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ABSTRACT
A recent analysis of Pennsylvania Fish and Boat Commission historical data collected from
streams throughout Pennsylvania containing trout concluded that base-flow pH is strongly
correlated to the observed segregation of Brook Trout (Salvelinus fontinalis) and Brown Trout
(Salmo trutta). Populations of Brook Trout, which are native to Pennsylvania, predominated at
pH<7.0 (mostly headwaters), while Brown Trout, an introduced species that has become
naturalized in much of Pennsylvania, predominated at pH>7.0 (lower reaches). The decline of
historic Brook Trout populations has been linked in part to competition with Brown Trout (Hudy
2005). The relationship between the segregation pattern observed and pH is significant because
low pH may be acting as a barrier that prevents further invasion of Brown Trout into the
headwaters, where Brook Trout populations remain strong.
The overall goal of this study was to examine the influence of pH and species interactions on the
distribution of Brook Trout and Brown Trout in Pennsylvania streams. The first study examined
shifts in Brook Trout and Brown Trout pH preference/avoidance after exposure to different pH
conditions. Adaptation to pH is important because the results of behavioral studies may differ
depending on pH exposure history. Adaptation to pH is particularly important for Brook Trout
and Brown Trout because these species are often segregated in streams with a pH gradient,
suggesting that behavioral responses to pH differ between the two species. In order to study how
the behavioral response differed between the two species, it was necessary to determine if pH
exposure history altered behavioral response. Thus, hatchery-reared Brook Trout and Brown
Trout were exposed to different holding pH treatments for seven days prior to determining their
behavioral response to pH. Preference was determined in a long trough where a gradient of pH
(4.0-7.0) was presented to fish. Steep gradient choice tanks were used to determine avoidance.
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I found that hatchery-reared Brook Trout and Brown Trout pH preference was not influenced by
holding pH. Results of pH avoidance trials were similar to that of preference studies, in that
holding pH did not alter pH avoidance of either species. This study suggested that individuals of
these species can be held in the laboratory at a pH different from the source waterbody for a
short period of time without altering preference or avoidance behavior. Thus, the pH of the
laboratory source water was not adjusted for the purposes of examining preference and
avoidance behavior of wild fish.
The second study investigated the pH preference and avoidance of wild, adult Brook Trout and
Brown Trout using the same methodology applied in the first study. The behavioral response of
Brook Trout and Brown Trout to low pH is one of factor that may lead to the observed
segregation pattern of the two species in Pennsylvania streams. The observed segregation
pattern and behavioral responses to episodic events suggest that differences in the pH preferred
or avoided may exist. Although pH preference and avoidance of juveniles have been established,
the preference and avoidance of adults have not been examined.
Wild, adult Brown Trout showed a preference for pH 4.0 while wild, adult Brook Trout did not
prefer any pH within the range tested (pH 4.0 – 7.0). Adult Brown Trout displayed a lack of
avoidance at pH below 5.0, which is similar to that reported for juvenile Brown Trout. The
avoidance pH of wild, adult Brook Trout (between pH 5.5 and 6.0) and Brown Trout (between
pH 6.5 and 7.0) did not differ appreciably from earlier study results for the avoidance pH of
juvenile Brook Trout and Brown Trout. A comparison of confidence intervals around these
avoidance estimates indicates avoidance pH is similar among adult Brook Trout and Brown
Trout in this study. However, the limited overlap of confidence intervals for avoidance pH
values for the two species suggests that some Brown Trout will display avoidance at a higher pH
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when Brook Trout will not. The results of this laboratory study indicate that adult Brook Trout –
Brown Trout segregation patterns in Pennsylvania streams could be related to pH and that
competition with Brown Trout could be mediating the occurrence of Brook Trout at some pH
levels. The preference and avoidance pH results from this study were used to design field
experiments involving species interactions and pH.
The final study examined the effects of acidification and species interactions on the distribution
of Brook Trout and Brown Trout. Although pH appeared to be correlated with the observed
distribution patterns of Brook Trout and Brown Trout in Pennsylvania streams, our laboratory
studies examining the avoidance pH of wild, adult Brook Trout and Brown Trout did not
conclusively find that avoidance pH differs between these species. The lack of conclusive
difference in the pH avoidance threshold did not rule out pH as a mediating factor. Interactions
between Brook Trout and Brown Trout could lead to habitat partitioning in a stream. Brown
Trout are considered superior competitors, but a physiological advantage may allow Brook Trout
to dominate Brown Trout in headwaters, particularly if pH is lower. Thus, the behavior of wild,
adult Brook Trout and Brown Trout (alone and in combination) was observed in study reaches
that were manipulated to vary the level of acidity and CO2.
In the artificial stream channel, the majority of indwelling fish (fish that spent greater than 0
seconds on the treatment side during the control observation period) responded to acidification
by moving to more neutral conditions (62% of Brook Trout and 68% of Brown Trout).
Indwelling Brook Trout spent less time in acidic conditions during the acid treatment (41 ± 5%)
than during the control period (94 ± 2%). However, elevated levels of CO2 may have caused
their avoidance at a higher pH. Indwelling Brown Trout spent less time in the acid conditions
during the acid treatment (44 ± 4%) than during a control period (98 ± 1%). The proportion of
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time spent in the acid water by indwelling trout decreased as negative interactions with other fish
(such as chasing) increased. Presence of the opposite species did not influence the proportion of
time spent in the acidic conditions. The results of this study do not support the hypothesis that
acidification mediates the segregation of Brook Trout and Brown Trout in Pennsylvania streams.
Confounding factors, relating to changes in CO2 associated with the acid manipulation, and
issues relating to stocking density need further investigation to identify what role these may have
played.
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Chapter 1
Introduction: Research Motivation, Literature Review, and Objectives

Research Motivation
An analysis of Pennsylvania Fish and Boat Commission historical data collected from streams
throughout the Commonwealth containing trout concluded that base-flow pH is strongly
correlated to the observed segregation of Brook Trout (Salvelinus fontinalis) and Brown Trout
(Salmo trutta) (Kocovsky and Carline 2005). Populations of Brook Trout (native to
Pennsylvania) predominated (based on abundance) at pH<7.0 (mostly headwaters) and Brown
Trout (introduced and widely naturalized) predominated at pH>7.0 (lower reaches). Their
findings were similar to those of others. Brown Trout were not found in streams with a summer
pH less than 6 in central Sweden (Andersson and Andersson 1984) or New Zealand (Olsson et
al. 2006). Korsu et al. (2012) reported that in Finland boreal streams Brook Trout occupied
acidic headwaters while Brown Trout were found in the neutral pH waters of lower reaches.
This segregation pattern was similar to that observed in Pennsylvania even though the
indigeneity of species was reversed (introduced Brook Trout and native Brown Trout).
The observed species segregation pattern in Pennsylvania is significant because Brook Trout are
the only stream dwelling salmonid native to the eastern United States, and Brook Trout
populations have been greatly reduced or extirpated from much of their historical range in the
eastern U.S (Hudy et al. 2005). Not only do Brook Trout support important recreational fisheries
throughout their range, but strong populations of wild Brook Trout are also considered indicators
of healthy coldwater stream ecosystems and excellent water quality (Hudy et al. 2005). One

2

possible cause for declines in Brook Trout numbers is anthropogenic acidification (Haines 1981)
from air pollution and abandoned mine drainage, both of which are high throughout
Pennsylvania (Lynch et al. 2002) and highest at higher elevations (Eshleman et al. 1991) where
Brook Trout are commonly found. Competition with Brown Trout has also been cited as one of
the likely causes for the decline of Brook Trout populations in Pennsylvania (Hudy et al. 2005,
Wagner et al. 2013). Brown Trout are nonnative to Pennsylvania, but wild (i.e., naturalized)
populations have been established from stockings since the late 19th-century. The segregation
pattern of Brook Trout and Brown Trout in Pennsylvania steams is correlated with pH and
requires further examination because low pH may be acting as a barrier that prevents
establishment of reproducing populations of Brown Trout in the headwaters, where Brook Trout
populations often remain intact.

Review of the Literature
Introduction
The effects of low pH on Brook Trout and Brown Trout were studied in depth during the late
1970’s through the late 1980’s. Most of this research focused on the effects of low pH on
physiological stress, growth, and survival, and the effect of pH was often examined along with
the effects of aluminum, which is mobilized by low pH. While effects of low pH have been a
topic of intense study in the past, not much research has been undertaken related to the
underlying factors such as pH sensing and pH preference and avoidance. This review sets the
context for my research objectives.
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Methods
Brook Trout and Brown Trout distribution, life history information, and competition was
summarized first to examine overlap in the distribution of the two species. This summary was
followed by a discussion of the acidification process. I used a systematic approach to gather
literature related to pre-determined topic areas which focused on how pH is perceived, what pH
is preferred/avoided, and the effects of low pH on Brook Trout and Brown Trout. Search terms
related to each topic were entered in Google Scholar and The Pennsylvania State University Lion
Search in September and October 2016 (Table A1). No restrictions were placed on the dates to
search or the type of publication. The top 100 records returned from each database were
examined for relevance to the topic area. The first combination of search terms used was the
topic area (e.g., “pH preference”) and “trout”. Emphasis was placed on studies reporting on the
target species, Brook Trout and Brown Trout. If information was limited or not found for a
given topic area with a focus on the target species, then the search was expanded by removing
“trout” and inserting “salmonid”. In cases where information was not found for salmonids the
search was expanded to “fish”.

Brook Trout distribution and life history
Historically, Brook Trout populations spanned coldwater streams from northern Georgia through
the Appalachian Mountains to Canada and westward through many of the Great Lakes drainages
(Power 1980). Brook Trout inhabit cool, well-oxygenated streams, lakes, and small to medium
rivers, as well as estuaries and marine environments. Most remain in freshwater, but some are
anadromous, travelling to the sea in the spring. Those who leave freshwater environments
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usually stay within a few kilometers from river mouths and return to their freshwater habitats in
the late summer and fall to spawn (Dutil and Power 1980; Begout-Anras et al. 1999; Gulseth and
Nilssen 2000). Brook Trout are demersal and prefer to inhabit pools with large woody debris.
They occur in temperate environments and are relatively tolerant of acidic waters withstanding a
pH as low as 5.0 (Page and Burr 1991). Adult Brook Trout are reported to prefer temperatures as
low as 14.8°C to as high 15.7°C (studies conducted in field) whereas juveniles preferred
temperatures as low as 16°C to as high 18°C (controlled laboratory studies) (Coutant 1977).
Studies have found 13-16°C to be optimal for the growth of Brook Trout (Dwyer et al.1983;
Hokanson et al., 1973; McCormick et al., 1972; McMahon et al., 2007b). The upper incipient
lethal temperature is 25.3°C (Fry et al.,1946; Fry 1951; Wehrly et al., 2007).
Brook Trout are opportunistic predators that feed on a wide range of organisms including worms,
leeches, beetles, crustaceans, molluscs, fishes, frogs and salamanders, small mammals, insects
(such as chironomids, caddisflies, blackflies, mayflies, stoneflies, and dragonflies), and
sometimes plant matter (Page and Burr 1991; Morinville and Rasmussen 2006). In a stream
environment studied by Allen (1981), the numerical abundance of prey in the diet of Brook Trout
was significantly correlated with abundance of prey in the drift and large taxa tended to be
consistently overrepresented in trout diet and small taxa underrepresented. Allen (1981)
concluded that the primary determinants of trout diet in his study were abundance and size of
prey along with individual specialization by trout presumably as a result of experience.
Brook Trout spawn in the fall (September – November in Pennsylvania). Spawning occurs in
shallow riffles or shoreline with loose gravel and oxygen-rich water. Groundwater upwellings
are often present. Males court females by driving them towards suitable spawning gravel.
Receptive females dig a depression, or 'redd', in the gravel bed. Males swim around the female
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while she digs often rubbing her with his fins and fending off other males. The pair enter the
redd, and the female deposits the eggs while the male fertilizes them. Multiple males may
attempt to fertilize the eggs in a single redd. The female then covers the eggs with small gravel
and sediment (Page and Burr 1991).
Brook Trout sac fry hatch from eggs after about 100 days at 5°C (Crisp 1981). These tiny larvae
stay in the redd absorbing their yolk. After the yolk is absorbed they emerge from the redd to
begin feeding. In freshwater streams, males are usually sexually mature at age-1 whereas most
females are mature by age-2 (Flick 1991). This operational sex ratio suggests that more sexually
competing males are present than sexually competing females. Average life span is about 5
years (Page and Burr 1991). The range wide maximum reported length is 70 cm and maximum
weight 5 kg (Page and Burr 1991). Brook Trout occupying freshwaters in the eastern U.S. rarely
exceed 18 cm in length (Behnke 2002).

Brown Trout distribution and life history
The native range of the Brown Trout spans Europe, northern Africa, and western Asia. Brown
Trout have been introduced to every continent except Antarctica (MacCrimmon and Marshall
1968). The Brown Trout was first imported to the U.S. in 1883 from Germany and stocked in
the Pere Marquette River, Michigan, by the U.S. Fish Commission (Courtenay et al. 1984).
Brown Trout have been implicated in the reduction of native fish populations (especially other
salmonids) through predation, displacement, and food competition (Taylor et al. 1984).
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Brown Trout occupy cold, well oxygenated lentic, marine, and lotic environments. However,
Brown Trout are primarily a freshwater species. They inhabit shallow water weed beds, rocky
areas, deeper pools, and undercut banks and prefer a water temperature of 18-23 °C (ISSG 2005).
Brown Trout are more tolerant of warmer and more turbid water than Brook Trout; therefore, its
range of habitats is greater (Taniguchi et al. 1998). Brown Trout are opportunistic predators and
primarily feed at night on insects, crawfish and other invertebrates as well as other fish (Bridcut
and Giller 1995). Like Brook Trout, Brown Trout spawn in the fall (October - February
depending on climate), and have similar spawning behavior (Page and Burr 1991).
After hatching at 12mm total length, larval Brown Trout remain in the gravel for 2-3 weeks until
they are about 25mm long (ISSG 2005). Juveniles mature in three to four years (Hart 1973).
The Brown Trout life span can exceed 10 years, but is typically 5 years for resident stream
populations (Klemetsen et al. 2003). Adult Brown Trout can attain lengths up to 103 cm (Page
and Burr 1991), but maximum lengths vary among habitats. Brown Trout in small streams with
limited food resources may only reach lengths of approximately 25 cm, while in more productive
streams or rivers and lakes adults may reach lengths of 35 to 76 cm (Bachman 1991, Behnke
2002).

