several catchments initially identified through spatial analysis for potential 

sampling, six sites were suitable and accessible for multi-year monitoring (See Weltman-Fahs 

2019 Chapter 3 for detailed descriptions of spatial analysis for site selection, study site 

description, and individual sampling location descriptions). 

The six sampling sites were nested in two distinct treatments, with respect to HVHHF 

activity. Three sites had ongoing HVHHF activity prior to the start of the data collection period 

that continued throughout the sampling period (active drilling sites: “Treatment A”; Figure 5.3; 

See Weltman-Fahs 2019 Chapter 3 for drilling commencement dates and intensities). Three sites 

were undrilled and not leased for drilling during the study period (control sites: “Treatment C”; 

Figure 5.3). Three additional sites were originally explored as “pre-drilling” locations where 

HVHHF was leased and expected to commence (“Treatment B”; Figure 5.3), but these sites 

experienced varied HVHHF development trajectories and flow inconsistencies that eventually 

rendered them inadequately similar to be a third treatment; sampling of these sites was therefore 

discontinued, and they were excluded from analysis (See Weltman-Fahs 2019 Chapter 3).  

The field sites (see Figure 5.3) during the summers of 2012-2014. Macroinvertebrates 

were sampled by kick-netting using a 30 cm (12-inch) D-Frame kick net. Three separate kick 

samples were performed in locations distributed throughout the 100-m reach, working 

progressively upstream, with each kick disturbing approximately 0.09 m2 (1 ft2) of substrate 

immediately upstream of the net for one minute, to an approximate depth of 10 cm, as the 

substrate allowed. The samples, from all three kicks, at a given site were composited in a basin. 

After rinsing and removing large rocks, the composite samples were drained of water and stored 

in 95% ethanol in a large whirlpak. The samples were labeled according to site number/date/time 

(Methods adapted from Barbour et al. 1999). 
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Figure 5.3: Map of Hyner Run subwatershed with sampling locations and infrastructure  

(Weltman-Fahs 2019 Chapter 3) (A1,2,3 = active HVHHF locations; B1,2,3 = inactive/pre-

drilling HVHHF locations; C1,2,3 = control sites). Drainage areas (catchments) contributing to 

the streams at the sampled sites are indicated with color coding: purple = control; gray lines = 

inactive/pre-drilling; orange = active HVHHF). HVHHF locations scaled by number of wells per 

pad (PA DEP 2014a). Other HVHHF infrastructure (compressor pad and fluid retention pond: 

GoogleEarth 2013a,b). 
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5.3.2  Laboratory Methods 

Macroinvertebrate samples were stored in 95% ethanol in large whirlpaks until sorting. 

Samples were then moved to clear glass trays and examined with microscope assistance to 

isolate all macroinvertebrates using tweezers. The invertebrates were placed in smaller sealed 

jars with more ethanol until they were identified. Specimens were examined using a microscope 

and an initial sorting to the order level was conducted, with overall counts of each order 

recorded. Further identification to the family level was conducted and results recorded. Damaged 

or otherwise unidentifiable specimens were set aside. Some limitations to identification were 

discovered, which are addressed in detail in the discussion section. Once identification was 

completed, data was assessed using various metrics and statistical analyses. 

 

5.3.3  Application of Selected Metrics and Statistical Analysis 

The selected metrics fall into three categories: abundance/richness, diversity/evenness, 

and pollution tolerance. The abundance/richness category includes the total abundance of 

macroinvertebrate individuals (TOT), family richness (FAM) and richness of families from the 

EPT orders (FEPT) (Table 5.1). Diversity and evenness of family distribution were measured by 

the Shannon Index (Table 5.1; H and EH: Shannon 1948a and b), while pollution tolerance was 

calculated by the Hilsenhoff Biotic Index (Table 5.1; HBI: Hilsenhoff 1987, 1988) and the 

Dominance Weighted Community Tolerance Quotient (Table 5.1; CTQd: Mangut and Wingum 

1979). The outputs of these seven metrics were compared using a multifactor two-way ANalysis 

Of VAriance (ANOVA) approach, incorporating treatment and year as categorical factors, taking 

into account that site is nested within treatment, and considering any possible interactions 

between site and year (annual variation). The general formula for the ANOVA tests were as 

follows: 
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Response ~ Year + Treatment + Year:Treatment + Treatment:Site 

 

All statistical analyses were conducted using R version 3.1.2 (The R Foundation, Vienna 

Austria) supported by the user interface RStudio version 0.98.1102 (RStudio, Boston MA). 

 

5.4 RESULTS 

5.4.1 Abundance and Richness Results 

 Overall abundance of macroinvertebrates varied across years and treatments without an 

apparent pattern: there was no statistically significant difference in abundance between 

treatments or across study years, according to the multi-factor ANOVA analysis (Table 5.2, 

Figure 5.4). In 2012, mean abundance was higher in the control sites (n=399.7) versus the active 

drilling sites (n=319.3), with the two most populated sites being in the control category (Table 

5.2). In 2013 the mean number of species per site was higher in the active drilling sites (n=600.3) 

than the control (n=435.3), with the top two most populated sites being active locations (Table 

5.2). Likewise, in 2014, a higher average number of specimens (n=503) was sampled in the 

active sites, as opposed to the control sites (n=241) (Table 5.2). Site specific abundance was 

inconsistent from year to year, with three sites (two active drilling and one control site: A1, A3, 

C3) experiencing peak abundance in 2013 and a decline in 2014, two sites (one control and one 

active drilling site: A2, C1) increasing in macroinvertebrate abundance from year to year, and 

one control site (C2) decreasing from year to year (Table 5.2, Figure 5.5).  

Conversely, family richness (FAM) and EPT family richness (FEPT) had highly 

significant differences between treatments (Table 5.2, Figure 5.4), with the control sites having 

greater richness of families overall, and of the pollution-sensitive EPT families, as compared to 
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the active drilling sites. The mean number of families observed in the control sites was 19.3 in 

2012 (EPT families = 15.3), 22.3 in 2013 (EPT families = 17.3), and 21 in 2014 (EPT families = 

16.3), as compared to 13 in 2012 (EPT families = 9.3), 15 in 2013 (EPT families = 10.3), and 15 

in 2014 (EPT families = 10.7) in the active drilling sites (Table 5.2). EPT families comprised a 

large proportion of the total observed family richness, so these two metrics varied similarly. 

Study year was not a statistically significant factor in the multifactor ANOVA in either of the 

richness categories, indicating that there was not a temporal trend with respect to family richness 

metrics during the study period, and that the observed differences in richness can only be 

attributed to treatment (Table 5.2). 