Evidence for potential competition
Occupancy models using recently collected (2007-2011) Brook Trout and Brown Trout
occurrence data in Pennsylvania streams suggested that the presence of Brown Trout results in
lower occurrence probability of Brook Trout over a range of anthropogenic landscape
characteristics, compared with streams where Brown Trout were absent (Wagner et al. 2013).
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The expansion of Brown Trout populations in waters historically occupied and still conducive to
Brook Trout suggests that Brown Trout could be superior competitors. Larger individuals are
dominant in salmonid competition (Newman 1956; Jenkins 1969), and Brown Trout can grow to
larger sizes than Brook Trout (Behnke 2002). Competition for food resources was confirmed by
Fechney (1988), who found no niche partitioning of food resources in Brook Trout and Brown
Trout sympatric populations and concluded allopatric populations resulted from interference.
Brown Trout have been shown to consume more prey and to be more aggressive than Brook
Trout (DeWald and Wilzbach 1992; Taniguchi et al. 1998). Several studies involving position of
fish within a stream also demonstrated that Brown Trout may have an effect on Brook Trout
individuals. Brook Trout used more favorable resting positions and fed closer to cover after
Brown Trout were removed (Fausch and White 1981). Moreover, the use of open pools by
Brook Trout decreased, when Brown Trout were present, in favor of covered pools (DeWald and
Wilzbach 1992). The growth of Brook Trout and/or Brown Trout has reportedly been impacted
due to competition. DeWald and Wilzbach (1992) reported that native Brook Trout lost weight
in mixed species trials whereas Brown Trout gained weight. Furthermore, Brook Trout and
Brown Trout have overlapping spawning periods in the fall. Sorensen et al. (1995) reported that
attempted hybridization and redd superimposition between the species was particularly
detrimental to Brook Trout because Brook Trout: 1) spawn earlier in the season, 2) are smaller in
size, and 3) rarely live to spawn twice.

Acidification process
Anthropogenic acidification from emissions and mining, which is high throughout Pennsylvania
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(Lynch et al. 2002) and is highest at higher elevations (Eshleman et al. 1991), has been linked to
the decline of Brook Trout throughout their historic range (Hudy et al. 2005). Episodic
acidification is most common during seasons of high precipitation (and during spring snowmelt
in regions where snow accumulates), and is least common in summer, when evapotranspiration
reduces soil moisture (Lawrence 2002). Streams low in acid-neutralizing capacity are generally
sensitive to pH depressions (Sharpe and Gagen 1992). The U.S. Environmental Protection
Agency suggests that the acid-neutralizing capacity threshold for separating "sensitive" from
"insensitive" water bodies prior to acidification by atmospheric deposition is 200 µeq/L.
Eshleman et al. (1991) reported that more than 20% of the streams draining the northern
Appalachian Plateau in Pennsylvania have headwaters with an acid-neutralizing capacity of less
than 50 µeq/L during spring base flow. Throughout much of Pennsylvania acid-neutralizing
capacity is present in the form of calcium carbonate (CaCO3) within limestone bedrock (Sharpe
et al. 1987, Kirby et al. 2008). Limestone is often used in restoration and mitigation projects to
buffer acid mine drainage (Schindler 1997).
Acidification of a waterbody may also result in elevated levels of free CO2 (CaCO3 + H2 SO4 →
Ca2+ + SO42−+ H20 + CO2) and the behavioral response of fish appears to be dependent on the
species and concentration of free CO2. Attraction to low levels of CO2 has been demonstrated in
Arctic Char (Salvelinus alpinus) at 38 – 50 mg/L and avoidance at levels >50 mg/L (Jones et al.
1985). Elevated levels of CO2 (37 - 54 mg/L CO2) have been linked to a lack of avoidance
behavior in Brown Trout at pH< 5.5 (Atland 1998). Avoidance of elevated levels of CO2 (60 –
120 mg/L CO2) has been demonstrated with Rainbow Trout (Oncorhynchus mykiss), but the
elevation of CO2 was accompanied by a decline in pH that could also be responsible for the
avoidance response (Clingerman et al. 2007). Further studies are needed to determine how CO2
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influences the behavior of Brook Trout and Brown Trout.

Effects of low pH on Brook Trout and Brown Trout
pH perception
Fishes can sense the pH of their environment in so far as they can avoid areas of low pH
(Milsom 2010). However, the sensory mechanism remains obscure. Bony fishes have displayed
a behavioral response to chemical stimuli in the mouth, the pharynx, gill cavity, and the entire
surface of the body under experimental conditions (Katsuki and Hashimoto 1969). Hasler (1957)
and Bardach (1967) propose that the outer surfaces of most fishes may be receptive to
stimulation by chemical substances that act as irritants. A review of more recent research related
to chemoreception suggests that CO2/H+ chemoreceptors reside primarily in the gills of fish and
respond to changes in aquatic Pco2 (carbon dioxide partial pressure) while CO2-initiated
ventilatory reflexes arise from stimulation of branchial chemoreceptors (Milsom 2010).
Experimental manipulation of environmental pH, in the absence of changes in CO2, failed to
support the theory that these receptors detected pH or resulted in changes to ventilation in
rainbow trout, Traira (Hoplias malabaricus), and Tambaqui (Colossoma macropomum) (Janssen
and Randal, 1975; Thomas and Le Ruz, 1982; Reid et al., 2000; Sundin et al., 2000; Perry and
McKendry, 2001; Gilmour et al., 2005). A study by Atland (1998) reported that Brown Trout
did not avoid pH < 5 after displaying avoidance at pH 5.5, suggesting that the pH sensory
mechanism may be impaired under extreme pH conditions. Further studies are needed to
determine how environmental pH is sensed and ultimately results in a behavioral response.
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pH preference and avoidance
The difficulties of quantifying pH preference and avoidance in the field placed an emphasis on
laboratory studies, where confounding factors can be controlled, to quantify pH preference and
avoidance behavioral responses. Preference or avoidance responses of fishes to pH have been
studied in both gradual and steep pH gradients. Preference, defined as increased presence in a
given location within a pH gradient, has been examined primarily in gradual gradients over an
extensive pH range (Peterson et al., 1989; West et al., 1997). Avoidance, defined as a decrease in
time spent in a location in acidic conditions in comparison to time spent at neutral pH, has been
examined with steep-gradient choice tanks (Pedder&Maly, 1986; Atland & Barlaup, 1996;
Atland, 1998) which offer only two pH levels. In some cases, gradual gradient structures have
been used to determine both preference and avoidance simultaneously (Peterson et al., 1989;
West et al., 1997).
Although there is much anecdotal information regarding the difference in the level of pH
preferred or avoided by Brook Trout and Brown Trout, few studies actually quantified these
levels and these studies have been limited to hatchery-reared juvenile fish. Stream tank studies
performed by Atland (1998) found that juvenile Brown Trout avoided areas of the tank with a
pH>5. The avoidance of higher pH waters was unexpected and could be related to a failure of
mechanisms that allow perception of environmental pH. Juvenile Brook Trout avoided areas of
a tank when pH was between pH 4.7 and 5.5 (Pedder and Maly 1986; Peterson et al. 1989). The
pH preference of juvenile Brook Trout has been reported to be 5-7(Peterson et al. 1989). I did
not find studies exploring the pH preference of Brown Trout. Additional searches for pH
preference of salmonids resulted in no studies being found. An expansion of the literature search
to pH preference of fish resulted in one relevant study. West et al. (1997) reported the pH
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preferred by nine fish species: Inanga (Galaxias maculatus) adults 8.5-10 and juveniles 6.8-9.3,
Common Bully (Gobiomorphus cotidianus) adults 8.5-9.0 and juveniles 7.8-9.3, adult Common
Smelt (Retropinna retropinna) 8.0-8.7, adult Redfinned Bully (Gobiomorphus huttoni) 7.1-9.0,
juvenile Shortjawed Kokopu (Galaxias postvectus) 7.2-9.1, juvenile Koaro (Galaxias
brevipinnis) 5.8-9.5, juvenile Banded Kokopu (Galaxias fasciatus) 5.8-7.1, Shortfinned
Eels(Anguilla australis) adults 5.5-8.0 and juveniles 6.7-8.4, and Longfinned Eels (Anguilla
dieffenbachii) adults 6.4-8.7 and juveniles 6.7-8.4. This study was unique because it compared
pH preference of juvenile and adult fishes of several freshwater species. West et al. (1997)
concluded that some juveniles showed a preference for a wider range of pH while others
preferred a pH range similar to adults.
In summary, information on pH preference and avoidance of Brook Trout and Brown Trout is
limited to hatchery-reared juveniles or could not be found (Brown Trout pH preference).
Variability has been observed among non-salmonid species which suggests that species-specific
studies are necessary to quantify behavioral responses to pH. Existing literature suggests that the
behavioral response to pH may also be dependent on the lifestage of the species.

Genetics, adaptation, and acclimation to pH
The role of genetics in Brook Trout and Brown Trout sensitivity to pH has been explored.
Survival differences have been reported between different strains of Brook Trout exposed to low
pH (Hurley et al. 1989; Robinson et al. 1976; and Swarts et al. 1978). Survival differences have
also been reported when various genetic strains of Brown Trout were exposed to low pH
(Gjedrem 1980; Rosseland and Skogheim 1987). Ion regulation also differed between stocks of
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Brown Trout subjected to low pH conditions (McWilliams 1982). Variation in the survival of
different genetic stocks exposed to low pH waters suggests that adaptation to pH may occur, but
has yet to be investigated.
One of the limitations to studying the pH preference and avoidance behavior of fishes is the lack
of pH acclimation information available; specifically, if avoidance or preference pH changes
when fishes are exposed to different pH conditions. Adaptation of fishes to other abiotic factors,
such as temperature, has been widely demonstrated. Cherry et al. (1975) demonstrated that
exposure of Brook Trout to different temperatures resulted in an expansion of the thermal
preference range and avoidance occurred at lower temperatures as exposure temperature
decreased. If similar changes were to occur for pH tolerance, it would be expected that fishes
exposed to low pH for a period of time would exhibit a decrease in their preference and
avoidance pH. A relatively large body of literature exists on both the acute and chronic
physiological effects of exposure to acidic conditions and aluminum in salmonids as well as
adaptation to these factors (Wood & McDonald, 1987). In contrast, studies investigating the
ability of any salmonid to acclimate to pH alone, as measured by changes in pH avoidance or
preference, could not be found. Shifts in pH preference after pH exposure have only been
investigated with a single species, Silver Catfish Rhamdia quelen, and no shift was observed
(Riffel et al., 2012). Acclimation to pH is important because the results of behavioral studies may
differ depending on pH exposure history. Acclimation to pH is particularly important for Brook
Trout and Brown Trout because these species are often segregated in streams with a pH gradient,
suggesting that behavioral responses to pH differ between the two species. In order to study how
the behavioral response differs between these species, it would be necessary to determine if pH
exposure history alters the behavioral response.
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Movements
Several studies were found that investigated the movement of Brook Trout or Brown Trout in
response to low pH. Movement out of a stream reach in search of a preferred pH range or in
direct avoidance of local pH is one direct effect of pH levels that could lead to the segregation
patterns observed in streams. Downstream movement and mortality of adult Brook Trout has
been observed when low pH acid episodes occur (Baker et al. 1996; Gagen et al. 1993; Gagen et
al. 1994; Hall et al. 1980; Newman and Dolloff 1995). Sharpe and Gagen (1992) reported both
Brook Trout and Brown Trout movement downstream in relation to low pH acid episodes, but
less downstream movement was observed in the stream section containing an alkaline tributary
that served as refugia. However, Brown Trout were more sensitive to the low pH episodes as
evidenced by the proportion of individuals moving downstream (Sharpe and Gagen 1992). Other
studies have reported apparent congregations of trout and salmon near the inflow points of more
alkaline tributaries during acidic episodes (Muniz and Leivestad 1980; Newman and Dolloff
1995; Watt et al. 1983). Movement of Brook Trout has also been documented in lake
environments where reacidification was occurring (Gloss et al. 1989). The literature search was
broadened to salmonids and an additional study by Skogheim et al. (1984) observed downstream
movement of Atlantic Salmon during acidic episodes.
While these studies provided valuable information regarding the short-term (i.e., days) response
of Brook Trout and Brown Trout to low pH, they do not address the influence of such episodic
movements on the distribution and health of Brook Trout and Brown Trout populations.
Additional field studies examining multiple streams over longer observational periods are needed
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to address the lasting effects of low pH episodic events. Emphasis could be placed on
identification of refugia that could allow trout to occupy a stream reach rather than migrating
downstream.

Physiology
Extensive reviews of the physiological mechanisms of acid toxicity to fish indicate that a
competitive advantage may evolve due to the ability of one of these species to adapt
physiologically to acidic environments (see Wood and McDonald 1982). The pH-alkalinity
gradient in Pennsylvania streams (i.e., increasing pH and alkalinity downstream) could partly
determine Brook Trout and Brown Trout distribution because Brown Trout are less able to
regulate sodium ion concentration at low pH and low alkalinity (Kocovsky 2004). Both Brook
Trout and Brown Trout have exhibited decreases in plasma chloride and sodium levels (Brown
Trout more severe) as a result of osmotic stress caused by low pH (Battram 1990; McDonald and
Milligan 1988; Rosseland 1980; Rosseland and Skogheim 1984; Stuart and Morris 1985). Gagen
and Sharpe (1987) reported that Brown Trout lose significant amounts of sodium at pH = 6.0
whereas Brook Trout begin to lose sodium at pH = 5.3. Nervous system function can be
impaired if sodium losses are significant and ultimately lead to death. Visible evidence of
osmotic stress, as a result of acid water exposure (pH= 4.8), has been reported in the form of
ventilation volume, stroke volume, coughing, and mucous production in Brook Trout (Walker et
al. 1988). However, recovery from such stress has been demonstrated by both species (Battram
1990; Mount et al. 1988; Rosseland 1980).
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The concentration of aluminum and calcium ions in the water also regulates the osmotic
tolerance of Brook Trout and Brown Trout. High aluminum levels at low pH have been shown
to be more detrimental to osmotic processes in Brook Trout than low pH alone (Gagen et al.
1993). Brook Trout have also been found more resistant to high aluminum levels than Brown
Trout (Rosseland and Skogheim 1984). The presence of calcium in streams may reduce the
severity of aluminum and pH effects on osmotic processes and overall condition of these species
(McDonald et al. 1980).
In summary, Brook Trout could remain dominant in many headwaters of Pennsylvania streams,
where pH and alkalinity is generally lower, because they are better adapted to physiological
stresses caused by low pH. Brown Trout could remain low in abundance in headwaters because
they die as a result of low pH exposure (i.e. sodium losses, aluminum toxicity), are at a
competitive disadvantage with Brook Trout, and they move downstream to avoid adverse
conditions (Kocovsky and Carline 2005). Further studies are needed to determine how
physiology is related to the distribution of Brook Trout and Brown Trout.