 

 
Figure 5.4: Boxplots of Overall Macroinvertebrate Abundance (TOT), Family Richness (FAM), 

and EPT family richness (FEPT) observed in sampling sites, by treatment  

(A = active high-volume horizontal hydraulic fracturing locations; C = control)] P-values from 

nested ANOVA indicate whether means of treatments are significantly different: (“***”=highly 

significant; “*”/“**”=significant; “(no asterisk)”=not significant).  
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Table 5.2: Raw data of abundance, family richness, and EPT family richness across years and 

sites, with annual means by treatment and ANOVA results for the Treatment and Year factors  

[treatment A = active high-volume horizontal hydraulic fracturing locations; C = control] 

(statistically significant p values are italicized) 

                    

ANOVA  

summary stats  

>>> 

Abundance (TOT) Family Richness (FAM) EPT Families (FEPT) 

(Treatment) 

F = 2.098 

p = 0.186 

(Year) 

F = 1.623 

p = 0.256 

(Treatment) 

F = 28.416 

p = 0.000702 

(Year) 

F = 1.478 

p = 0.2844 

(Treatment) 

F = 42.959 

p = 0.000178 

(Year) 

F = 0.918 

p = 0.4377 

Site \/\/   Year > 2012 2013 2014 2012 2013 2014 2012 2013 2014 

C1 273 401 437 17 24 25 14 19 20 

C2 440 270 123 19 21 20 15 16 15 

C3 486 635 163 22 22 18 17 17 14 

Mean (control) 399.7 435.3 241 19.3 22.3 21 15.3 17.3 16.3 

A1 388 673 405 12 14 10 8 9 6 

A2 239 471 729 13 16 18 10 11 13 

A3 331 657 375 14 15 17 10 11 13 

Mean (active) 319.3 600.3 503 13 15 15 9.3 10.3 10.7 

 

 

 
Figure 5.5: Macroinvertebrate overall abundance by site and year 
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5.4.2 Diversity and Evenness Results 

 Shannon Diversity and Evenness Index calculations were significantly higher in the 

control sites as compared to the active drilling sites (Table 5.3, Figure 5.6), indicating that the 

control sites had higher diversity than the active drilling sites, and that the families were more 

evenly distributed in the controls, whereas the active drilling sites must have had higher 

proportions of the more dominant families. In site-by-site comparisons, the control sites scored 

better on the Shannon Diversity and Evenness Indices at all sites in all corresponding sampling 

trips (Table 5.3). Temporal variation was not a significant factor in the multifactor ANOVA 

comparing Shannon Diversity Index and Shannon Evenness calculations (Table 5.3), though for 

Evenness the interaction between treatment and year was slightly significant (F = 3.191, p = 

0.096) (See section 5.5.4: Discussion of Tolerance Index Results).  

 

Table 5.3: Calculations of Shannon Diversity (H) and Shannon Evenness (EH) across years and 

sites, with annual means by treatment and ANOVA results for the Treatment and Year factors  

[by treatment (A = active high-volume horizontal hydraulic fracturing locations; C = control)] 

(statistically significant p values are italicized)  

                    

ANOVA  

summary stats 

>>> 

Shannon Diversity Shannon Evenness 

(Treatment) 

F = 27.340 

p = 0.0008 

(Year) 

F = 1.740 

p = 0.236 

(Treatment) 

F = 11.547 

p = 0.0094 

(Year) 

F = 2.323 

p = 0.160 

Site \/\/   Year > 2012 2013 2014 2012 2013 2014 

C1 2.27 2.38 2.16 0.800 0.747 0.672 

C2 2.20 2.50 2.63 0.749 0.820 0.879 

C3 2.05 1.93 2.05 0.664 0.623 0.708 

Mean (control) 2.17 2.27 2.28 0.738 0.730 0.753 

A1 1.60 1.85 0.51 0.645 0.701 0.220 

A2 1.88 1.95 1.39 0.735 0.703 0.481 

A3 1.60 1.48 1.56 0.605 0.548 0.550 

Mean (active) 1.69 1.76 1.15 0.662 0.651 0.417 
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Figure 5.6: Boxplots of Shannon Diversity Index scores (H) and Shannon Evenness scores (EH) 

observed in sampling sites, by treatment  

(A = active high-volume horizontal hydraulic fracturing locations; C = control)] P-values from 

nested ANOVA indicate whether means of treatments are significantly different: (“***”=highly 

significant; “*”/“**”=significant; “(no asterisk)”=not significant).  

 

 

5.4.3 Tolerance Index Results 

 The two major tolerance indices applied to the macroinvertebrate data both varied 

significantly by treatment. ANOVA analysis of the HBI (which assesses stream organic pollution 

by way of the organic pollution-specific Tolerance Value score) and the CTQd (which relies 

upon the more general pollution Tolerance Quotient statistic) revealed that the scores on both 

indices were significantly lower in the control sites than the active drilling sites, indicating that 

the control sites had larger representation of organisms that are more sensitive to/less tolerant of 

a range of different pollutant types (Figure 5.7, Table 5.4). HBI scores indicated that the water 

quality in the control streams was consistently in the range of “excellent” with respect to organic 

pollution (HBI < 3.75: Table 5.5) throughout the study period (mean HBI of the control streams: 



 

96 

2012 = 3.21, 2013 = 3.40, 2014 = 3.21; Table 5.4); the one exception to the “excellent” rating 

among the control streams was stream C3, which was classified as “very good” in 2012, with its 

HBI improving to “excellent” in 2013 and 2014. Meanwhile, the mean HBI for the active drilling 

streams degraded from “very good” in 2012 (HBI = 4.00) and 2013 (HBI = 4.06) to “good” (HBI 

= 4.79) in 2014 (Tables 5.4, 5.5). CTQd scores were also significantly lower in the control than 

the active drilling sites, though both treatments expressed range of site-specific values; unusual 

data were site C3, which had much higher CTQd values than the other control sites, and site A1, 

which had lower CTQd than the other active drilling sites (Tables 5.4, 5.5). Year was not a 

statistically significant factor in either ANOVA, and there was no significant interaction between 

year and treatment factors, indicating there was no significant influence from annual variation on 

HBI and CTQd scores (Table 5.4).  

 

Table 5.4: Calculations of Hilsenhoff Biotic Index (HBI) and Community Weighted Tolerance 

Quotient (CTQd) across years and sites, with annual means by treatment and ANOVA results  

for the Treatment and Year factors [by treatment (A = active high-volume horizontal hydraulic 

fracturing locations; C = control)] (statistically significant p values are italicized)  

                    

ANOVA  

summary stats 

>>> 

HBI CTQd 

(Treatment) 

F = 22.457 

p = 0.00147 

(Year) 

F = 1.19 

p = 0.353 

(Treatment) 

F = 16.182 

p = 0.0038 

(Year) 

F = 0.194 

p = 0.827 

Site \/\/   Year > 2012 2013 2014 2012 2013 2014 

C1 2.19 3.15 2.56 52.01 56.78 54.33 

C2 3.60 3.48 3.65 57.34 55.80 61.19 

C3 3.84 3.56 3.42 76.88 68.85 67.58 

Mean (control) 3.21 3.40 3.21 62.07 60.48 61.03 

A1 3.67 4.21 5.67 59.93 67.79 70.94 

A2 3.67 3.61 3.97 68.43 69.60 74.87 

A3 4.68 4.34 4.74 73.08 72.06 67.97 

Mean (active) 4.00 4.06 4.79 67.15 69.82 71.26 
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Figure 5.7: Boxplots of Hilsenhoff Biotic Index scores (HBI) and the Community Weighted 

Tolerance Quotient (CTQd) observed in sampling sites  

[by treatment (A = active high-volume horizontal hydraulic fracturing locations; C = control)] P-

values from nested ANOVA indicate whether means of treatments are significantly different: 

(“***”=highly significant; “*”/“**”=significant; “(no asterisk)”=not significant).  

 

Table 5.5: Hilsenhoff Family Biotic Index Threshold Values and Descriptions (Hilsenhoff 1988) 

 
 

 

5.5 DISCUSSION 

The macroinvertebrate data examined in this study varied by treatment with high levels 

of statistical significance between the control and active drilling treatments in almost all the 

applied metrics. The control sites were richer in macroinvertebrate families and had more 

representation of the pollution-sensitive EPT families, relative to the active drilling sites. 



 

98 

Diversity and evenness of distribution, as assessed by the Shannon Diversity and Evenness 

Indices, were significantly higher in the control sites than their active drilling counterparts, and 

the control sites featured macroinvertebrate communities with better representation of pollution-

intolerant organisms, according to two common tolerance indices (Hilsenhoff Biotic Index [HBI] 

and dominance-weighted Community Tolerance Quotient [CTQd]). The only metric for which 

the treatments did not exhibit statistically significant differences was overall abundance of 

individual macroinvertebrates (TOT). The observed macroinvertebrate community structure 

across study sites over the three-year observation period, with respect to overall and relative 

abundance, diversity, and tolerance, in concert with water chemistry observations from the same 

streams, provides a set of interesting insights about trends in stream health related to HVHHF 

activities and illuminates opportunities for further clarifying work on this topic. 

 

5.5.1 Discussion of Abundance Results 

Overall abundance of individual specimens was statistically indistinguishable within and 

among study sites, treatments, and study years, with no discernable pattern that could be 

attributed to the observed changing environmental conditions connected with HVHHF activity. 

To interpret these data from the perspective of ecological health and assess the relationship 

between macroinvertebrate observations and water quality, it is necessary to consider the 

composition of the communities that make up these statically identical macroinvertebrate 

abundances. Significant differences were found in the richness, diversity, and tolerance metrics, 

indicating that reduced abundances of some taxa were offset by larger populations in other taxa.  

Coarsely, there were stark differences in relative abundance of orders in the sampling 

sites over the course of the study, with community composition in the active drilling sites 

shifting from assemblages that featured pollutant-sensitive taxa toward communities with 
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dominant populations of chironomids and amphipods, which indicates of declining water quality 

and reduced stream health (Figure 5.8). By 2014, the control sites had very evenly distributed 

communities, while each of the active drilling sites had a distinctly dominant order representing 

more than 50% of the total macroinvertebrate sample (Figure 5.8: A1: Diptera, A2: Amphipoda, 

A3: Diptera). Site A1 showed an exceptionally drastic transition with respect to relative 

abundance of orders over the three-year period, with 69.6% mayfly abundance in 2012 (mostly 

due to a concentration of family Heptagenidae, with some other mayfly diversity) giving way to 

almost equal populations of mayflies (34.03%) and chironomids (35.2%) in 2013, and overall 

species poverty, with an overwhelming dominance of chironomids (90.4%) in 2014 (Figure 5.8). 

Plecoptera in A1 maintained at a consistent proportion from 2012 to 2013 but dropped off 

steeply in 2014, while Trichoptera was essentially nonexistent in the site (Figure 5.8). Site A2 

saw a spike in amphipod population from year to year, with 0% in 2012, 39.7% in 2013, and 

66.39% in 2014 (Figure 5.8). During the same period, most other orders experienced gradual 

decline in site A2. Site A3 had a chironomid-dominated community throughout the study period, 

with a 2013 spike in amphipod population; consistent levels of EPT orders persisted throughout 

the study period in that site (Figure 5.8). Conversely, in the control sites, C1 and C2 were both 

replete with EPT orders, with C1 tending to be richer in stoneflies and C2 in mayflies (Figure 

5.8). C2 maintained consistent levels of all represented orders throughout the study, while C1 

saw a gradual increase in its proportion of Amphipoda (Figure 5.8). C3 maintained high 

percentages of Coleoptera and Amphipod, but with increasing representation of EPT as the time 

series progressed (Figure 5.8). Overall, the abundance data, when refined by order composition, 

points to over-representation of tolerant taxa in the active drilling sites, and healthier, more 

diverse communities in the controls; this is examined through application of the selected metrics. 
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Figure 5.8: Relative abundance of macroinvertebrate orders by site across study years. 
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Another way to interpret the abundance results is by examining the transitioning 

communities by functional feeding group (FFG). The most sensitive FFGs to stream disturbance 

and pollution are scrapers, shredders, and predators, which are all highly specialized and less 

adaptable than their gatherer counterparts, and therefore the most prone to extirpation in 

disturbed streams. These three FFGs are grouped into the designation “percent sensitive 

organisms” (%SENS: Table 5.6; See Appendix A/Table 5.9) More scrapers, shredders, and 

predators (higher %SENS) were generally found in the control sites than the drilled sites, with a 

widening gap in the representation of these three FFGs between active and control sites; in 2012 

the overall percentage of scrapers, shredders, and predators in the active compared to the control 

sites was close to even (C = 46.8%, A = 48%), while in 2013 the discrepancy grew (C = 38.3%, 

A = 28.5%), and in 2014 it was wider still (C = 49.9%, A = 14.4%) (Table 5.6). This trend was 

heavily impacted by the alteration of the composition in site A1, though site A2 also experienced 

a decline from year to year in shredders and predators (Table 5.6). 

 

Table 5.6: Proportion of sensitive functional feeding groups by site across study and years  

[%SENS = percent sensitive FFGs (shredders + predators + scrapers)] 
 

Site \/\/    Year > 

%SENS 

2012 2013 2014 

C1 73.3% 53.6% 55.8% 

C2 50.5% 41.5% 52.8% 

C3 28.6% 27.2% 31.9% 

All C 46.8% 38.3% 49.9% 

A1 82.5% 47.3% 7.9% 

A2 27.6% 21.7% 11.9% 

A3 22.4% 14.2% 26.4% 

All A 48.0% 28.5% 14.4% 

 

5.5.2 Discussion of Family Richness Results 

Among the statistically indistinguishable abundances of individuals macroinvertebrates, 

more family richness was found in the control sites than the active drilling sites; this discrepancy 
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indicates that large abundances of relatively fewer dominant families were present in the active 

drilling sites, with more diverse distribution in the controls (Table 5.2). It must be acknowledged, 

however, that in 2014, the family numbers had evened out considerably as compared to 2012 and 

2013, and the average family counts by treatment were skewed by one family-rich stream in the 

control treatment (C1) and one family-poor site in the active drilling treatment (A1) (Table 5.2).  

One way of assessing family richness from a more comprehensive community 

perspective is through percent family dominance, which measures the percentage of the sample 

composed of just the single most common family (%DOM1) or the few most prevalent families 

(%DOMx, where x is the selected number of taxa being considered: Table 5.7; See Appendix 

A/Table 5.9). The active drilling sites were generally more dominated by a handful of families, 

while the controls were less homogenous. The proportion of the community dominated by the 

one most common family averaged 27% in all years for the control sites, while this figure was 

greater than 40% across the active drilling sites (Table 5.7). Likewise, the percent of the sample 

made up by just the three dominant families averaged about 58% for all study years in the 

controls, while the active drilling sites had an average of more than 74% of each year’s 

specimens representing just three families (Table 5.7). By 2014, each of the active drilling sites 

had a distinctly dominant taxon representing more than 50% of the total macroinvertebrate 

community (Table 5.7, Figure 5.8: A1: Diptera:Chironomidae, A2 Coleoptera:Elmidae, A3: 

Diptera:Chironomidae). By teasing out the environmental needs of the families present in each 

site type, it is possible to assess whether the differences observed indicate a water quality 

discrepancy; this supposition is examined later by way of diversity and tolerance metrics. 

 

  



 

103 

Table 5.7: Proportion of the sample comprised by the most dominant family (%DOM1) and the 

three most dominant families (%DOM3) across sites and years 
 

Site \/\/    Year > 

%DOM1 (%DOM3) 

2012 2013 2014 

C1 28.94% (52.01%) 28.93% (55.61%) 32.49% (64.76%) 

C2 22.05% (55.23%) 17.41% (47.78%) 17.89% (43.90%) 

C3 31.07% (69.55%) 36.06% (72.60%) 31.29% (66.26%) 

Mean (control) 26.56% (58.93%) 27.47% (58.66%) 27.22% (58.31%) 

A1 53.87% (74.48%) 35.22% (72.81%) 90.37% (94.57%) 

A2 31.38% (71.55%) 39.70% (66.45%) 66.39% (81.48%) 

A3 52.87% (78.55%) 49.01% (84.47%) 58.67% (78.67%) 

Mean (active) 46.04% (74.86%) 41.31% (74.58%) 71.81% (84.91%) 

 

5.5.3 Discussion of Diversity and Evenness Results 

Although the magnitude of difference was small, control sites scored better on both the 

Shannon Diversity Index (higher scores relative to active drilling sites) at almost all sites and 

sampling years (Table 5.3). The one exception to this trend was site C3 in 2013, which, despite 

having a plurality of EPT families, was dominated by Coleoptera:Elmidae and Gammaridae, 

which reduced the Shannon score. It should also be noted that the discrepancy between Shannon 

scores when comparing control and active sites increased over the course of the study, with 2014 

having a much larger diversity signal than the preceding years. This transition was almost 

entirely attributable to Site A1, which in 2014 was found to have an extreme dearth of 

macroinvertebrate diversity, other than an exploding population of pollution-tolerant 

chironomids. 