Competition
Condition-specific competition, as defined by Dunson and Travis (1991), is a process by which
competition between species is mediated by abiotic factors. Species inhabiting heterogeneous
environments tend to have differing competitive abilities and varying tolerance for
environmental stressors (Carmona-Catot et al. 2013). The interactions of these factors can
ultimately lead to segregation patterns in streams.
Kocovsky and Carline (2005) hypothesized that pH-mediated interspecific competition (i.e.,
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dominance shifts between species depending on pH) that favors Brook Trout in competition with
Brown Trout at lower pH is the most plausible mechanism for segregation of these two species
along pH gradients. Studies examining the outcome of interspecific competition at different pH
levels were not found for any species of fish; however, an expanded literature search revealed a
single study involving tree frog tadpoles. Reduced pH had no direct effect on any of the tadpole
species and did not influence the outcome of interspecific competition (Pehek 1995). Although
pH specific studies with fish were not found, similar hypotheses related to temperature have been
investigated. Temperature-mediated competition among Brown Trout and native Bonneville
Cutthroat Trout (Oncorhynchus clarkii utah) was hypothesized to lead to the segregation of
salmonid species along altitudinal stream gradients, however testing concluded that segregation
patterns were unlikely to be due to temperature-mediated competition (McHugh and Budy 2005).
Temperature-mediated competition has also been tested among Mosquitofish (Gambusia
holbrooki) and Iberian toothcarp (Aphanius iberus). Mosquitofish were reported to
competitively displace toothcarp through interference competition, and this outcome was more
likely at higher temperatures (Carmona-Catot et al. 2013). Carefully designed studies will be
required to uncover the mechanisms responsible for the partitioning of Brook Trout and Brown
Trout along pH gradients.

Reproduction, growth, and survival
Mortality of Brook Trout and Brown Trout populations in acidic waters appears to be mainly due
to increased mortality during early life history periods (Schofield 1976; Muniz & Leivestad
1980; Haines 1981). The interval from hatching to commencement of exogenous feeding has
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been found to be particularly sensitive to low pH in most salmonids (Peterson et al. 1982). The
physiological effects of low pH on fish are now well known (see reviews by Fromm 1980,
Woods & McDonald 1982). The failure of blood ion regulation appears to be the principal
mechanism causing mortality. Toxic metals generally act in an additive or synergistic manner
with low pH (Baker 1982). Exposure to low levels of pH can be lethal to both Brook Trout and
Brown Trout.
The selection of redd sites is critical to the long-term survival of Brook Trout and Brown Trout
populations in acid waters. One strategy is to not attempt spawning in acidic waters. Brown
Trout have been shown to reduce digging and upstream behavior in weakly acidic water of pH
5.8–6.4 (Ikuta et al. 2003). Another strategy is to utilize natural refugia. Brook Trout and
Brown Trout show a preference for alkaline groundwater upwellings when selecting sites to
construct redds (Hansen 1975; Johnson and Webster 1977). The selection of groundwater
upwelling areas for spawning buffers the impact of pH depressions that will affect the survival of
the earliest life stages of Brook Trout. Incubating eggs and free embryos within the redd are
bathed in groundwater that differs from surface water in physicochemical characteristics (Hansen
1975). Egg survival of both species was reported to be > 90% in laboratory experiments
involving low pH exposure (Johanssson et al. 1977). The critical period for both species appears
to be when alevins emerge from the redd, with 100% mortality of Brown Trout and 31-45%
mortality of Brook Trout at pH 5.0 (Gunn 1986; Johanssson et al. 1977; Kwain and Rose 1985;
Van Offelen et al. 1993). The timing of emergence may coincide with snowmelt, resulting in
exposure to episodic low pH episodes. The drastic change in the physiochemical composition of
the surrounding water can be lethal, however, some alevins can survive by moving to deeper
water (Baker and Schofield 1982; Van Offelen et al. 1993). Juvenile and adult fish are capable
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of avoiding low pH by moving longer distances more quickly, which results in lower mortality
during episodic acidification. The lower lethal limit of fingerling Brook Trout was pH 3.5 in
laboratory studies and was not dependent on water temperature (Daye and Garside 1975). The
lower lethal limit of fingerling Brown Trout was pH 4.4 in laboratory studies, slightly higher
than Brook Trout (Sadler and Lynam 1986). Lower lethal limits for adults could not be found
for either species.
Brook Trout and Brown Trout exposed to acidic conditions have differing responses in terms of
growth. Laboratory experiments comparing the growth of Brook Trout eggs, fry, juveniles, and
adults exposed to various levels of pH indicate that growth decreases after continued exposure to
pH< 5.5 (Leivestad et al. 1976; Trojnar 1977; Rodgers 1984; Tam and Payson 1986; Hunn et al
1987; Ingersoll et al. 1990). In contrast, juvenile Brown Trout exposed to pH as low as 5.0 were
similar in weight to those held under neutral pH conditions (Jacobsen 1977). Similarly, Edwards
and Hjeldnes (1977) and Sadler and Lynam (1986) found no significant effect over 3.5 months
exposure down to pH 4.8 or 4.4, respectively. It is generally accepted that Brook Trout are the
more acid tolerant species, but reduced growth has been reported only in Brook Trout. Sadler
and Lynam (1986) suggested that experimental design differences, concentrations of calcium and
sodium, and length of exposure to low pH may be responsible for the growth effects in Brook
Trout but not Brown Trout.

Study Goal and Objectives
The review of existing literature related to the effects of low pH on Brook Trout and Brown
Trout identified topic areas that needed further clarification. I chose to investigate a subset of the

19

potential research questions. The overall goal of my research was to examine the potential
influence of pH and interspecific interactions between Brook Trout and Brown Trout on the
distribution of these species in Pennsylvania streams. Within the historic range of Brook Trout,
the presence of nonnative trout (Brown Trout) is a potential threat to the Brook Trout
populations. The specific objectives were:
1) to determine if short-term exposure of Brook Trout and Brown Trout to a lower pH than
found in their source stream results in a shift in preference or avoidance pH (Chapter 2),
2) to determine if the pH levels preferred and avoided by wild, adult Brook Trout and
Brown Trout are similar to those reported for juveniles (Chapter 3),
3) to determine if the pH levels preferred and avoided by wild, adult Brook Trout and
Brown Trout explain the observed distribution patterns of these species in Pennsylvania
streams (Chapter 3),
4) to determine if acidification mediates the segregation patterns of wild, adult Brook Trout
and Brown Trout (Chapter 4),
5) to determine if interactions among Brook Trout and Brown Trout result in Brook Trout
occupying acidified waters (Chapter 4).
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CHAPTER 2
Preference and avoidance pH of Brook Trout Salvelinus fontinalis and Brown Trout Salmo
trutta exposed to different holding pH
Chapter 2 was published in the peer-reviewed Journal of Fish Biology and is included on the following
pages with citation information in reprint form.
Appendix B contains supplemental materials related to date of transport, numbers, experimental use,
and treatment group of each species of fish used in low pH avoidance and preference experiments.
Appendix C provides the model statement, description, and R code for the general linear model
examining time spent by control fish on the acidic end of the avoidance trough for a time effect. These
models were also fit to data collected on control fish in avoidance studies described in Chapter 3.
Appendix D provides the model statement, description, and R code for the general linear model
examining number of crossings by control fish into the acidic end of the avoidance trough for a time
effect. These models were also fit to data collected on control fish in avoidance studies described in
Chapter 3.
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The goal of this study was to determine if short-term exposure of brook trout Salvelinus fontinalis and
brown trout Salmo trutta to a lower pH than found in their source stream results in a shift in preference
or avoidance pH. The lack of a shift in preference or avoidance pH of adult S. fontinalis and S. trutta
suggests that these species can be held at a pH different from the source waterbody for a short period
of time without altering preference or avoidance pH behaviour.
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One of the limitations to studying the pH preference and avoidance behaviour of
fishes is the lack of pH adaptation information available; specifically, if avoidance or
preference pH changes when fishes are exposed to different pH conditions. Adaptation
of fishes to other abiotic factors, such as temperature, has been widely demonstrated.
Cherry et al. (1975) demonstrated that exposure of brook trout Salvelinus fontinalis
(Mitchill 1814) to different temperatures resulted in an expansion of the thermal preference range and avoidance occurred at lower temperatures as exposure temperature
decreased. If similar changes were to occur for pH tolerance, it would be expected
that fishes exposed to low pH for a period of time would exhibit a decrease in their
preference and avoidance pH. A relatively large body of literature exists on both the
acute and chronic physiological effects of exposure to acidic conditions and aluminum
in salmonids as well as adaptation to these factors (Wood & McDonald, 1987). In
contrast, studies investigating the ability of any salmonid to adapt to pH alone, as
measured by changes in pH avoidance or preference, could not be found. Shifts in pH
preference after pH exposure have only been investigated with a single species, silver
catfish Rhamdia quelen (Quoy & Gaimard 1824) (Riffel et al., 2012). Adaptation to
pH is important because the results of behavioural studies may differ depending on pH
*Author to whom correspondence should be addressed at present address. ASA Analysis & Communication,
921 Pike Street, P. O. Box 303, Lemont, PA 16851, U.S.A. Tel.: +1 814 278 7791; email: bfost@asaac.com
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exposure history. Adaptation to pH is particularly important for S. fontinalis and Salmo
trutta L. 1758 because these species are often segregated in streams with a pH gradient,
suggesting that behavioural responses to pH differ between the two species. In order to
study how the behavioural response differed between these species, it was necessary to
determine if pH exposure history altered behavioural response. The goal of this study
was to determine if short-term exposure of S. fontinalis and S. trutta to a lower pH in
the laboratory than their source stream results in a shift in preference or avoidance pH.
Adult S. fontinalis (mean ± s.e. total length = 260⋅9 ± 1⋅8 mm) and S. trutta
(251⋅3 ± 2⋅7 mm) were obtained from the Pennsylvania Fish and Boat Commission Benner Spring State Fish Hatchery in State College, PA, U.S.A., where they
were held at pH 8⋅1–8⋅3. The stocks have been maintained at the hatchery for several
decades and exposed nearly identical water quality over time (no adjustments are
made to water quality at the hatchery). They were transported to the Pennsylvania
State University Rock Springs facility where the water had a pH of 8⋅3 and alkalinity
of 220 mg l−1 . All fishes were held, by treatment group (defined by the holding pH
in the laboratory), in round 1860 l polythene tanks. Fishes were initially placed into
holding tanks at pH 7⋅0 (except the 8⋅3 group). The pH within a holding tank was
decreased c. 0⋅5 pH units per day. The pH was maintained by automatic dosing pumps
that input H2 SO4 until reaching the prescribed holding pH. Salvelinus fontinalis were
held at pH 5⋅0, 6⋅0 and 8⋅3. These pH levels were chosen because S. fontinalis are
observed in Pennsylvania streams ranging from pH 4⋅8 to 8⋅0. Salmo trutta were held
only at pH 6⋅0 and 8⋅3 because juvenile fish are not observed in Pennsylvania streams
with a base flow pH < 6⋅0 (Kocovsky & Carline, 2005). All fishes were held at the
prescribed pH for a minimum of 7 days prior to use in experiments. The length of the
holding period was based on the holding time intended to be used for wild fishes in
separate trials.
Preference and avoidance experiments were patterned after those described
by Stauffer et al. (1976) for temperature studies. Holding tank descriptions,
preference–avoidance methodology and statistical analyses were identical to those
described by Fost & Ferreri (2015) with the exception that comparisons were made
among treatment groups and sample sizes varied. A sample size of 10 fish per species
and holding group was targeted for all experiments. Fishes that did not explore the
troughs were removed from the apparatus and not tested, which resulted in a reduced
sample size for some trials. All pH reductions were made by H2 SO4 and decarbonated
to atmospheric levels (4 mg l−1 CO2 ) by vigorous aeration overnight (16 h).
In preference experiments, water entered one end of the trough from two 1430 l
header tanks that had been acidified the prior night to pH 4⋅0 with H2 SO4 and decarbonated to atmospheric levels (4 mg l−1 CO2 ) by vigorous aeration overnight (16 h). As
the acidified water flowed down the length of the trough, it was neutralized by addition
of basic water at six equally spaced locations to create a pH gradient along the length
of the trough. This process divided the trough into seven zones that were each 0⋅66 m
in length. At each division, a peristaltic pump introduced basic water through 6⋅4 mm
diameter soaker hose which had been epoxied to the bottom of the trough. Salvelinus
fontinalis were allowed 20 min to adapt to the preference trough (pH zones 4⋅0–7⋅0)
and S. trutta 15 min because preliminary studies indicated that S. fontinalis rested for
a longer period before exploring the trough. Control fishes were held at pH 8⋅3 and
tested in the preference trough with the entire trough at pH 8⋅3. The purpose of control
studies was to determine if fishes preferred areas of the trough in the absence of a pH
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gradient. After the adaptation period, fishes were allowed to explore the trough for a
20 min test period; fish activity was recorded with overhead cameras. pH was recorded
by electrodes positioned at the end of each pH zone every 10 s. A two-point calibration
was performed each morning of testing. Water temperature and CO2 were recorded at
the beginning and end of each test. During examination of the recorded video files,
the location (pH zone) was determined at 30 s intervals which resulted in 40 locations
being recorded for every fish. The observed proportion of locations was compared with
the expected proportion of locations if the fish randomly explored the trough (22% in
zones 1 and 7, 11% in zones 2–6) using a 𝜒 2 test. A pH preference was considered
to exist when the 𝜒 2 value was significant and the mean proportion of locations in a
trough section was higher (non-overlapping 95% c.i.) when a gradient was present than
when there was no gradient. 𝜒 2 was then used to determine if the observed proportion
of locations differed among treatments.
In avoidance experiments, S. fontinalis were allowed 30 min to adapt to the trough
and S. trutta 20 min. The amount of time spent on the acidic end of the trough, as well
as the number of times a fish crossed into the acidic end, was then recorded for 600 s.
During this initial observation period, both ends of the trough were held at pH 7⋅0. At
the end of the 600 s, the acid water bath was decreased by 0⋅5 pH units to create a pH
differential between the two halves of each trough and the fishes were again monitored
for 600 s. A peristaltic pump introduced dilute H2 SO4 into the acid water bath where
vigorous aeration removed free CO2 (never exceeded 7 mg l−1 ). pH was monitored by
electrodes positioned in each water bath, each end of the trough and each side of the
centre drains every 10 s. A two-point calibration of pH was made prior to testing each
day. The pH on the acidified end was incrementally changed until the fish had the choice
of pH 4⋅0 or 7⋅0. Control fishes (held at pH 8⋅3) were observed for seven consecutive
600 min observation periods where pH on both ends of the trough remained at pH 7⋅0 to
determine if positional effects were present. Water temperature and CO2 were recorded
at the beginning and end of each trial. The proportion of time spent (out of 600 s) on the
acidic end of the avoidance troughs was determined by reviewing the recorded video
files. In the absence of a trough effect, observations from both troughs were pooled
to evaluate time spent and number of crossings made into the acidic end by species.
Non-parametric deviance reduction analysis (NDR) (Qian et al., 2003) was utilized
to determine the avoidance threshold of each species based on the time spent in the
acidified side of the trough. pH avoidance was defined as the pH at which time spent on
the acidic end of the trough was split by the NDR. The 95% c.i. around each threshold
estimate was calculated from 1000 bootstrap samples.
Salmo trutta continuously explored the length of the preference trough throughout
the 20 min observation period. Salmo trutta( locations prior to manipulation
of pH
)
did not differ significantly from random 𝜒62 = 8 ⋅ 94, P > 0 ⋅ 05 , slightly more
locations were recorded in the end of the tank (25% v. expected 22%) that had more
neutral pH during test trials [control group (n = 10) in Fig. 1(a)]. When S. trutta occupied the ends of the trough, they were actively swimming and usually turned around
after approaching the end of the trough.
Salmo trutta locations
) did differ significantly
(
0
⋅
01
trials, indicating
from the controls in the pH 6⋅0 𝜒62 = 19 ⋅ 13, P <
) that a
(
preference occurred, but not in the pH 8⋅3 trials 𝜒62 = 8 ⋅ 81, P > 0 ⋅ 05 . With a
pH gradient present, S. trutta were located most often [pH 6⋅0 group (n = 10) = 30%,
pH 8⋅3 group (n = 9) = 23%] in the most acidic zone (pH 4⋅0). The 95% c.i. did not
overlap for the pH 6⋅0 group and control in pH zone 4, indicating a preference for this
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Fig. 1. The mean ± 95% c.i. proportion of locations recorded for each group of hatchery (a) Salmo trutta [ ,
control (n = 10); , pH 8⋅4 (n = 9); , pH 6⋅0 (n = 10)] and (b) Salvelinus fontinalis [ , control (n = 9); ,
pH 8⋅4 (n = 8); , pH 6⋅0 (n = 10); , pH 5⋅0 (n = 10)] for each pH zone of the preference trough. The control
group was not subjected to a pH gradient, all zones were pH 7⋅0.