 The Shannon Diversity Index is only as relevant as its capacity to be interpreted and 

applied in a meaningful way (i.e. the actual biological significance of the observed deviation in 

diversity as represented by the Shannon Diversity calculations). The Shannon Diversity scores 

are useful in comparing sites to one another and testing the statistical significance of the 

differences; through that process, in this study, it was possible to conclude that diversity is higher 

in the control sites than the active drilling sites. The subsequent task is to translate the magnitude 
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of the index number differences into a comprehensible ecological signal; that is, interpretation is 

needed to understand whether the observed statistically significant differences are also 

biologically and ecologically meaningful.  

One method for converting index values into a more tangible form is through conversion 

to Effective Number of Species (ENS), which represents the number of equally represented 

hypothetical species (in this case, families) present in an ecosystem with the given Shannon 

score (Jost 2006, Jost 2007, Jost et al. 2010). For the Shannon Index, this is done by taking the 

exponential function (ex) of the Shannon Diversity Score (ENS: See Appendix B/Table 5.10; Jost 

2006, Jost 2007, Jost et al. 2010, Leinster and Cobbold 2012). ENS was significantly higher in 

the control sites (Table 5.8) than the active drilling sites in all years, with an overall three-year 

average of 9.62 hypothetical families per control site, as compared to 4.97 families per active 

drilling site. When broken out on an annual basis, the ENS discrepancy is more compelling, with 

a gap of 3.34 families in 2012 (Table 5.8: A = 5.49, C = 8.83), a 3.99 hypothetical family 

discrepancy in 2013 (Table 5.8: A = 5.93, C = 9.92), and the largest difference of 6.65 families 

in 2014 (Table 5.8: A = 3.47, C = 10.12). Using this interpretive companion metric to better 

understand the Shannon scores allows for a better understanding of the communities as 

compared to one another: unlike the simple family richness metric used earlier, comparing 

effective number of families calculated from the Shannon Index considers diversity through a 

filter of abundance. The larger effective number of families in the control sites, as well as the 

growing gap between the sites, speaks to a community change over time between the treatments.  

The evenness scores, like all other metrics, did not have a statistically significant 

ANOVA output with respect to year as a factor (Table 5.3), but the interaction term of treatment 

and year factors was marginally significant (F = 3.191, p = 0.09573) meaning that although there 

was not overall signal related to annual variation, the two treatments behaved differently with 
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respect to annual trends. When the data is examined, the active drilling sites saw drops in 

evenness from year to year, while the control sites maintained relative consistency (Table 5.3). 

This transition in evenness over time represents the observed community shifts toward 

dominance by Diptera and Amphipoda in the active drilling sites, discussed earlier (Figure 5.8) 

 

Table 5.8: Supplemental companion metrics for interpretation of diversity and tolerance scores: 

Effective Number of Species (ENS: an interpretive statistic for the Shannon Diversity Index) and 

Mean Pollution Tolerance Value (MPTV: companion metric to Hilsenhoff Biotic Index (HBI))  

across years and sites, with annual means by treatment and ANOVA results for the Treatment 

and Year factors [by treatment (A = active high-volume horizontal hydraulic fracturing locations; 

C = control)] (statistically significant p values are italicized)  

                    

ANOVA  

summary stats 

>>> 

ENS MPTV 

(Treatment) 

F = 41.966 

p = 0.000192 

(Year) 

F = 0.856 

p = 0.461 

(Treatment) 

F = 1.831 

p = 0.213 

(Year) 

F = 1.242 

p = 0.339 

Site \/\/    Year > 2012 2013 2014 2012 2013 2014 

C1 9.65 10.76 8.70 1.94 2.83 2.60 

C2 9.06 12.14 13.91 2.58 2.71 3.00 

C3 7.79 6.86 7.75 2.73 2.77 2.33 

Mean (control) 8.83 9.92 10.12 2.42 2.77 2.64 

A1 4.97 6.36 1.66 3.00 2.93 2.70 

A2 6.58 7.03 4.01 2.54 2.63 2.72 

A3 4.93 4.41 4.75 2.57 2.93 3.06 

Mean(active) 5.49 5.93 3.47 2.70 2.83 2.83 

 

5.5.4 Discussion of Tolerance Index Results 

The Hilsenhoff Biotic Index is a widely-accepted method by which the composition of 

the macroinvertebrate community can be used to describe the level of organic pollution in a 

stream ecosystem. HBI was higher in the active drilling sites than the control sites across all 

study years, indicating that the macroinvertebrate communities in the active drilling streams 

were likely exposed to more organic matter pollution. Quantifying the contribution of the 

proximate HVHHF to the detected organic pollution in these streams was not possible due to 

proprietary control of information about specific compounds, but there are many types of 
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additives required for HVHHF (friction reducers, acids, biocides, corrosion inhibitors, iron 

controls, “crosslinkers,” “breakers,” pH adjusting agents, “scale inhibitors,” gelling agents, and 

surfactants (GWPC and IOGCC 2012)) that could contribute organic compounds to the stream 

that might account for the observed disparities in HBI.  

The HBI is often used in concert with the Mean Pollution Tolerance Value (MPTV: See 

Appendix B/Table 5.10), which uses the same Tolerance Value statistics as the HBI, but 

considers only presence of, rather than abundance of, each macroinvertebrate family. 

Interestingly, the MPTV of the active and control sites showed no significant difference, and 

there was no variation by year (Table 5.8), indicating that despite the strong significance of the 

HBI results, there was not organic pollution at the level to cause complete extirpation of 

organisms with low tolerance values (high environmental sensitivities) in the active drilling sites. 

Also of note were the differences between HBI scores in the individual active drilling 

sites, with respect to their actual HVHHF activity details. Stream A2, which had the smallest 

number of HVHHF wells (6 wells: Figure 5.3), persisted in the “very good” range of water 

quality according to the HBI throughout the study period, while stream A3, which housed 18 

wells and a fluid retention pond (Figure 5.3) fell in the “good” water quality range (Tables 5.4, 

5.5). Meanwhile, stream A1, with an intermediate number of wells (8 wells: Figure 5.3) but also 

experienced construction of a regional gas compressor pad during the study period, at the 

relatively short distance of 322 meters from the stream, degraded from “very good” to “fair” 

(Tables 5.4, 5.5). These observations suggest that perhaps an organic matter signal is present that 

relates to the intensity of HVHHF activity and is exacerbated by the construction of supporting 

infrastructure for the process. In order to test this hypothesis, more information about the specific 

organic matter compounds involved in the process and in the construction and operation of the 

compressor pad would be needed. 
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5.6 CONNECTIONS AND FUTURE DIRECTIONS 

This study clearly demonstrates a shifting macroinvertebrate community structure in 

catchments with HVHHF activity, as compared to those without extractive industry. The 

changing macroinvertebrate community, with respect to diversity, evenness, and reduced 

presence of pollution-sensitive taxa has implications for organisms and community structure 

higher up the food chain, as these macroinvertebrates provide food sources and environmental 

services in both an aquatic and terrestrial context.  

 

5.6.1  Connections to Existing Brook Trout Research 

The macroinvertebrate data were initially collected to test the hypothesis that observed 

Brook trout size discrepancies between the same active and control sites during the same time 

period were related to prey availability, with smaller fish in the active drilling streams than the 

control streams being a possible result of having access to less prey in the active drilling streams 

(See Weltman-Fahs 2019 Chapter 4). This hypothesis was not supported by the 

macroinvertebrate abundance data, which showed no difference between macroinvertebrate 

populations in the active drilling streams and the controls. Brook trout, as opportunistic 

generalist feeders, will feed on a variety of prey items and are not be impacted by the species 

composition of the macroinvertebrate community as much as by the overall availability of 

macroinvertebrate prey (Power 1980, Hubert and Rhodes 1989).  

One possible future study direction would be to examine prey item size: brook trout 

feeding is correlated linearly not only with prey abundance but also with biomass (Allan 1981). 

Therefore, it is possible that some part of the brook trout size discrepancy by treatment could 

have a relationship to the physiological attributes of the prey species, rather than their qualities. 

Some literature supports the supposition that brook trout tend to consume physically larger prey 
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species disproportionately to their abundance in the macroinvertebrate community (Allan 19812, 

Forrester et al 1994), though juvenile fish have also been observed to favor smaller prey, 

especially Chironomid larvae (Hubert and Rhodes 1989).  

Preferential feeding may have been at play in this dataset, as some prey species of mayfly 

and stonefly generally have larger body size than others, which would make them easier for 

brook trout to locate and successfully predate. For example, family Pteronarcyidae (the “Giant 

Stoneflies”) have an exceptionally large body size but represent a zero rating for tolerance, 

making them a high reward prey source for fish in clear waters; Pteronarcyidae were only found 

in Control sites. Also, as brook trout tend to exhibit a preference for caddisflies (Syrjanen et al. 

2001), especially cased families (Forrester et al 1994) and Hydropsychidae (Cunjak et al 1987); 

the significantly greater caddisfly population in the control sites (F = 41.966, p = 0.000192) 

might have been relevant. To explore these avenues related to prey item size, biomass would 

have been needed for the macroinvertebrate samples, rather than only abundance counts. 

Additionally, a stomach contents analysis would have illuminated the actual diet choices being 

made by the fish.  

 

5.6.2  Opportunities for further related research 

This study did not examine the terrestrial implications of aquatic macroinvertebrate 

community shifts but, as most of the macroinvertebrates sampled are larval stages of species that 

would eventually be expected to become a part of the terrestrial fauna, there may be observable 

impacts at a time-delay in the riparian area and other parts of the watershed. Aquatic and 

terrestrial taxa who directly consume these macroinvertebrates, such as fish, amphibians, 

reptiles, and terrestrial mammals, and the predators who feed on the larger aquatic taxa 

mentioned, might be forced to change their diets in the face of a changing community of 
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macroinvertebrates. Conversely, terrestrial organisms also provide critical nutrition for aquatic 

species also; for example, brook trout exhibit a dependency on terrestrial food sources that is 

strongly seasonally dependent (Hubert and Rhodes 1989, Syrjanen et al. 2001, Utz and Hartman 

2007). Examining these connections is only one of a range of future directions that could be 

taken in related future research. 

Another useful application of this research would be to use it toward the development of 

an industry-specific, regionally-tailored multi-metric index that would be applicable in 

evaluating future macroinvertebrate datasets to assess whether HVHHF activities have had 

similar community level impacts. Multi-metric indices expand the complexity and precision of 

macroinvertebrate data by building that consider multiple component metrics and utilize an array 

of components best suited to the study area. The seminal version of this methodology was the 

original benthic Index of Biological Integrity (IBI; Karr 1981, Karr et al. 1986, Karr 1991), 

which was originally developed using fish as the target biota but was later adapted to 

macroinvertebrate data (Karr and Kerans 1992, Kerans and Karr 1994). The similar Invertebrate 

Community Index (ICI; OEPA 1987, OEPA 1988, OEPA 1989, DeShon 1995) was initially 

developed as a macroinvertebrate metric. These two indices were developed after substantial 

initial investigation to refine the selection of component metrics, drawing on the previously 

mentioned gauges of overall abundance, richness, and relative abundance of organisms at various 

taxonomic levels and functional feeding groups, as well as the numbers or percentages of 

intolerant or tolerant taxa (See Appendix B/Table 5.10; DeShon 1995, Barbour et al. 1995, 

Barbour et al. 1996, Fore et al. 1996, Smith and Voshell 1997, Barbour et al. 1999, Barbour and 

Gerritsen. 2006).  

The goal of multimetric indices is to attempt a transition from oversimplification to a 

deeper assessment of environmental health; this is often accomplished by bringing in the concept 
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of varying pollution tolerance or intolerance between organisms, as one or more component 

metric(s) in the array. The macroinvertebrate IBI identifies a set of intolerant snail and mussel 

species and uses the taxa richness of these as an approximation of intolerance (Kerans and Karr 

1994), while the ICI designates a set of species (mostly Chironomids and Oligochaetes) as 

pollution tolerant and tracks the percentage of these organisms as a group relative to the whole 

sample (Deshon 1995). These indices have been applied and refined for regional studies across 

the globe, with myriad metrics evaluated in concert to determine optimal multimetric approach 

for the given region (example: Cho et al. 2011 selected the following five metrics: percent 

intolerant families, percent tolerant individuals, number of EPT families, Simpson Diversity 

Index, and percent Ephemeroptera individuals). 

This same principle could be applied to a HVHHF sensitivity-specific index, which could 

take the known sensitivities of specific organisms, and the known environmental changes 

associated with HVHHF, and devise a suite of component macroinvertebrate metrics that would 

be a highly refined indicator of HVHHF impacts on streams. Such an endeavor would require the 

combined data from many studies of this type, as well as continued monitoring of streams 

adjacent to HVHHF site, to validate the consistency of outcomes and more completely 

understand the exact nature and concentrations of additives associated with the process that can 

be detected in nearby streams. Additionally, to improve the usefulness of such a multi-metric, the 

covariation of the individual metrics should be tests through a Principle Components Analysis, to 

ensure that each metrics adds value to the index, as opposed to duplicating the contribution of a 

similar measure. Eventually, such a tailored multimetric could be a useful tool for assessing 

whether a stream is likely experiencing HVHHF impacts, which could remove some of the 

guesswork in future studies and allow researchers to immediately home in on the known 

symptoms and signs of HVHHF impacts.  
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5.7 APPENDIX A: Family-Specific Pollution Sensitivities 

A.1 Mayflies (Ephemeroptera) 

Of the most common mayfly families in the study region, Baetidae are among the more 

tolerant families (Arimoro and Ikomi 2008), with some resistance demonstrated to agricultural 

runoff (Kilonzo et al. 2014), sediment (Zweig and Rabeni 2001, Larsen et al. 2009), sulfates 

(Osborne et al. 1979), and conductivity (Corbin and Goonan 2010, Lock and Goethals 2011, 

Hrovat et al. 2009). Relative to other Mayflies, Baetidae has a high Tolerance Quotient (72), 

indicating resistance to suspended sediment, and high tolerance scores for resistance to ionic 

concentration/conductivity (8) and suspended sediment (7) (Table 5.9). Although clearly 

preferring pristine sites, Baetidae are found in sizable quantities across disturbance categories 

(Kasangaki et al. 2007), making the proportion of Baetidae to other Ephemeroptera a good 

estimator of the level of a disturbance in the stream environment (Barbour et al. 1999). The 

factors to which Baetidae may exhibit greater sensitivity than other Ephemeropterans are salinity 