zone. It was expected that S. trutta would be located in the neutral zone (pH 7⋅0) of
the preference trough when a gradient was present because they are considered less
acid tolerant and are observed in Pennsylvania streams with a base flow pH > 6⋅0. The
proportion
significantly between S. trutta held at pH 6⋅0
)
( of locations did not differ
and 8⋅3 𝜒62 = 3 ⋅ 28, P > 0 ⋅ 05 , indicating that S. trutta pH preference was not
influenced by holding pH [Fig. 1(a)].
Salvelinus fontinalis continuously explored the length of the preference trough
throughout the 20 min observation period. Salvelinus fontinalis
locations prior to
)
(
manipulation of pH did not differ significantly from random 𝜒62 = 4 ⋅ 09, P > 0 ⋅ 05 ,
slightly fewer locations were recorded in the end of the tank (15 v. expected 22%)
that had more acidic pH during test trials [control group (n = 9) in Fig. 1(b)]. When
S. fontinalis occupied the ends of the trough, they were actively swimming and
usually turned around after approaching the end of the trough. Salvelinus fontinalis
locations did not differ significantly from the controls
was
)
( 2 (indicating a preference
=
2
⋅
69,
P
>
0
⋅
05
,
pH
6⋅0
not
observed
for
any
test
group)
in
the
pH
5⋅0
𝜒
6
)
(
)
(
( 𝜒62 = 1 ⋅ 48, P > 0 ⋅ 05 or pH 8⋅3 trials 𝜒62 = 2 ⋅ 76, P > 0 ⋅ 05 . With a pH gradient present, two of the three treatment groups of S. fontinalis were located most
often [pH 6⋅0 (n = 10) = 20%, pH 8⋅3 (n = 8) = 21%] in pH zone 7⋅0 in the presence
of a pH gradient [Fig. 1(b)]. The pH 5⋅0 group (n = 10) was not only located most
often (21%) in pH zone 4⋅0 but also spent a large proportion of time in zone 7⋅0
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Fig. 2. (a) Time spent on the acidic end and (b) number of crossings into the acidic end of the avoidance troughs
by hatchery Salmo trutta at each test pH. The mean ± s.e. of control ( , n = 10) and test fish held at pH 8⋅4
( , n = 9) or pH 6⋅0 ( , n = 9) are plotted for each pH tested.

(19%). The proportion
of locations did) not differ significantly
( between fish held at)
(
pH 5⋅0 and 6⋅0 𝜒62 =(0 ⋅ 83, P > 0 ⋅ 05 , pH )5⋅0 and pH 8⋅3 𝜒62 = 4 ⋅ 22, P > 0 ⋅ 05
or pH 6⋅0 and pH 8⋅3 𝜒62 = 2 ⋅ 87, P > 0 ⋅ 05 . These results indicate that S. fontinalis
pH preference was not influenced by holding pH [Fig. 1(b)].
In avoidance trials using 600 s observation periods, time spent by control S. trutta
on what would be the acidic end of the trough decreased over time [generalized linear model (GLM), P < 0⋅01, n = 10, 𝛽 = −13⋅9 ± 6⋅11, t68 = −2⋅27] [control group in
Fig. 2(a)]. The number of crossings by control S. trutta (GLM, P < 0⋅001, n = 10,
𝛽 = −1⋅04 ± 0⋅30, t68 = −3⋅49) into the otherwise acidic end, a measure of activity, also
decreased over time [control group in Fig. 2(b)]. The observed decreases in time spent
and the number of crossings over time indicated that S. trutta were initially actively
exploring the test trough and activity levels tended to drop over time.
During testing when pH was lowered in one end of each trough, the number of
crossings by S. trutta held at pH 8⋅3 (n = 9) into the acidic end declined as pH
decreased on the acid side to 5⋅5 but unexpectedly increased at pH 4⋅0 [Table I and
Fig. 2(b)]. The same pattern was observed in S. trutta held at pH 6⋅0 (n = 9); however,
the increase in crossings at the lowest pHs tested was not as pronounced [Table I and
Fig. 2(b)]. An increase in the number of crossings by S. trutta at the lowest pHs tested
was not expected. Salmo trutta held at pH 8⋅3 displayed avoidance between pH 6⋅0
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Table I. Estimated parameters and associated statistics for the final Salmo trutta [held at pH 6⋅0
(n = 9) or 8⋅3 (n = 9)] avoidance crossings models. A general linear model was fitted with the
number of crossings into the acidic end as a function of a fixed pH effect and increased in
complexity by adding a quadratic pH effect
Parameter

Estimate

s.e.

t-value

P (>|z|)

Intercept
pH
pH2

53⋅80
−17⋅74
1⋅83

21⋅77
8⋅10
0⋅73

2⋅47
−2⋅19
2⋅49

<0⋅05
<0⋅05
<0⋅05

Intercept
pH
pH2

127⋅63
−42⋅23
3⋅76

26⋅94
10⋅03
0⋅91

4⋅74
−4⋅21
4⋅13

<0⋅001
<0⋅001
<0⋅001

6⋅0 Group
Fixed effects

8⋅3 Group
Fixed effects

and 6⋅5 [lower 95% c.i. (LCL) = 5⋅0–5⋅5, upper 95% c.i. (UCL) = 6⋅5–7⋅0], whereas
those held at pH 6⋅0 displayed avoidance between pH 5⋅5 and 6⋅0 (LCL = 5⋅0–5⋅5,
UCL = 6⋅0–6⋅5). The avoidance thresholds identified for each holding group within
species did differ; however, the 95% c.i. associated with the avoidance thresholds
overlap indicating that holding S. trutta at a pH different from the source waterbody
does not alter their pH avoidance behaviour.
In avoidance trials using 600 s observation periods, time spent by control S. fontinalis on the acidic end of the trough was similar over time (GLM, P > 0⋅05, n = 8,
𝛽 = −5⋅47 ± 6⋅62, t54 = −0⋅83) [control group in Fig. 3(a)]. The number of crossings by
control S. fontinalis (GLM, P < 0⋅01, n = 8, 𝛽 = −0⋅79 ± 0⋅27, t54 = −2⋅96) into the otherwise acidic end under neutral conditions, a measure of activity, however, decreased
over time [control group in Fig. 3(b)]. The similarity in time spent but decrease in
crossings over time indicated that S. fontinalis were initially actively exploring the test
trough but more time was spent exploring individual sides of the trough later in the
observation period.
During testing when pH was lowered in one end of each trough, the number of
crossings by S. fontinalis into the acidic end decreased as pH decreased on the acidic
end whether they were held at pH 8⋅3 (GLM, P < 0⋅01, n = 9, 𝛽 = −2⋅01 ± 0⋅54,
t61 = −3⋅75), 6⋅0 (GLM, P < 0⋅05, n = 10, 𝛽 = −1⋅15 ± 0⋅52, t61 = −2⋅22) or 5⋅0
(GLM, P < 0⋅01, n = 10, 𝛽 = −2⋅81 ± 0⋅61, t68 = −4⋅63) [Fig. 3(b)]. Salvelinus fontinalis held at pH 8⋅3 displayed avoidance between pH 5⋅0 and 5⋅5 (LCL = 4⋅0–4⋅5,
UCL = 6⋅0–6⋅5), whereas those held at pH 6⋅0 displayed avoidance between pH 4⋅0
and 4⋅5 (LCL = 4⋅0–4⋅5, UCL = 6⋅0–6⋅5). Salvelinus fontinalis held at pH 5⋅0 displayed avoidance between pH 6⋅0 and 6⋅5 (LCL = 4⋅0–4⋅5, UCL = 6⋅5–7⋅0). The
avoidance thresholds identified for each holding group within species did differ;
however, the 95% c.i. associated with the avoidance thresholds overlap indicating that
holding S. fontinalis at a pH different from the source waterbody does not alter their
pH avoidance behaviour.
This study suggests that S. trutta pH preference and avoidance behaviour does not
change if they are held in laboratory with a lower pH than their source water for a
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Fig. 3. (a) Time spent on the acidic end and (b) number of crossings into the acidic end of the avoidance troughs
by hatchery Salvelinus fontinalis at each test pH. The mean ± s.e. of control ( , n = 8) and test fish held at
pH 8⋅4 ( , n = 9), pH 6⋅0 ( , n = 10) or pH 5⋅0 ( , n = 10) are plotted for each pH tested.

short period of time (up to 7 days). Salvelinus fontinalis avoidance behaviour was
not altered and a difference in pH preference was not found. Although S. fontinalis
pH preference was not altered, an increase in the proportion of locations recorded at
pH 4⋅0 was observed (pH 4⋅0 was avoided in the avoidance testing). The difference
in preference behaviour at pH 4⋅0 may be related to physiological adaptation. Extensive reviews of the physiological mechanisms of acid toxicity to fishes indicate that
S. fontinalis are capable of adapting physiologically to acidic environments (Wood
& McDonald, 1987). Other studies investigating the avoidance and preference pH of
salmonids exposed to different pH levels could not be found for comparison. Riffel
et al. (2012) reported that acclimation of R. quelen to different pHs did not change the
preference pH. Wood & McDonald (1987) discussed acute and chronic physiological
effects of exposure to acid and aluminum that have been documented in salmonids
but little is known about the effects of pH alone. Changes in the tolerance of fishes to
other abiotic factors, such as temperature, have been widely demonstrated for many
species. Fishes held at different temperatures will often display different thermal tolerance ranges (Cherry et al., 1975), so it was expected that a decrease in the preference
and avoidance pH would be observed. It is possible that acclimation occurred during the holding period of 7 days but pH preference and avoidance of S. fontinalis and
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S. trutta were not affected. Variation in the survival of different genetic stocks exposed
to low pH waters suggests that adaptation to low pH waters does occur but this process
does not occur in short period of time based on results from this study (Robinson et al.,
1976; Swarts et al., 1978; Gjedrem, 1980; Rosseland & Skogheim, 1987).
The lack of a shift in preference or avoidance pH of adult S. fontinalis and S. trutta in
this study suggests that individuals of these species that have not experienced episodic
low pH events can be held at a pH different from the source waterbody for a short period
of time without altering preference or avoidance pH behaviour. The lack of behavioural
changes allows flexibility in selection of fish stocks and testing locations for investigators. Further testing is needed to determine if genetic strains of these species that have
experienced episodic low pH events exhibit a shift in preference or avoidance pH.
We thank T. Wagner, V. Braithwaite, J. Stauffer and R. Brennan for their contributions to this
study. This study was supported by Pennsylvania State University, Rosebud Mining Company,
Dominion Power, Alliance Partner Resources and the PA Fish and Boat Commission.
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CHAPTER 3
pH preference and avoidance responses of adult Brook Trout Salvelinus fontinalis and
Brown Trout Salmo trutta
Chapter 3 was published in the peer-reviewed Journal of Fish Biology and is included on the following
pages with citation information in reprint form.
Appendix C provides the model statement, description, and R code for the general linear model
examining time spent by control fish on the acidic end of the avoidance trough for a time effect. These
models were also fit to data collected on control fish in avoidance studies described in Chapter 2.
Appendix D provides the model statement, description, and R code for the general linear model
examining number of crossings by control fish into the acidic end of the avoidance trough for a time
effect. These models were also fit to data collected on control fish in avoidance studies described in
Chapter 2.
Appendix E contains supplemental materials related to this study including fish collection information,
images representing methodology and equipment utilized, and figures related to method selection/lack
of avoidance behavior.
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The pH preferred and avoided by wild, adult brook trout Salvelinus fontinalis and brown trout Salmo
trutta was examined in a series a laboratory tests using gradual and steep-gradient flow-through
aquaria. The results were compared with those published for the observed segregation patterns of
juvenile S. fontinalis and S. trutta in Pennsylvania streams. The adult S. trutta tested showed a
preference for pH 4⋅0 while adult S. fontinalis did not prefer any pH within the range tested. Salmo
trutta are not found in Pennsylvania streams with a base-flow pH < 5⋅8 which suggests that S. trutta
prefer pH well above 4⋅0. Adult S. trutta displayed a lack of avoidance at pH below 5⋅0, as also
reported earlier for juveniles. The avoidance pH of wild, adult S. fontinalis (between pH 5⋅5 and 6⋅0)
and S. trutta (between pH 6⋅5 and 7⋅0) did not differ appreciably from earlier study results for the
avoidance pH of juvenile S. fontinalis and S. trutta. A comparison of c.i. around these avoidance
estimates indicates that avoidance pH is similar among adult S. fontinalis and S. trutta in this study.
The limited overlap of c.i. for avoidance pH values for the two species, however, suggests that some
S. trutta will display avoidance at a higher pH when S. fontinalis will not. The results of this study
indicate that segregation patterns of adult S. fontinalis and S. trutta in Pennsylvania streams could be
related to pH and that competition with S. trutta could be mediating the occurrence of S. fontinalis at
some pH levels.
© 2015 The Fisheries Society of the British Isles

Key words: avoidance; behavioural studies; habitat selection; pH tolerance range; physiological
response; salmonids.