(Horrigan et al 2007, Kefford et al. 2011), acidification (Kimmel et al. 1996), and dissolved 

oxygen/temperature (Carlisle et al. 2007). Another relatively tolerant mayfly family is Caenidae, 

which exhibits some level of resistance to high conductivity (Corbin and Goonan 2010, Lock and 

Goethals 2011) and sulfates (Osborne et al. 1979), and persists better than many mayflies in 

agricultural environments (Kasangaki et al. 2007). Caenidae has a high organic pollution 

tolerance value (7) relative to other Mayflies and tolerance rankings for conductivity (9) and 

dissolved oxygen/temperature (9). (Table 5.9). Like Baetidae, Caenidae cannot withstand high 

salinity (Horrigan et al. 2007, Kefford et al. 2011) but, dissimilarly to Baetidae, Caenidae are 

extremely sediment sensitive (Zweig and Rabeni 2001, Larsen et al 2009), with a tolerance score 

of 4 (Table 5.9). Other mayfly families, including Heptagenidae, Ephemerillidae, 

Leptophlebidae, and Ephemeridae are very sensitive to all disturbance types and correlate to very 
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high water quality (Xu et al. 2014). These groups are extremely impacted by sediment, though 

Heptagenidae has some resistant genera (Zweig and Rabeni 2001, Larsen et al. 2009). All are 

reduced in prevalence by high conductivity (Hrovat et al. 2009, Pond et al. 2008, Osborne et al. 

1979, Bernhardt and Palmer 2011), heavy metals (Clements 2004), and acidity (Kimmel et al. 

1996, Ross et al. 2008). Heptageniidae is particularly reduced in presence of zinc (Nelson and 

Roline 1993, Clements 2004). 

 

A.2 Stoneflies (Plecoptera)  

Plecoptera is arguably the most sensitive of the EPT orders, with common stonefly 

families ranging from zero to two in organic pollution Tolerance Value, indicating very low 

pollution tolerance (Table 5.9; Hilsenhoff 1987, Hilsenhoff 1998, Barbour et al 1999). Among 

the order Plecoptera, family Leuctridae is nitrogen intolerant (Carlisle et al. 2007, Hrovat et al. 

2009, Aston et al. 2014), conductivity sensitive (Hrovat et al. 2009, Carlisle et al. 2007), and 

often extirpated from disturbed streams (Arimoro and Ikomi 2008, Ross et al. 2008), though 

Leuctridae may be more tolerant than other stoneflies with respect to sediment (Larsen et al. 

2009) and pH (Kimmel et al. 1996). Perlidae is an indicator of exceptional water quality (Xu et 

al. 2014) and pristine forest (Kasangaki et al. 2007), and is reduced or extirpated in the presence 

of sediment (Zweig and Rabeni 2001, Carlisle et al. 2007, Larsen et al. 2009), low pH/acid mine 

drainage (Kimmel et al. 1996, Ross et al. 2008), and most other environmental alterations 

(Carlisle et al. 2007, Arimoro and Ikomi 2008, Hrovat et al. 2009, Kilonzo et al. 2014). 

Chroloperlidae are more sediment tolerant than some other stonefly families (Larsen et al. 2009) 

but highly sensitive to nitrogen levels (Hrovat et al. 2009, Ashton et al. 2014) and acid mine 

drainage (Ross et al. 2008). Perlodidae is not found in high acidity streams (Kimmel et al. 1996).  
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A.3 Caddisflies (Trichoptera) 

 In the Trichoptera family, Hydropsychidae is one of the less sensitive Caddisflies to 

some pollution types, including ions and nutrients (Carlisle et al. 2007). Though certainly 

thriving in large numbers in high quality water and undisturbed landscapes (Arimoro and Ikomi 

2008, Ross et al. 2008, Kilonzo et al. 2014), Hydropsychidae is well represented in across sites 

with different forestation and disturbance characteristics (Kasangaki et al. 2007). Indeed, the 

proportion of Hydropsychidae to other Trichoptera is considered a proxy for the level of a 

disturbance in the stream environment (Barbour et al. 1999). It should be noted, however, that 

Hydropsychidae’s net-spinning feeding ecology renders it particularly intolerant to sediment 

cover/deposited sediment (Larsen et al. 2009, Zweig and Rabeni 2001). Hydroptilidae is 

associated with moderate quality water (Xu et al. 2014), and while still sensitive to disturbance 

(Arimoro and Ikomi 2008, Ross et al. 2008), exhibits relatively high tolerance to ion, nutrient, 

and sediment levels (Carlisle et al. 2007). Leptoceridae exhibits better nutrient and sediment 

tolerance than many caddisfly families (Zweig and Rabeni 2001, Carlisle et al. 2007), though the 

family is found to be highly prevalent in pristine forest streams (Kasangaki et al. 2007) and 

extirpated in the presence of acid mine drainage (Ross et al. 2008). Psychomyiidae correlates to 

moderate water quality (Xu et al. 2014), though its response to acid mine drainage is severe 

(Ross et al. 2008) and tolerance to nutrient and sediment pollution is low (Carlisle et al. 2007). 

 

A.4 Tolerant Orders 

The most pollution-tolerant macroinvertebrates include springtails (Collembola), 

segmented worms (Annelida), and flies (Diptera); each order features multiple families with very 

high Tolerance Values (eight or higher); Springtails (order Collembola) are consistently ranked 

at Tolerance Value ten, the highest of the scale, indicating they are among the most pollution 
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tolerant BMIs. Other orders, including Diptera and Odonata, are a bit more complex, in that their 

orders include families representing the entire spectrum of Tolerance Values, including some of 

the lowest and highest of the range; thus, with these orders, family-level comparison is required 

to draw conclusions from community composition.  

 

5.8 APPENDIX B: Macroinvertebrate Metrics 

Myriad metrics exist for translating macroinvertebrate data into an understanding of 

water quality and stream health, ranging from simple summations of abundance or richness, to 

more complex formulae assessing diversity, relative abundance, and community composition, to 

regionally-specific rankings of pollution tolerance (Table 5.10).  

 

B.1 Abundance and Richness Metrics  

Traditional simple proxies for stream health using macroinvertebrates include overall 

abundance (TOT), species richness (the total number of different species: SPP) or family 

richness (total number of different families: FAM) (Table 5.10). However, these simple counts 

were supplanted decades ago in favor of metrics that examine the distribution and diversity, and 

unique characteristics, of families and individuals, rather than raw numbers of organisms. 

 

B.2 Relative Abundance: EPT Metrics, Functional Feeding Groups, and Dominant Taxa 

Probably the most widely used assessment metric for water quality is a summation of the 

families of environmentally-sensitive indicator orders: Ephemeroptera (FEPH), Plecoptera 

(FPLE), and Trichoptera (FTRI); the sum of three of these orders is the EPT index, (FEPT) 

(Table 5.10; Barbour et al. 1999, Klemm et al. 2002, Klemm et al. 2003, Böhmer at al. 2004, 

Ode et al. 2005, Hargett and ZumBerge 2006, Purcell et al. 2009, Blockson et al. 2002). EPT 
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orders are also examined with respect to their relative abundance in the community: the 

percentages of individuals or families of these specific orders relative to all specimens collected. 

These of the relative abundance metrics for EPT orders assess the percent of individuals or 

families in order Ephemeroptera (%NEPH or %FEPH), order Plecoptera (%NPLE or %FPLE), 

order Trichoptera (%NTRI or %FTRI), or the three EPT orders combined (%NEPT or %FEPT).  