INTRODUCTION
Due partly to acidic precipitation and acid mine drainage, the range of brook trout
Salvelinus fontinalis (Mitchill 1814) has been greatly reduced in the eastern U.S.A.,
especially in higher elevation streams of Pennsylvania (Eshleman et al., 1991; Lynch
et al., 2002). Competition with introduced brown trout Salmo trutta L. 1758 has
also harmed Pennsylvania S. fontinalis populations (Hudy et al., 2005). Typically, in
streams containing both species, S. fontinalis populations dominate the headwaters, a
zone of sympatry occurs immediately downstream, and S. trutta populations dominate
the lower reaches.
The distribution of salmonid species has been related traditionally to temperature,
elevation and stream slope (Rahel & Nibbelink, 1999; Quist et al., 2004; Franco &
†Author to whom correspondence should be addressed. Tel.: +1 814 278 7791; email: bfost@asaac.com
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Budy, 2005; Hudy et al., 2005). Historical data from streams throughout Pennsylvania
indicate that base-flow pH is related to the observed segregation of S. fontinalis and
S. trutta (Kocovsky & Carline, 2005). Salvelinus fontinalis dominated at pH below 7⋅0
(mostly headwaters) and S. trutta dominated at pH above 7⋅0 (lower reaches). Their
findings were similar to those of Andersson & Andersson (1984) who did not find
S. trutta in streams with a summer pH < 6 in central Sweden and those of Olsson
et al. (2006) who reported that S. trutta were not found in New Zealand streams with
a pH < 6.
Although downstream movement and mortality of adult S. fontinalis have been
observed when low pH episodes (excursions below pH 5⋅5) occur (Gagen et al.,
1993; Baker et al., 1996), Sharpe & Gagen (1992) reported that both S. fontinalis and
S. trutta move downstream in response to low pH episodes. Salmo trutta, however,
were more sensitive to the low pH episodes than S. fontinalis (Sharpe & Gagen, 1992).
Preference or avoidance responses of fishes to pH have been studied in both gradual
and steep pH gradients. Preference, defined as increased presence in a given location
within a pH gradient, has been examined primarily in gradual gradients over an
extensive pH range (Peterson et al., 1989; West et al., 1997). Avoidance, defined as a
decrease in time spent in a location in acidic conditions in comparison to time spent at
neutral pH, has been examined with steep-gradient choice tanks (Pedder & Maly, 1986;
Atland & Barlaup, 1996; Atland, 1998) which offer only two pH levels. In some cases,
gradual gradient structures have been used to determine both preference and avoidance
simultaneously (Peterson et al., 1989; West et al., 1997). Although these two types of
experiments have been used to establish preference and avoidance of juvenile S. trutta
and S. fontinalis (Pedder & Maly, 1986; Peterson et al., 1989; Atland, 1998), the
preference and avoidance of adults have not been examined.
The purposes of this study were to: (1) determine if the pH levels preferred and
avoided by wild, adult S. fontinalis and S. trutta are similar to those reported for juveniles and (2) determine if the pH levels preferred and avoided by wild, adult S. fontinalis
and S. trutta explain the observed S. fontinalis and S. trutta distribution patterns in
Pennsylvania streams.

MATERIALS AND METHODS
Wild, adult S. fontinalis and S. trutta were seined (6 mm mesh) from a 2 km reach of Rauchtown Creek (41∘ 06′ 42⋅81′′ N; 77∘ 14′ 30⋅92′′ W), Clinton County, PA, in June and July of
2010. The underlying geology of the catchment is Tuscarora sandstone and soils include stony
Dekalb–Lehew on the ridges and mix with a narrow band of Murrill–Buchanan–Laidig soils at
the bases of the mountains. Fishes >130 mm in total length (LT ) were assumed to be adults based
on LT -at-age data from other freestone streams in Pennsylvania (Cooper et al., 1962; McFadden
et al., 1965). Water temperatures were 18⋅0–18⋅7∘ C and pH was 7⋅7 on the days of collection. The fishes were transported in a 660 l polyvinyl chloride (PVC) tank (filled to full volume)
equipped with a lid and 12 V agitator to provide aeration. Sodium chloride (330 g) was added
to the hauling tank to reduce stress during transport to the Pennsylvania State University Rock
Springs facility. The water available at the facility had a pH of 8⋅3 and alkalinity of 220 mg l−1 .
Each species was held separately in round 1860 l PVC tank at pH 7⋅0 for four days prior to
experimentation. The fish holding tanks were recirculating systems that used a biofilter column
to maintain water quality. Water temperature was maintained at 15⋅5∘ C, range ±0⋅5∘ C by
heating or cooling the air within the facility. The photoperiod was 12L:12D. All fishes were fed
Zeigler 42/16 1/8′′ pelleted trout food (www.zeiglerfeed.com; 2% of average body mass day−1 )
and fishes of each holding group were observed feeding. Fishes were not fed 16 h prior to use
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Fig. 1. Side view of the pH-preference apparatus within which an experimental gradient (pH 4–7) was used to
determine the pH preference of wild, adult Salvelinus fontinalis and Salmo trutta ( , buffer input; , pH
electrode, , camera; HT, header tank; D, drain; P, pump).

in experiments and all fishes were unfamiliar with the experimental apparatus. Preference and
avoidance trials were patterned after those described by Stauffer et al. (1976) for temperature
studies.
PH

PREFERENCE

The pH-preference trials were conducted in a trough (4⋅88 m × 0⋅31 m × 0⋅31 m) made of
marine grade plywood with the inner surface coated with fibreglass mesh and white epoxy paint
(Fig. 1). Water entered one end of the trough from two 1430 l header tanks that had been acidified
the previous night to pH 4⋅0 with H2 SO4 and decarbonated to atmospheric levels (4 mg l−1 CO2 )
by vigorous aeration overnight (16 h). The flow of water, metered at 2⋅5 l min−1 , was sufficient
that no reverse flow occurred in the trough as indicated by dye tracers. The noise of incoming
water was buffered by forcing it to fall through dense mesh biofilter media. Water depth in the
trough was maintained at 10 cm by two 7⋅6 cm bottom drains at the opposite end of the trough
and three 2⋅5 cm drains on the end wall. The bottom drains were covered with mesh material to
dampen noise. As the acidified water flowed down the length of the trough, it was neutralized by
addition of basic water at six equally spaced locations to create a pH gradient along the length of
the trough. This process divided the trough into seven zones that were each 0⋅66 m in length. At
each division, a peristaltic pump introduced basic water through 6⋅4 mm diameter soaker hose
which had been epoxied to the bottom of the trough. Dye tracers and pH measurements indicated
equal distribution of basic water across the width and vertical profile of the water column. The
second, third and fourth zones received water from a 430 l PVC tank that had been acidified to pH
7⋅7 (source water pH = 8⋅3) with H2 SO4 the previous day and decarbonated by vigorous aeration
for 16 h. The fifth zone received water from a PVC barrel that contained facility water (pH 8⋅3).
The last two zones received water from a separate barrel that had been buffered with Ca(OH)2
to pH 9⋅2. This resulted in a pH gradient of 4⋅0, 4⋅8, 5⋅1, 5⋅6, 6⋅1, 6⋅5 and 7⋅0 within the trough.
A pH electrode on the side wall of each zone logged pH every minute throughout the course of
an experiment. Water temperatures within the apparatus varied from 15⋅0 to 16⋅0∘ C. Control
tests were performed with non-acidified water (pH 8⋅3) being supplied by all header tanks.
The entire apparatus was enclosed with black plastic to ceiling height to reduce the possibility of outside disturbance. The room where the experiments were conducted was lit with
incandescent lamps (not observable by the fish) providing dim light within the apparatus.
Fishes were evaluated individually in the trough and observed with overhead Sony EL-700
video cameras (www.sony.com) connected to a digital video recorder. Fishes were placed
in the pH 7⋅0 zone. Salvelinus fontinalis were allowed 20 min to adapt to the trough and
S. trutta 15 min because preliminary studies indicated that S. fontinalis rested for a longer
period before exploring the trough. Fishes that did not explore the trough (five S. fontinalis and
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one S. trutta) were removed from the apparatus and not tested. Five S. fontinalis (mean ± s.d.
LT =170 ± 27 mm, range = 140–201 mm) and nine S. trutta (158 ± 50 mm, 110–263 mm)
were tested in the absence of a gradient (control). Eleven fish of each species (S. fontinalis:
163 ± 20 mm, 153–203 mm; S. trutta: 167 ± 33 mm, 125–209 mm) were tested with a gradient.
After the adaptation period, fishes were allowed to explore the trough for a 20 min test period.
To remove any residual chemical cues that could influence the position or behaviour of the next
individual, the system was allowed to flush for 17 min (equal to turnover rate) after each test.
During examination of the recorded video files, the location (pH zone) was determined at 10 s
intervals, which resulted in 120 locations being recorded for every fish. The observed proportion of locations was compared with the expected proportion of locations if the fish randomly
explored the trough (22% in zones 1 and 7, 11% in zones 2–6) using a 𝜒 2 -test. A pH preference
was considered to exist when the 𝜒 2 value was significant and the mean proportion of locations
in a trough section was higher (non-overlapping 95% c.i.) when a gradient was present than
when there was no gradient.
PH

AV O I D A N C E
The pH avoidance trials were conducted using two marine grade plywood troughs (1⋅83 m ×
0⋅30 m × 0⋅30 m) coated with fibreglass mesh and white epoxy paint (Fig. 2). The flow from
two circulating water baths (neutral and acid) entered opposite ends of each trough and drained
at the centre. This created a steep-gradient choice tank as described in the study of Atland &
Barlaup (1996) where the fish had a choice of two areas held at different pH. In order to correct
for positional effects that could result from inherent cues in the test facility (i.e. noises or lighting
conditions), the water supply line from each bath was split to supply opposite ends of the two
parallel troughs at a rate of 11 l min−1 , resulting in a total inflow of 22 l min−1 to each trough.
The noise of incoming water was buffered by forcing it to fall through dense mesh biofilter
media. A depth of 10 cm was maintained within the troughs by draining the water through eight
2⋅5 cm bottom drains located in the centre of each trough. One row of four drains recirculated
mostly neutral water at 10⋅5 l min−1 to the neutral water bath and the other row of four drains
recirculated mostly acidified water to the acid water bath at 10⋅5 l min−1 . A single 2⋅5 cm drain
on the side of the troughs drained any remaining volume to maintain a constant depth.
A 1430 l PVC tank was acidified the previous evening to pH 7⋅0 with H2 SO4 and decarbonated by vigorous aeration overnight to atmospheric levels of CO2 (4 mg l−1 ). This water was
used to fill each water bath to a volume of 440 l. The troughs were then filled with water from
each bath. After filling each trough, two fish were selected randomly. One fish was placed in
the centre of each trough and observed with overhead video cameras connected to a digital
video recorder. Preliminary experiments were conducted to determine how long it took fishes
to begin to explore the trough because fishes needed to be actively sampling both sides of the
trough in order to determine if they would avoid the acidic end. Based on these observations,
S. fontinalis were allowed 30 min to adapt to the trough and S. trutta 20 min. Fishes that did not
explore the trough (three S. fontinalis and one S. trutta) were removed from the apparatus and
not tested. Seven S. fontinalis (mean ± s.e. LT = 148 ± 27 mm, range = 119–190 mm) and nine
S. trutta (196 ± 60 mm, 130–284 mm) were tested with both ends of the trough at pH 7⋅0 (control). Ten fish of each species (S. fontinalis: 141 ± 12 mm, 118–155 mm; S. trutta: 181 ± 49 mm,
141–223 mm) were tested with a steep gradient. The amount of time spent on the acidic end of
the trough, as well as the number of times a fish crossed into the acidic end, was then recorded
for 10 min. During this initial observation period, both ends of the trough were held at pH 7⋅0.
At the end of the 10 min, the acid water bath was decreased by 0⋅5 pH units to create a pH
differential between the two halves of each trough. A peristaltic pump introduced dilute H2 SO4
into the water bath where vigorous aeration removed free CO2 . This process took 5–7 min to
reach the desired pH within the acidic end of each trough as determined by electrodes positioned
10 cm from the centre drains. Time spent on the acidic end and crossings into the acidic end were
again monitored for 10 min. The pH on the acidified end was incrementally changed until the
fish had the choice of pH 4⋅0 or 7⋅0. Control fishes were observed for seven consecutive 10 min
observation periods where pH on both ends of the trough remained at pH 7⋅0. Throughout the
experiment, the controllers logged pH every min at the pump inflow of each bath and on each
side of the centre drains. Carbon dioxide and water temperature within each bath were recorded
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Fig. 2. Diagram (overhead view) of avoidance troughs used to determine the pH avoidance of wild, adult Salvelinus fontinalis and Salmo trutta. The acidic side of the tank is represented by ΔpH. (AWB, acid water bath;
NWB, neutral water bath; , buffer input; , pH electrode; , drain; , drain valve; P, pump).

at the beginning and end of each test. After each test, the water baths and troughs were drained,
cleaned and refilled with pH 7⋅0 water. The LT (mm) and mass (M, g) of each fish were recorded
after each trial. The proportion of time spent (out of 600 s) on the acidic end of the avoidance
troughs was determined by reviewing the recorded video files. Time spent on the acidic end was
counted only if the fish was located outside the drain area or neutral side. Crossings into the
acidic end were used to demonstrate that individuals were sampling both sides of the trough.
All statistical analyses were performed using R version 2.11.1 (R development Core Team;
www.r-project.org). A mixed model (analysis of variance, ANOVA), with time spent on the
acidic end as a function of the fixed (trough) effect and random effect for fish, was fitted for
each species to determine if a trough effect was present in control groups. In the absence of a
trough effect, observations from both troughs were pooled to evaluate time spent and number of
crossings made into the acidic end by species. A general linear model (GLM), with time spent
on the acidic end or the number of crossings into the acidic end as a function of observation
period, was fitted for each species to determine if a time effect was present in control groups.
A series of GLMs, with the number of crossings into the acidic end as a function of a fixed
pH effect and increased in complexity by adding a quadratic pH effect, were fitted by species
and test group to determine if a pH effect was present. Significant effects were then retained in
the model. Diagnostic plots were used to evaluate assumptions of normality and equal variance.
Non-parametric deviance reduction (NDR) analysis (Qian et al., 2003) was utilized to determine
the avoidance threshold of each species based on time spent in the acidified side of the trough.
pH avoidance was defined as the pH at which time spent on the acidic end of the trough was split
by the NDR. The 95% c.i. around each threshold estimate were calculated from 1000 bootstrap
samples. All values are presented mean ± s.e. and the significance level for all tests was 𝛼 = 0⋅05.
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Fig. 3. The mean ± 95% c.i. proportion of locations recorded for wild, adult (a) Salmo trutta (BNT) and (b)
Salvelinus fontinalis (BKT) for each pH zone of the preference trough. , control group; , treatment
group. The control group was not susceptible to a pH gradient, all zones were pH 8⋅3. *Significant difference
(P < 0⋅05) in the mean proportion of locations recorded for control and treatment group within a given pH
zone.

RESULTS
PREFERENCE

Salmo trutta continuously explored the length of the preference trough throughout the
20 min observation period. Salmo
( trutta locations prior to
) manipulation of pH did not
differ significantly from random 𝜒62 = 2⋅27, P > 0⋅05 , although slightly more locations were recorded in the end of the tank (28% v. expected 22%) that had more neutral
pH during test trials. When S. trutta occupied the ends of the trough, they were actively
swimming and usually turned around after approaching the (end of the trough. Salmo
)
trutta did differ significantly from random in the pH trials 𝜒62 = 22⋅46, P < 0⋅01 .
More locations were recorded in pH zone 4 (34%) and to a lesser degree in pH zone 4⋅8
(16%). The 95% c.i. do not overlap for the pH zone 4 treatment and control, indicating
a preference for this zone. Fewer locations were recorded in zones 5⋅1–7, indicating
that S. trutta did not prefer pH 5⋅1–7⋅0 [Fig. 3(a)]. It was expected that S. trutta would
be located in the neutral zone (pH 7⋅0) of the preference trough when a gradient was
present. Plots of the proportion of locations in each zone by LT indicated that a length
effect was not present.
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Salvelinus fontinalis continuously explored the length of the preference trough
throughout the 20 min observation period. Salvelinus fontinalis
locations prior to
)
(
manipulation of pH did not differ significantly from random 𝜒62 = 0 ⋅ 59, P > 0 ⋅ 05 .
Salvelinus fontinalis behaviour was similar to that described for S. trutta when occupying the ends of the trough. Salvelinus
fontinalis locations
) did not differ significantly
(
from random in the pH trials 𝜒62 = 10 ⋅ 31, P > 0 ⋅ 05 , indicating that S. fontinalis
did not prefer any pH within the gradient. More locations were recorded in pH zone 7
when compared with the control (30 v. 22%). Fewer or near equal numbers of locations
were recorded in zones 4⋅0–6⋅5 [Fig. 3(b)]. Plots of the proportion of locations in
each zone by LT indicated that a length effect was not present.
AV O I D A N C E

Time spent by control S. trutta on what would be the varying acidity end did differ
between test troughs, indicating that positional effects (responses to characteristics of
the surrounding environment or the troughs) may be present (ANOVA, F 7,54 = 2⋅48,
P < 0⋅05, 𝜇tr1 = 211 ± 29⋅8 s, 𝜇 tr2 = 310 ± 40⋅0 s). Due to this apparent positional
effect, time spent and numbers of crossings made into the acidic end were analysed
for each test trough individually. Overall, time spent by control S. trutta on what
would be the acidic end of the trough was similar over time in trough 1 (ANOVA,
F 2,25 = 1⋅38, P > 0⋅05, 𝛽 = −17⋅47 ± 40⋅60 s) and trough 2 (ANOVA, F 2,32 = 1⋅01,
P > 0⋅05, 𝛽 = 41⋅70 ± 41⋅48 s) (Fig. 4). The number of crossings by control S. trutta in
trough 1 (ANOVA, F 2,25 = 0⋅47, P > 0⋅05, 𝛽 = −0⋅72 ± 1⋅82) and control S. trutta in
trough 2 (ANOVA, F 2,32 = 0⋅07, P > 0⋅05, 𝛽 = 0⋅71 ± 2⋅00) into the otherwise acidic
end under neutral conditions, a measure of activity, was not significantly different over
time (Fig. 5). The observed decreases in time spent and the number of crossings over
time indicated that fish were initially actively exploring the test trough and activity
levels tended to drop over time.
During testing when pH was lowered in one end of each trough, the number of crossings by S. trutta into the acidic end in trough 1 decreased as pH decreased (Table I and
Fig. 5). The number of crossings by S. trutta into the acidic end in trough 2 decreased
until pH reached pH 5⋅5 and then increased as pH was dropped to 4⋅0 (Table I and
Fig. 5). An increase in the number of crossings by S. trutta at the lowest pH values
tested was not expected (this trend was observed in both troughs). Salmo trutta displayed avoidance between pH 6⋅5 and 7⋅0 regardless of test trough (Fig. 4). Plots of
time spent in the acidic end by LT indicated that a length effect was not present.
Time spent on what would be the acidic end of the avoidance trough by control S. fontinalis did not differ between troughs (ANOVA, F 5,39 = 0⋅53, P > 0⋅05,
𝜇tr1 = 267 ± 44⋅5 s, 𝜇 tr2 = 213 ± 68⋅4 s). As a result, observations from both troughs
were pooled to evaluate time spent and number of crossings made into the acidic
end. Time spent by control S. fontinalis on the acidic end of the trough under neutral
conditions decreased over time (ANOVA, F 1,44 = 5⋅00, P < 0⋅05, 𝛽 = −15⋅95 ± 7⋅14 s)
(Fig. 6). The number of crossings by control S. fontinalis (ANOVA, F 1,44 = 1⋅64,
P > 0⋅05, 𝛽 = −1⋅37 ± 1⋅07) under neutral conditions into the otherwise acidic end, a
measure of activity, was not significantly different over time (Fig. 6). The observed
decreases in time spent and the number of crossings over time indicated that control
fish were initially actively exploring the test trough and activity levels tended to drop
over time. Under decreasing pH conditions, the number of crossings by S. fontinalis
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Fig. 4. Time spent by wild, adult Salmo trutta on the acidic side of avoidance (a) trough 1 and (b) trough 2 by
the test pH. The mean ± s.e. of control ( ) and test fish ( ) are plotted for each pH tested. The threshold
analyses were performed separately on the results from each test trough.
, the first avoidance threshold
in the analysis (pH 6⋅5–7⋅0 regardless of test trough) and the upper 95% c.i. bound;
, the lower 95%
c.i. bound.

into the acidic end decreased sharply until pH 5⋅0 and then levelled off (Table II).
Salvelinus fontinalis displayed avoidance between pH 5⋅5 and 6⋅0 (Fig. 6). Plots of
time spent in the acidic end by LT indicated that a length effect was not present.
A comparison of 95% c.i. around the avoidance thresholds for each species revealed
overlap, indicating that S. fontinalis and S. trutta displayed avoidance at a similar pH.
The limited overlap of avoidance response 95% c.i., however, suggests that some
S. trutta will display avoidance at a higher pH when S. fontinalis will not.

DISCUSSION
The pH preference of wild S. fontinalis, based on the proportion of locations recorded
in a pH gradient, was determined to be pH 7⋅0. Wild S. trutta, however, appeared to
display a preference for pH 4⋅0. Both species were expected to show a preference for the
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Fig. 5. Number of crossings by wild, adult Salmo trutta into the acidic side of the avoidance (a) trough 1 and (b)
trough 2 by the test pH. The mean ± s.e. of control ( ) and test fish ( ) are plotted for each pH tested. The
control group was not susceptible to acidic pH on one end, both ends of the trough were pH 7⋅0 during each
of the seven observation periods.

neutral end of the pH gradient. Sharply distinct modal preferenda (>80% of locations
recorded within at a single level of the variable), as reported with many species in
temperature gradients (Stauffer et al., 1976), were not observed or expected. Peterson
et al. (1989) reported a lack of modal pH preferenda for 11 species tested, including
two trout species.
Behavioural responses within a pH gradient have been investigated previously with
S. fontinalis but not with S. trutta. The pH preferred by adult S. fontinalis in this
study (7⋅0) overlaps with the results reported by Peterson et al. (1989) for juvenile
S. fontinalis (pH 5–7), suggesting that the pH preference for S. fontinalis is not
dependent on age. A wider preference range was reported by Peterson et al. (1989) for
juvenile S. fontinalis compared with the results of this study, which could be related
to the narrower range (4–7 v. 4–10) of pH being tested.
The avoidance pH threshold of wild S. fontinalis, based on time spent in the acidic
side, was determined to be 5⋅5. Similar studies have reported the avoidance threshold
of juvenile S. fontinalis to be pH 4⋅7 (Peterson et al., 1989) and pH 5⋅5 (Pedder &

© 2015 The Fisheries Society of the British Isles, Journal of Fish Biology 2015, doi:10.1111/jfb.12610

49
10

B . A . F O S T A N D C . P. F E R R E R I

Table I. Estimated parameters and associated statistics for the wild, adult Salmo trutta crossings model by test trough. A general linear model was fitted with the number of crossings into the
acidic side as a function of a fixed pH effect and increased in complexity by adding a quadratic
pH effect
Parameter

Estimate

s.e.

t-value

P (>|z|)

Intercept
pH
pH2

57⋅39
−19⋅29
1⋅83

27⋅88
10⋅38
0⋅94

2⋅06
−1⋅86
1⋅94

<0⋅05
>0⋅05
>0⋅05

Intercept
pH
pH2

83⋅30
−27⋅84
2⋅54

21⋅70
8⋅07
0⋅73

3⋅84
−3⋅45
3⋅48

<0⋅001
<0⋅01
<0⋅01

Trough 1
Fixed effects

Trough 2
Fixed effects

Maly, 1986). Peterson et al. (1989) used a gradient system employing a wide range
of pH rather than a steep-gradient choice tank to determine avoidance, which may
have led to a lower threshold value. Avoidance by wild, adult S. trutta began at pH 6⋅0
compared with 5⋅5 in juvenile S. trutta as reported by Atland (1998). Time spent by
S. fontinalis on the acidified end of the trough continued to decrease after reaching the
avoidance threshold as expected. Time spent by S. trutta on the acidic end of the trough
continued to decline after reaching the avoidance threshold but unexpectedly increased
at the lowest pH values tested (4⋅5 and 4⋅0) in the avoidance experiments. The amount
of time spent on the acidic end at pH 4⋅0 was similar to that observed under neutral
conditions on both ends of the avoidance troughs.
Atland (1998), using a nearly identical steep-gradient choice tank for preference testing, reported that juvenile S. trutta were attracted to pH 4⋅0, 4⋅5 and 5⋅0. Reduced
activity was ruled out in this study by removing time spent in the variable acidic side
that was passive. Atland (1998) proposed that the lack of avoidance could be associated with reduced activity in the acidic end as well as with increased levels of free
CO2 within the apparatus. Atland (1998) reported free CO2 levels of 37–54 mg l−1 .
Attraction to CO2 , at levels above atmospheric conditions (4 mg l−1 ), has not been
examined specifically for S. trutta but has been observed for Arctic charr Salvelinus
Table II. Estimated parameters and associated statistics for the wild, adult Salvelinus fontinalis
crossings model. A general linear model was fitted with the number of crossings into the acidic
side as a function of a fixed pH effect and increased in complexity by adding a quadratic pH
effect
Parameter

Estimate

s.e.

t-value

P (>|z|)

Intercept
pH
pH2

61⋅19
−23⋅47
2⋅50

29⋅90
11⋅04
1⋅00

2⋅05
−2⋅13
2⋅51

<0⋅05
<0⋅05
<0⋅05

Fixed effects
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Fig. 6. (a) Time spent on the acidic side and (b) number of crossings into the acidic side of the avoidance troughs
by wild, adult Salvelinus fontinalis at each pH tested. The mean ± s.e. of control ( ) and test fish ( ) are
plotted for each pH tested. The control group was not susceptible to acidic pH on one end, both ends of the
trough were pH 7⋅0 during each of the seven observation periods.
, the first avoidance threshold in the
analysis (pH 5⋅5–6⋅0);
, 95% c.i. bounds.