Other applications of relative abundance include the proportions of the different 

functional feeding groups (FFGs) within the sample, as some FFGs are more environmentally 

sensitive than others. FFG metrics capture the relative abundance of collector-gathers (%GAT), 

collector-filterers (%FIL), scrapers (%SCR), shredders (%SHR), and predators (%PRD) (Weigle 

and Robertson 2007), although these metrics are confounded by challenges in assigning 

organisms into functional feeding groups (Karr and Chu 1997). Another relative abundance 

metric is the percentage of the sample composed of just the single most common “dominant” 

taxon (%DOM1) or the most prevalent few (%DOMx, where x is the selected number of taxa). 

 

B.3 Diversity Indices 

Building on these simple relative abundance percentages are classic diversity indices 

such as the Shannon (Shannon 1948a and b) and Simpson Diversity Indices (Simpson 1949) 

(Table 5.10: H and D) which attempt to translate the relative abundances of different species into 

numerical rankings of overall diversity, a proxy for stream health. Both indices rely on the 

proportions of each species represented in the sample relative to the entire sampled community 

(pi); these proportions are subjected to different mathematical operations in the two formulae but, 

in both cases, are summed across species to produce index output that can be compared across 

samples. Each Index has an associated Equitability/Evenness formula (Table 5.10: EH and ED), 

which builds upon the Diversity Index output and generates a value between zero and one, 
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wherein zero indicates a very lopsided population and one indicates very even distribution of 

species. In attempt to translate the Shannon and Simpson Indices into a more biologically 

meaningful metric, Effective Number of Species (Table 5.10: ENSShan and ENSShan) calculates 

the number of equally represented hypothetical species which would be found in a community 

with the given diversity score (Jost 2006, Jost 2007, Jost et al. 2010, Leinster and Cobbold 

2012). These indices rely on the assumption that a more diverse community is healthier, but do 

not consider differences in pollution tolerance among different species.  

 

B.4 Tolerance Metrics 

Indeed, all of the richness and relative abundance metrics and diversity indices discussed 

thus far are coarse in that they fail to account for variations in the pollution sensitivity of 

different families within orders or functional feeding groups. Therefore, a range of metrics have 

been developed to incorporate pollution tolerance scores that rank sensitives of families to 

different pollutants; these metrics tend to be more meaningful than abundance, richness, and 

diversity metrics (Weigle and Robertson 2007, Kasangaki et al. 2008). Family-specific pollution 

tolerance scores are the basis of a well-respected and widely-utilized literature and can be 

combined and evaluated in myriad different ways.  

The Hilsenhoff Biotic Index (HBI; Table 5.10; Hilsenhoff 1987, Hilsenhoff 1988, 

Hilsenhoff 1998) assigns Tolerance Values (TVs) that quantify organic pollution tolerance of 

organisms at various taxonomic levels. These TVs are converted to an HBI value by summing 

across taxa and averaging over the entire community (Table 5.10); the resultant value is a proxy 

for water quality, with lower values representing higher water quality and lower levels of organic 

pollution. Tolerance Values are a pivotal part of Rapid Bioassessment Protocols, which can be 

employed on the spot by monitoring agencies or researchers to assess empirical data and evaluate 
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stream integrity (Barbour et al. 1995, Barbour et al. 1999). Similarly, Winget and Mangum 

(1979)’s Biotic Condition Index (BCI) considers a dominance-weighted Community Tolerance 

Quotient (CTQ; Table 5.10) that relies on assigned family or species level Tolerance Quotient 

(TQ) rankings describing the responses of different organisms to pollution in general. Still other 

scales look at a broader range of stressors, with some of the most relevant pollution types being 

conductivity, nutrients, DO/Temp, and suspended sediments (Table 5.10; Carlisle et al. 2007). 

Mean Pollution Tolerance Value (MPTV; Table 5.10; Lillie and Schlesser 1994, Weigle 2003, 

Weigle and Robertson 2007) is a companion metric to the HBI that considers the range of 

Hillsenhoff Tolerance Values for the organisms present in a community through a presence-

absence assessment; this metric prioritizes presence intolerant species rather than abundance of 

tolerant species (Lillie and Schlesser 1994), but downplays the significance of diversity among 

intolerant organisms.  

Simplified tolerance metrics include the relative abundance of comparatively insensitive 

families within the observed sample of a sensitive order can provide fine-scale data: for example, 

the relative abundance of Hydropsychidae among Trichoptera (%HYD) and Baetidae to 

Ephemeroptera (%BAE) are considered indicators of organic pollution (Table 5.10; Barbour et 

al. 1999). Likewise, other measures consider the relative abundance of specific organisms 

considered to be pollution-tolerant, such as the percentage of Diptera:Chironomidae specimens 

(%NCHI) (Blockson et al. 2002, Klemm et al. 2002, Hargett and ZumBerge 2006, Purcell et al. 

2009), or the relative abundance of all species considered to be intolerant (%INT) versus tolerant 

(%TOL) of pollution. For this latter distinction, an appropriate threshold must be set defining 

“intolerant” vs. “tolerant” status, and these thresholds are generally set based upon established 

pollution tolerance ranking values, such as the Hilsenhoff (1987, 1988) Tolerance Values or 

Winget and Magnum (1979) Tolerance Quotients, described above.  



 

118 

Table 5.9: Tolerance scores and feeding data for select BMI families, by order 

[Tolerance Values (Hilsenhoff 1988); Tolerance Quotients (Winget and Mangum 1979);  

ions, nutrients, dissolved oxygen (DO)/temperature, and suspended sediment (Carlisle et al 

2007); FFG codes: SCR=scraper, SHR=shredder, GAT=gatherer, FIL=filterer, PRD=predator, 

COL=collector] 

O
rd

. 

Family 
Tol. 

Value 

Tol. 

Quot. 
Ions Nutr. 

DO/ 

Temp 

Susp. 

Sed 

Functional 

Feeding Group(s) 

E
p

h
em

er
o

p
te

ra
 Baetidae 4 72 8 5 3 7 SHR (COL) 

Caenidae 7 72 9 3 9 4 GAT 

Ephemerellidae 1 48 2 2 2 1 GAT 

Ephemeridae 4 36     GAT 

Heptageniidae 4 48 3 3 6 4 SCR 

Leptophlebiidae 2 36 6 3 4 6 SHR (COL) 

P
le

co
p
et

er
a 

Capniidae 1 32     SHR (SCR) 

Chloroperlidae 1 24 1 1 1 2 PRE (COL) 

Leuctridae 0 18 1 3 4 1 SHR 

Nemouridae 2 36 1 1 1  SHR 

Peltoperlidae 1      SHR 

Perlidae 1 24 2 4 3 3 PRE 

Perlodidae 2 48 2 2 1 2 PRE (COL) 

Pteronarcyidae 0 24 2 1 3 4 PRE (SCR) 

Taeniopterygidae 2 48     SHR 

T
ri

ch
o
p
te

ra
 

Glossosomatidae 0 32 2 1 2 1 SCR (COL) 

Hydropsychidae 4 108 7 8 7 9 FIL 

Lepidostomatidae 1 18 4 1 1 1 SHR 

Leptoceridae 4 54 7 6 7 5 SHR (COL) 

Limnephilidae 4 108 1 5 2 6 SCR/SHR 

Odontoceridae 0      SHR 

Philopotamidae 3 24 5 5 7 2 FIL 

Polycentropodidae 6 72 3 5 10 9 FIL (SHR) 

Psychomyiidae 2 108 5 4 4 2 GAT/FIL 

Rhyacophilidae 0 18 1 1 1 1 PRE (SCR) 

O
d

o
n

. (Anisoptera) Aeshnidae 3 72 1 10 7 2 PRE 

(Anisoptera) Gomphidae 1 108 4 2 8 3 PRE 

(Zygoptera) Coenagrionidae 9 108 7 6 9 7 PRE 

C
o

l

. 