alpinus (L. 1758) at 38–50 mg l−1 (Jones et al., 1985). Neither of these explanations
appears to be applicable to this study. Fish were actively swimming throughout the
observation periods at every pH tested. Free CO2 was highest during the pH 4⋅0 v. 7⋅0
period (8 mg l−1 ) but this is only a 4 mg l−1 increase over atmospheric levels. Furthermore, S. trutta displayed a preference for pH 4⋅0 when free CO2 levels in the preference
system never exceeded 4 mg l−1 .
Another explanation for the lack of low pH avoidance may be that the use of artificially acidified waters affected the avoidance behaviour of S. trutta. Naturally acidified
waters are often associated with changes in other important ions (Al+ , Ca+ and Mg+ )
that may buffer or intensify the toxicity of low pH. Only pH was manipulated in this
study. Literature related to how pH is perceived by fishes in general is very sparse,
making it very difficult to associate a physiological cause to any observed behavioural
changes. The mechanism behind the preference for low pH waters may be linked to
perception and needs further investigation.
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Establishing pH preference and avoidance for adult S. fontinalis and S. trutta may
help understand why the observed distribution patterns of these species are formed.
Fry (1971) suggested that the response of fishes can be either restricted (i.e. limited
response but variable) or controlled (i.e. govern the response) by environmental factors.
The response also differs depending on the levels of the environmental factors that are
preferred and avoided.
pH preference probably functions as a restricting factor, wherein each species not
only prefers a specific range of pH in stream reaches but also occupies reaches with
a pH outside the preference range. Species are expected to occupy all reaches of a
stream with a pH that falls within the preferred range as long as other environmental
(e.g. temperature) and biotic factors (e.g. competition) are not influencing behaviour.
In this preference study, pH acted as more of a restricting factor because individuals
of each species responded to a pH gradient by occupying a specific zone of the pH
gradient more often while spending a similar amount of time in other pH zones. If pH
operated as a controlling factor, a much greater proportion of time would have been
spent in the preferred pH zone and a more pronounced decline in proportion time spent
would have occurred in the other zones.
Avoidance pH probably functions as a controlling factor, limiting the stream reaches
that are occupied to only those that would not be avoided. Therefore, distribution limits of S. fontinalis and S. trutta are expected to occur at the pH avoidance threshold.
In this avoidance study, both species exhibited a sharp decline in time spent on the
acidic end of the trough so it is expected that the abundance of S. fontinalis would contrast sharply when comparing stream reaches above and below the avoidance threshold.
Salmo trutta exhibited erratic and unexpected behaviour as pH declined beyond the
avoidance threshold which may lead to the occurrence of some S. trutta below the
avoidance threshold. In most instances, S. trutta would have the opportunity to avoid
low pH prior to reaching levels where a lack of avoidance could occur.
Based on the results of this study, segregation patterns observed in natural waters
inhabited by S. fontinalis and S. trutta could be related to pH if a gradient ranging
from basic to below 6⋅5 is present. If the presence of fishes is determined by the
response measured in the laboratory, it would be expected that fishes would not
inhabit waters with a base-flow pH below the avoidance threshold. A gradual decline
of S. trutta towards allopatric populations of S. fontinalis would be expected as pH
declines because a considerable amount of variation in avoidance pH was observed.
An examination of published field data revealed that both S. fontinalis and S. trutta
inhabited lower pH waters than the laboratory avoidance thresholds determined in
this study. Kocovsky & Carline (2005) reported that allopatric populations of native
S. fontinalis occurred in Pennsylvania streams with a base-flow pH 4⋅6–5⋅8 on the
Appalachian Plateau and 5⋅3–5⋅7 in the Ridge and Valley Province. Salvelinus fontinalis dominated in streams with a base-flow pH 5⋅9–7⋅0 on the Appalachian Plateau
and 5⋅8–7⋅0 in the Ridge and Valley Province. Allopatric populations of S. trutta
occurred in Pennsylvania streams with a base-flow pH 8⋅6 in the Appalachian Plateau
and 8⋅1–8⋅6 in the Ridge and Valley Province. Salmo trutta dominated in streams with
a base-flow pH 7⋅1–8⋅3 on the Appalachian Plateau and 7⋅1–8⋅0 in the Ridge and
Valley Province. Observed S. fontinalis distribution patterns in Pennsylvania suggest
that S. fontinalis are not occupying reaches of stream within the species historic range
or dominating stream reaches that are expected to be preferred and not avoided based
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on pH. Competition with S. trutta could be forcing S. fontinalis out of these habitats
with a near neutral pH.
The occupation of lower pH waters in the field may be a reflection of the variation
observed in the avoidance response in the laboratory. Some individuals of each species
exhibited an avoidance response at different pH. For instance, an examination of individual S. fontinalis present at pH 5⋅5 (the avoidance threshold identified) v. 7⋅0 revealed
that three of the 10 fish tested did not avoid pH 5⋅5. All 10 S. fontinalis displayed avoidance at pH 4⋅5, similar to the lowest pH waters (4⋅6) that S. fontinalis were found to
inhabit in Pennsylvania.
Genetics may also be responsible for the difference in field occurrence of S. fontinalis
and S. trutta in relation to pH. Survival differences have been reported between different strains of S. fontinalis (Robinson et al., 1976; Swarts et al., 1978; Hurley &
Foyle, 1989) and S. trutta exposed to low pH (Gjedrem, 1980; Rosseland & Skogheim,
1987). Ion regulation differed between stocks of S. trutta subjected to low pH conditions (McWilliams, 1982). Studies comparing preference and avoidance responses of
different genetic stocks of each species are needed to evaluate the influence of genetics
on occurrence (observed and predicted).
The present findings suggest that some S. trutta display avoidance behaviour at a
higher pH than S. fontinalis and that the laboratory behavioural response generally
explains observed segregation patterns of the two species in Pennsylvania streams.
These findings also suggest that streams containing both S. fontinalis and S. trutta
within their reaches or only S. trutta may be more or less vulnerable to S. fontinalis
restoration failure based on pH. Salvelinus fontinalis reintroduced to a high pH stream
with S. trutta may be out-competed, whereas reintroduction into a slightly acidic
stream with S. trutta may be more successful. The target pH of stream restoration
efforts should be slightly acidic if S. trutta are present in the catchment.
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CHAPTER 4
Behavioral response of Brook Trout and Brown Trout to acidification and species
interactions
Chapter 4 was published in the peer-reviewed journal Environmental Biology of Fishes and is included on
the following pages with citation information in reprint form.
Appendix F contains information related to date of experimentation, trial, day, reach, side of reach
acidified, flow on acidified side while being acidified, flow without acidification on each side, and water
depth. This appendix also contains images portraying methods described or equipment employed.
Appendix G contains the model statement, description, and R code for the generalized linear mixed
model used to examine the effects of pumping.
Appendix H contains the model statement, description, and R code for the generalized linear mixed
model used to examine response time of each species to acidification as a function of fixed and random
effects.
Appendix I contains the model statement, description, and R code for the generalized linear mixed
model used to examine the proportion of time spent on the treatment side by each species as a function
of fixed and random effects.
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Abstract Many factors have been associated with the
decline of brook trout (Salvelinus fontinalis) throughout
their native range including acidification and competition with brown trout (Salmo trutta), an introduced
species. We observed the behavior of wild, adult brook
trout and brown trout (alone and in combination) within
study reaches that were manipulated to vary the level of
acidity and CO2. The aims of the study were to address
1) if acidification affects the segregation patterns of
wild, adult brook trout and brown trout and 2) whether
interactions among brook trout and brown trout influence the distribution of brook trout in acidified waters.
After manipulating acidity levels, the majority of indwelling fish responded to acidification by moving to
more neutral conditions (62 % of brook trout and 68 %
of brown trout). Indwelling brook trout spent less time
in acidic conditions during the acid treatment (41 ± 5 %)
than during the control period (94 ± 2 %). Indwelling
brown trout spent less time in the acid conditions during
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the acid treatment (44 ± 4 %) than during a control
period (98 ± 1 %). The proportion of time spent in the
acid water by indwelling trout decreased as negative
interactions with other fish (such as chasing) increased.
Presence of the opposite species did not influence the
proportion of time spent in the acidic conditions. The
results of this study do not support the hypothesis that
acidification mediates the segregation of brook trout and
brown trout in streams.
Keywords Brook trout . Brown trout . Acidification .
Species interactions

Introduction
Brook trout (Salvelinus fontinalis) are the only nonanadromous salmonid native to the eastern United States
(Cooper 1983). Anthropogenic acid deposition
(resulting in stream pH reductions) and competition
with brown trout, an introduced species, have been cited
as factors leading to a mass decline in brook trout
populations over the past century (Hudy et al. 2005).
Historical data from streams throughout Pennsylvania
indicate that base-flow pH is related to the observed
segregation of brook trout and brown trout (Kocovsky
and Carline 2005). Brook trout dominate at pH below
7.0 (mostly headwaters) and brown trout dominate at pH
above 7.0 (lower reaches).
Although pH appears to be correlated with the observed distribution patterns of brook trout and brown
trout in Pennsylvania streams, laboratory studies
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examining the avoidance pH of wild, adult brook trout
and brown trout do not conclusively find that avoidance
pH differs between these species (Fost and Ferreri
2015). Significant variation among individuals within
species resulted in wide confidence intervals around the
pH avoidance thresholds for each species; the lack of a
conclusive pH avoidance threshold, however, does not
rule out pH as a mediating factor. Further examination
of the laboratory data on an individual basis revealed
that many brook trout tested displayed avoidance at
pH 5.5 whereas many of the brown trout displayed
avoidance at pH 6.5. Individual variation in avoidance
pH may explain the zone of sympatry often observed in
PA streams. As pH increases the density of brook trout
decreases in sympatric streams (Kocovsky and Carline
2005), but the change would not be described as a total
shift in species composition from brook trout to brown
trout at a specific pH. Field studies examining movement of brook trout and brown trout in relation to
episodic low pH events support the theory that brown
trout are more sensitive to low pH (Sharpe and Gagen
1992) and that pH 5.5 is a critical avoidance threshold
for brook trout (Gagen et al. 1993; Baker et al. 1996).
Acidification of a waterbody may also result in
elevated levels of free CO2 (CaCO3 + H2 SO4 → Ca2 +
+ SO24 − + H20 + CO2) and the behavioral response of
fish appears to be dependent on the species and concentration of free CO2. Attraction to low levels of CO2 has
been demonstrated in Arctic char (Salvelinus alpinus) at
38–50 mg/L and avoidance at levels >50 mg/L (Jones
et al. 1985). Elevated levels of CO2 (37–54 mg/L CO2)
have been linked to a lack of avoidance behavior in
brown trout at pH < 5.5 (Atland 1998). Avoidance of
elevated levels of CO2 (60–120 mg/L CO2) has been
demonstrated with rainbow trout (Oncorhynchus mykiss),
but the elevation of CO2 was accompanied by a decline in
pH that could also be responsible for the avoidance
response (Clingerman et al. 2007).
Interactions between brook trout and brown trout
could also lead to habitat partitioning within a stream.
Larger individuals are dominant in salmonid competition (Newman 1956; Jenkins 1969) and brown trout
typically grow to larger sizes than brook trout (Behnke
2002). Competition for food resources was confirmed
by Fechney (1988), who found no niche partitioning of
food resources in brook trout and brown trout sympatric
populations and concluded allopatric populations resulted from competitive interactions. Brown trout have been
shown to consume more prey and to be more aggressive
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than brook trout (DeWald and Wilzbach 1992;
Taniguchi et al. 1998). Brook trout used more favorable
resting positions after brown trout were removed and
fed closer to cover in allopatry (Fausch and White
1981). Use of open pools by brook trout decreased when
brown trout were present, in favor of covered pools
(DeWald and Wilzbach 1992). The growth of brook
trout and/or brown trout has reportedly been impacted
due to competition. DeWald and Wilzbach (1992) reported that native brook trout lost weight in mixed
species trials whereas brown trout gained weight.
Brown trout are widely regarded as superior competitors when conditions are tolerable to both species but a
physiological advantage may allow brook trout to dominate brown trout in headwaters, particularly if pH is
lower. Extensive reviews of the physiological mechanisms of acid toxicity to fish indicate that a competitive
advantage may evolve due to the ability of one of these
species to adapt physiologically to acidic environments
(Wood and McDonald 1982). Kocovsky (2004) hypothesized that the pH-alkalinity gradient in Pennsylvania
streams (i.e., increasing pH and alkalinity downstream)
partly determines brook trout and brown trout distribution because brown trout are less able to regulate sodium
ion concentration at low pH and low alkalinity. Both
brook trout and brown trout have exhibited decreases in
plasma chloride and sodium levels (brown trout more
severely) as a result of osmotic stress caused by low pH
(Battram 1990; McDonald and Milligan 1988; Rosseland
1980; Rosseland and Skogheim 1984; Stuart and Morris
1985). Gagen and Sharpe (1987) reported that brown
trout lose significant amounts of sodium at pH = 6.0
whereas brook trout begin to lose sodium at pH = 5.3.
Nervous system function can be impaired if sodium
losses are significant and ultimately lead to death.
Using an observational study in an artificial stream
channel, we evaluated factors that may mediate the
distribution of brook trout and brown trout. Although
the stream channel was artificial, it was located outdoors
and exposed to natural environmental conditions that
prevented control of possible confounding factors. In
this case, acidification of the waterbody would result in
a pH decrease accompanied by elevated levels of CO2.
Although rigorous aeration can be used to strip the
excess CO2 from the water column, it is difficult to
accomplish in an artificial stream channel with flow.
Given this challenge, the factor investigated was acidification (reduced pH and increased CO2) rather than pH
alone. The overall objectives of this study were to: 1)
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determine if acidification mediates the segregation patterns of wild, adult brook trout and brown trout and 2)
determine if interactions among brook trout and brown
trout result in brook trout occupying acidified waters.

Materials and methods
Study site
Field trials took place in study reaches constructed within the first 100 m of the primary effluent channel at the
US Fish and Wildlife Northeast Fishery Center, Lamar,
PA. This location was selected because it is protected
federal property and is less likely to be damaged by high
water and debris than a natural stream channel. The
primary effluent channel is supplied with water from
Washington Spring (July-September 2011 CaCO3 = 30–
60 mg/L; pH = 7.3–7.4; temperature = 13.9–15.5 °C;
and dissolved oxygen [DO] = 6.8–7.5 mg/ L). Spring
water initially supplied two fish culture raceways
stocked with brook trout, rainbow trout (Oncorynchus
gardneri), and Atlantic salmon (Salmo salar) prior to
emptying into the effluent channel containing the study
reaches. The effluent channel is an earthen channel
comprised of natural substrate and aquatic vegetation.
Macroinvertebrates (including Order Trichoptera and
Emphemeroptera) were found throughout the effluent
channel during construction of study reaches. A resident
population of wild and hatchery stock trout (brown trout
and brook trout) as well as slimy sculpin (Cottus
cognatus) were found occupying the channel.
Study reaches
Experiments were conducted within enclosed reaches in
an artificial stream channel to mimic natural conditions
and constrain fish to a small area so that their behavior
could be observed during experimentation. Six study
reaches, measuring 3 m long and 3 m wide, were constructed in the channel (Fig. 1). Habitat characteristics
(velocity, depth, cover, and substrate) were used to
select similar study reaches. At least 3 m of space was
allowed between reaches. All overhanging vegetation
and in-stream cover was removed. Substrate was very
consistent throughout the 100 m effluent channel. Gravel, cobble, and silt were the dominant substrate types.
All larger size substrate was removed from the reaches.
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Barriers were constructed with 1.9 cm PVC pipe and
1.3 cm PVC coated wire mesh at the upstream and
downstream extent of each reach. The center divider
(0.5 cm thick Plexiglass) stopped short of the downstream barrier creating a 56 cm opening that allowed
fish to swim between the two side channels created by
the divider. All barriers and the center divider were
0.9 m tall. The barriers and center divider were excavated into the stream bed at least 7.6 cm and backfilled with
gravel from the stream channel to prevent fish from
escaping the reach. Barriers and dividers were anchored
with 1.5 m coated, steel t-posts and wire ties. Artificial
cover structures (30 cm × 30 cm) were constructed of
tinted black Plexiglass and threaded rod. The Plexiglass
was transparent enough that fish occupying the artificial
cover could be observed.
Fish behavior was monitored from a 4 m tall tripod
stand positioned in the channel below the downstream
barricade of each study reach. Resident fish were removed
from each study reach using backpack electrofishing prior
to stocking of experimental fish. Some slimy sculpin were
small enough to pass through the mesh barriers and could
not be excluded from the study reaches.