Elmidae 4 108 7 7 5 6 GAT 

Psephenidae 4  6 3 6 3 SCR 

D
ip

t.
 Chironomidae 6 108 4 8 5 8 GAT 

Simuliidae 6      FIL 

Tipulidae 3 72 5 4 3 5 SHR or PRE 

O
th

er
 

Amphipoda spp. 4-8 108 8 10 1 9 GAT 

Decapoda spp. 6 108 6 7 5 7 GAT 

Oligichaeta spp. 6-10 108 10 10 5 8 GAT 

Hirudinea spp. 10 108 10 10 5 5 PRD (PAR) 
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Table 5.10: Formulae and Components of Macroinvertebrate Diversity and Community Indices 

 

Type Description Abbrev. Formula Definitions (new) 

A
b

u
n

-

d
an

ce
 Total abundance TOT N N = # of specimens 

Number of species SPP S S = # of species 

Number of families FAM F F = # of families 

E
P

T
 m

et
ri

cs
 

# Ephemeroptera families FEPH fE fE = # of E families 

# Plecoptera families FPLE fP fP = # of P families 

# Trichoptera families FTRI fT fT = # of T families 

# EPT families FEPT fEPT fEPT = # of EPT families 

% Ephemeroptera families %FEPH fE / F  

% Plecoptera families %FPLE fP / F  

% Trichoptera families %FTRI fT / F  

% EPT families %FEPT fEPT / F  

% Ephemeroptera individuals %NEPH nE / N nE = # of E individuals 

% Plecoptera individuals %NPLE nEPT / N nP = # of P individuals 

% Trichoptera individuals %NTRI nEPT / N nT = # of T individuals 

% EPT individuals %NEPT nEPT / N nEPT = # of EPT individuals 

F
u
n
ct

io
n
al

 

F
ee

d
in

g
 G

rp
 % collector-gather feeders %GAT nGAT / N nGAT = # of gatherer individuals 

% collector-filterer feeders %FIL nFIL / N nFIL = # of filterer individuals 

% scraper feeders %SCR nSCR / N nSCR = # of scraper individuals 

% shredder feeders %SHR nSHR / N nSHR = # of shredder individuals 

% predators %PRD nPRE / N nPRE = # of gatherer individuals 

D
o
m

in
-

an
ce

 % most dominant taxon %DOM1 nDOM1 / F 
nDOM1 = # of individuals of most 

dominant family 

% three most dominant taxa %DOM3 
(nDOM1 + nDOM2  

+ nDOM3) / F 

nDOMx = # of individuals of xth 

most dominant family 

D
iv

er
si

ty
 

In
d
ic

es
 

Shannon Diversity Index H - ∑pi ln(pi) 

pi = proportion of S made up of 

the ith species 

Shannon's Equitability EH (H/Hmax) = H/ln(S) 

Effective # Species (Shannon) ENS(Shan) eH 

Simpson's Diversity Index D 1/(∑p2
i) 

Simpson’s Equitability ED (D/Dmax) = (1/D)x(1/S) 

Effective # Species (Simpson) ENS(Simp) eH 

T
o

le
ra

n
ce

 M
et

ri
cs

 

% Chironomidae individuals %NCHI nC / N 
nC = # of  

Chironomid individuals 

% Baetidae in Ephemeroptera %BAE nBAE / nE nBAE = # Baetidae individuals 

% Hydropsychidae in Trich. %HYD nHYD / nT nHYD = # Hydropsychidae 

% intolerant %INT nINT / N nINT = # intolerant individuals 

% tolerant %TOL nTOL / N nTOL = # tolerant individuals 

Hilsenhoff Biotic Index HBI (∑ni x TVi) / N 

ni = # specimens of taxa i 

TVi = Tolerance Value of taxa i  

(Hilsenhoff 1987) 

Mean Pollution  

Tolerance Value 
MPTV (∑TVi) / F  

Dominance Weighted 

Community  

Tolerance Quotient 

CTQd 
∑(TQi * log(ni)) / 

∑log(ni) 

TQi = tolerance quotient  

of taxa i 

(Mangut and Wingum 1979) 
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CHAPTER 6  

CONCLUSIONS AND FUTURE DIRECTIONS 

 

The upswing in natural gas extraction from the Marcellus Shale in the northeastern 

United States has necessitated study of the impacts, both actual and potential, for humans and 

other species. There exist a multitude of different aspects to the HVHHF process and the 

accompanying controversy. As such, there are diverse ways to study the potential impacts. This 

study, which explored the relationship between the process and a target species of economic, 

social, and environmental relevance, is only one of many channels of exploration for this 

complex topic. 

Chapter Two sought to establish the set of potential linkages between the hydraulic 

fracturing method of natural gas extraction and the selected biological endpoint: eastern brook 

trout. Physical, chemical, and hydrological pathways of influences were delineated, as well as an 

indirect biological pathway. These influence pathways were the basis for the study design 

described in Chapter Three, wherein geographic information systems and landscape analysis 

were used for site selection. The range of field data gathered at the selected study sites attempted 

to capture the various relevant physical, chemical, and hydrological factors expressed by the 

research agenda set out in Chapter Two. Chapter Three also reported the results of the field study 

with respect to non-biological data collection, such as water chemistry observations and 

sedimentation levels. The physical, chemical, and hydrological environment observations were 

relevant to both of the subsequent chapters, which discuss at length the biotic sampling 

conducted and its relationship to the physical, chemical, and hydrological environment. 

Chapter Four describes the methodology employed for collecting fish samples in the 

field, and the measurements collected of those fish before they were released. The fish, mostly 
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eastern brook trout, were the target species of this study, and cohort growth rates were the 

primary observation. Another biotic factor, macroinvertebrate communities, was examined in 

Chapter Five. The composition and size of the macroinvertebrate community were assessed as 

indicators of water quality, and because of their relevance as prey items for eastern brook trout.  

Overwhelmingly, this study concludes that there are extensive avenues for further 

examination of this subject area, which would expand the understanding of why the observed 

changes in brook trout size and macroinvertebrate community were present, and what the 

relationship is between the two sets of observations. Specifically, further study could include 

dissection of the stomachs of the brook trout collected, and examination of the food items in the 

guts. This would illuminate whether the availability of different prey types was contributing to 

differential size. A pitfall of this future direction, however, is that in such small stream 

ecosystems, removal of specimens from the system, as opposed to the catch and release tactics 

performed in this study, would necessarily impact the study ecosystem and alter results in future 

study seasons. It was, in fact, concern for this ecosystem disruption that prompted the decision in 

this study to refrain from taking any fish specimens out of the ecosystem. 

An additional future direction could involve testing of the collected macroinvertebrate 

samples for possible chemical additive levels in their physical structures, which would help 

clarify to what degree bioaccumulation of the observed chemicals was occurring. The levels of 

additives in prey species could be assumed to further bioaccumulate in the bodies of fish 

predators, making concentrations in prey a relevant and calculable proxy for expected 

concentrations in predators. Therefore, bioaccumulation could potentially be predicted 

mathematically rather than through post-mortem testing that could necessitate decimating the 

study population of the target predator species. Also, understanding the relationship between the 
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macroinvertebrates collected and the water chemistry observations could further account for the 

presence and absence of species families. 

These suggested future directions would act as a bridge between the empirical data 

collected in this study and the need for a scientific basis for discussion and policy making with 

respect to the HVHHF process. Indeed, a growing body of information has emerged in the past 

years examining air quality, human health, social issues, and other aspects of this convoluted 

situation. Examination of eastern brook trout as a biotic endpoint rounds out the extant data by 

offering a wildlife and water quality perspective. Because this target species has environmental, 

economic, and social relevance, it is a useful basis for broadly compelling further research. 
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