Wild fish collection and stocking
Wild adult brook trout and brown trout were collected
with a Coffelt backpack elecrofisher (250 v pulsed DC)
from a 1.2 mile reach of Rauchtown Creek in June and
July of 2011 to complete four study trials (Table 1).
Rauchtown Creek is a coldwater stream that supports a
sympatric population of wild brook trout and wild
brown trout in southern Clinton County, PA. The watershed is primarily forested and managed as state forest.
Water temperatures were 16.8–17.4 °C, pH 7.2–7.4, and
conductivity 157–204 μs/cm on the days of collection.
Fish were transported in two 113 L coolers equipped
with battery operated aerators. Approximately 56 g of
sodium chloride was added to the hauling tank to reduce
stress during transport to the US Fish and Wildlife
Northeast Fishery Center, in Lamar, PA.
Prior to being assigned to a particular study reach, all
trout were anesthetized with tricaine methanesulfonate
(MS-222) and tagged with Floy T-BAR anchor tags. Six
unique tag colors were used: pink, blue, yellow, red,
white, and green so that only one fish of each tag color
was present in each reach. The unique color tags
allowed differentiation of individual fish during
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Stream Flow

Fig. 1 Diagram of a study reach
used to examine pH related
movements and species
interactions

Acid Input
Mesh Barrier
Quadrant II

Quadrant I
Mid-channel
Divider

Arﬁcial Cover

Quadrant III

Quadrant IV

Side
Plexiglass
Barrier
pH/Temp
Electrodes
Camcorder
Tripod
Stand

observation periods. After recovery from tagging, fish
were stocked into one of six study reaches.
Three treatments were used to determine how fish
behaved in the absence or presence of the opposite
species. Stocking treatments included: 1) brook trout
only, 2) brown trout only, and 3) brook trout and brown
trout. Stocking treatments were randomly assigned to
reaches resulting in two replicates of each treatment per
trial. An attempt was made to stock similar size fish in

each reach because the factors being studied could be
confounded by size differences among fish.
Six fish were stocked per reach following a substitutive design, wherein density of individual species is
reduced but overall density remains constant in combined treatments (Dunson and Travis 1991). The density
of fish in each enclosure was a compromise based on
minimum sample sizes needed for adequate power to
detect a significant acidification effect (four fish based

Table 1 Date of collection, trial, , mean length (mm), length range (mm), mean weight (g), and weight range (g) of 18 brook trout (BKT)
and 18 brown trout (BNT) used in each trial of the field experiments
Date of collection

Trial

Mean length/Range
BKT (mm)

Mean length/Range
BNT (mm)

Mean weight/Range
BKT (g)

Mean weight/Range
BNT (g)

7-27-11

1

189
(165–259)

210
(175–261)

71
(43–164)

99
(53–185)

8-4-11

2

199
(167–228)

205
(171–240)

79
(47–116)

91
(50–136)

8-12-11

3

196
(178–223)

209
(178–233)

76
(57–110)

95
(59–134)

8-22-11

4

194
(175–220)

207
(180–232)

76
(53–101)

91
(57–124)
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on Fost and Ferreri 2015), published literature related to
mean territory size (1–2 m2/fish) of brook and brown
trout similar in size to those we planned to use (Grant
and Kramer 1990), and the mean density of trout in the
area we collected fish in Rauchtown Creek (two trout/
9 m2, calculated from data provided by Jason Detar,
PAFBC). Fish were stocked at the downstream opening
of each reach that allowed individuals to explore either
side of the reach immediately.
Fish acclimation to study reaches
Experimentation began after fish had four days of acclimation to the study reaches. Mesa and Schreck (1989)
found that wild trout behave normally at 48 h after
electrofishing / tagging exposure. Studies investigating
dominance hierarchies in salmonids reported that dominance was established within several days or hours and
was relatively stable over time (Ejike and Schreck 1980;
Glova and Field-Dodgson 1995). An attempt was made
to document the location of each fish once per day during
the acclimation period to determine if territories became
stable. Locations were assigned based on a quadrant
system; shown in Fig. 1, Location I is upstream, right,
location II is upstream, left, location III is downstream,
left, and location IV is downstream, right.
pH Trials
Each morning of testing, acidified water was prepared
for pumping into the stream channel. Three 1470 L
header tanks were filled with water from the effluent
channel using a ¾ hp water pump. Each header tank was
acidified with 2.5 L of reagent grade H2SO4 (hereafter
referred to as acid water). A recirculating flow from a ¾
hp sprinkler pump mixed water back into the header
tanks. Power was supplied to both water pumps by a
3500-watt generator. This process was repeated once per
day to supply the final three reaches with acid water.
Acid water was supplied to the study reaches through
1.9 cm polyvinyl chloride (PVC) pipe. Separate plumbing, equipped with ball valves, extended from the main
supply line to each side of each study reach. The pipe
was anchored to the stream bed next to the upstream
barricade. The acid water was emitted through 0.16 cm
holes drilled every 2.54 cm along the section of pipe.
Preliminary testing of the acidification process revealed pressure differences across the length of the pipe
emitting acid water. Some holes were drilled a larger
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diameter to reduce the gradient of pH across the width of
the stream. Preliminary tests also revealed that stream
discharge impacted the acidification process. Flagging
was used to mark the water level not to be exceeded to
maintain a pH of 6.0–6.3. Increased discharge was
countered with an increase in acid water flow emitted
into the channel but could not exceed 16 L/min without
running out of acid water during experimentation.
Observations began around 9:00 each day to allow
sunlight to cover all of the reaches equally. Experimentation always started with the farthest downstream reach
(reach 1) to prevent acidification from impacting
reaches not yet tested. Reaches were approached from
downstream to avoid fish disturbance. After ascending
the tripod stand, a camera arm was attached to the stand
rail to support video equipment. A GS-500 (Panasonic
Consumer Electronics Company, Secaucus, NJ, USA)
camcorder was used to monitor the opening between the
side channels of the reach. Phtemp101 data loggers
(Madgetech, Warner, NH, USA) were used to monitor
and record temperature and pH every 5 s on each side of
the reach. The data logger electrodes were positioned in
the center of each side channel and 0.3 m upstream of
the lower barricade. Electrodes were lowered into the
stream through 3.8 cm PVC pipe to avoid disturbing the
fish. A Sansa (Sandisk, Milpitas, CA, USA) was used to
record dictation of fish interaction and feeding behavior.
A 10 min settling period was allowed after all equipment was prepared. Fish behavior was then monitored
for 18 min with both sides of the study reach under
natural pH conditions, pH 7.3–7.4 (control period).
Negative interactions (nipping, chasing, nudging) between fish, individuals involved in the interaction, and
the direction of the interaction were recorded through
direct observation by personnel. The video recordings
were used to determine the number of crossings between
the two side channels, response time (time until first
crossing), and time spent in each channel by each fish.
The location of each fish was recorded at the beginning
and end of the control period using the quadrant system
previously described.
An 18 min test period followed where pH was reduced
to 6.0–6.3 on the side of the reach containing the most
fish (acid period). The targeted pH was chosen based on
the avoidance threshold of both species. Although significant variation in the avoidance threshold was observed in laboratory studies, most brown trout were
expected to display avoidance of the treatment side
whereas most brook trout were not (Fost and Ferreri
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2015). The side acidified was referred to as the Btreatment
side^ and the non-acidified side as the Bcontrol side^
when presenting results from the behavior observations.
The pH reduction was initiated by powering the
sprinkler pump and slowly opening the valve controlling flow to the desired side of the reach. The pH of the
treatment side channel was monitored on the corresponding data logger until reaching the target pH range.
The observation period was initiated once the target pH
was reached. Fish behavior and location were recorded
as described during the control period. Acid water flow
continued after the acid observation period while habitat
and water quality measurements were performed.
Flow (m/s) and depth (cm) were measured at the data
logger electrode on each side of the stream. An additional flow measurement was taken without acid water
flow on the treatment side channel. A water sample was
taken at the data logger electrode on each side of the
stream to determine CO2 (mg/L), Al (μg/L), Ca (mg/L),
and alkalinity (mgCaCO3/L). CO2 was measured with a
Hach Test Kit. All other water quality testing was performed by Penn State’s Institutes of Energy and the
Environment Water Quality Laboratory using the following methods: Electrothermal Atomic Absorption
Spectrometric methods for Al (μg/L), Direct Air Acetylene Flame Method for Ca (mg/L), and titration method for alkalinity (mgCaCO3/L).
Data loggers, water quality testing equipment,
and the camcorder setup were moved upstream to
the next reach and the entire process repeated until
all six reaches had been tested. Observations on the
last reach ended around 17:00 each day. Testing was
repeated with each group of fish the following day if
weather and stream flow were favorable. Otherwise,
the second day of testing occurred on the first day
that conditions were acceptable. All fish were
restocked in Rauchtown Creek after use by request
of the PA Fish and Boat Commission.
Pumping effect
Trials were performed on a single day using the methods
described in the pH trials section but the header tanks
were not acidified. Fish were observed in each of the six
reaches during a control period and a subsequent
pumping period. The purpose of these trials was to
determine if the act of pumping (disturbance of flow
on one side of a reach) influenced the proportion of time
spent on either side of the reach.
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Statistical analyses
To investigate when territories became stable within the
reaches, the proportion of fish located in the same quadrant of a reach and the proportion on the same side of a
reach each day of the acclimation period and at the start
of the control period on test days was calculated. The
proportion of reaches in which all fish were located in
one side was calculated to examine the prevalence of a
side effect among all reaches. A side effect was defined
as all fish within a given reach being located in only one
of the two side channels due to a preference for conditions on that side.
Treating data as subsets was necessary because exposure history to low pH could influence the amount of
time spent by fish on the treatment side of a reach. The
first data subset only included fish that spent some time
on the treatment side during the control observation
period (referred to as Bindwelling fish^). This categorization was necessary to examine the effect of acidification. Fish that did not spend some time on the treatment
side during the control period could not display avoidance based on time spent in the treatment side during
control versus acid periods.
The second data subset only included fish that did not
spend time on the treatment side during the control
observation period (referred to as Boutdwelling fish^).
Fish included in this subset were naïve to the conditions
on the treatment side prior to acidification because they
had established a resting position on the control side and
therefore may have responded differently.
The two subsets of data were analyzed using identical
methods. To analyze the proportion of time spent on the
treatment side or before crossing between channels after
acidification, a generalized linear mixed model
(GLMM) was fit with a binomial error structure (with
a logit link function). GLMMs deal with both nonGaussian data and pseudo-replication by explicitly
modeling grouping structures of data as random factors
(Bolker et al. 2009). GLMMs were fitted using the
function lmer in the LME4 package with Laplace approximation (Bates and Maechler 2010). Each random
effect was assumed to be independent.
The first GLMM was fit to determine the fixed
effect of pumping on the proportion of time spent
on the treatment side of the reach. The hypothesis
was that the act of pumping would not result in
indwelling brook trout or brown trout spending
more time on the control side of the reach (not
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receiving pumping). This model was only applied to
the data for indwelling fish (fit separately for each
species) that would have been exposed to pumping
on the treatment side of a reach during acidification.
Random effects included were fish and reach. The
full model:


logit proptimei jk ¼ β 0 þ β 1 pumpi j þ u0 j þ u0k ;
where proptimeijk is the proportion of time spent on
the treatment side during the ith observation for fish
j, in the kth reach, β0 is the fixed intercept, β1 is the
fixed of effect of pumping and u0j is the random
fish effect, u0j ~ N(0, σ2fish), u0k is the random reach
effect, u0k ~ N(0, σ2reach).
The second GLMM compared the response time of
both trout species to acidification. The hypothesis was
that indwelling brown trout would spend less time than
brook trout on the treatment side, after acidification
began, before crossing to the control side. This model
was applied to the data subset including only indwelling
fish because fish had to be sampling the side receiving
acid water to measure the response time. Random effects included were fish, reach, and species stocked. The
full model was:
responsetimeijkl ¼ β0 þ β 1 speci j þ u0 j þ u0k þ u0l ;

where responsetimeijkl is the proportion of total time
until a fish crossed from the treatment side to the control
side after acidification began during the ith observation
for fish j, β0 is the fixed intercept, β1 is the fixed effect of
species, u0j is the random fish effect, u0j ~ N(0, σ2fish),
u0k is the random reach effect, u0k ~ N(0, σ2reach), and u0l
is the random species stocked effect, u0l ~ N(0, σ2spec).
The last GLMM was fit separately for each species to determine the fixed effects of acidification,
species present, number of negative interactions received, and fish length on the proportion of time
spent on the treatment side of the reach by fish. We
hypothesized that: 1) Acidification would result in
indwelling brown trout, spending less time on the
treatment side, 2) The presence of brown trout
would result in indwelling and outdwelling brook
trout spending more time on the treatment side during acidification, 3) Negative interactions would
result in outdwelling trout spending more time on
the treatment side during acidification, and 4) Smaller indwelling and outdwelling trout would spend
more time on the treatment side during acidification.
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The random effects included in the model were fish,
reach, day, and trial. The full model:
proptimeijklm ¼ β 0 þ β 1 acidi j þ β 2 trti j þ β 3 negreci j
þ β 4 lengthi j þ u0 j þ u0k þ u0l þ u0m ;

where proptimeijklm is the proportion of time spent
on the treatment side during the ith observation for
fish j, β0 is the fixed intercept, β1 is the fixed effect
of acidification, β2 is the fixed effect of species
stocked, β3 is the number of negative interactions
received (standardized: (x-μ)/σ), β4 is the fixed effect of fish length,u0j is the random fish effect,
u0j ~ N(0, σ2fish), u1k is the random reach effect,
u0k ~ N(0, σ2reach), u2l is the random day effect,
u0l ~ N(0, σ2day), and u3m is the random trial effect,
u0m ~ N(0, σ2trial).
The proportion of fish that responded to acidification
by moving to the treatment side was calculated for each
species. In addition, the mean response was calculated for
each model over all fish, reaches, days, and trials. Backward model selection was then employed to determine
the best supported model. All random effects were
retained in the model unless convergence was an issue.
If the full model failed to converge, the proportion of total
variance explained by each random effect was calculated
and random effects were removed in order starting with
the term explaining the lowest proportion of variance.
The proportion of variance explained by any random
effect removed did not exceed 2 %. Convergence was
not an issue after removing random effects and no more
than one random effect was removed from a given model
to achieve convergence. The Wald Z test was used to
assess the significance of fixed effects after determining
the optimal random effect structure. Significant fixed
effects were retained in the model. All values are presented ± 1 standard error (SE) and the significance level for
all tests was α = 0.05. All analyses were performed using
R version 2.11.1 (R development Core Team 2011).

Results
Fish acclimation to study reaches
Fish were feeding within 24 h of tagging and introduction to the study reaches; feeding was observed in
all reaches and during all trials. Although all reaches
were stocked with six fish, several fish managed to
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escape the study reaches during the first 24 h of the
acclimation period resulting in some trials being
completed at a lower density (Table 2). In one case,
mortality occurred on test day two as a result of
negative interactions between individuals. The fish
that died was constantly chased from side to side of
the reach and along the length of both sides for
almost 20 min. Eventually the fish became trapped
against the downstream barricade, presumably
exhausted and unable to swim. As a result of escapement and mortality, the density of fish within reaches
was not equal (9 of 36 reaches were not observed at
the initial density of 6 fish). The lowest density
observed in any reach was four fish. A lower density
could have resulted in fewer interactions between
individuals or among species. To examine the impact
of density changes, reaches containing fewer than six

fish were excluded from the data analysis and models
were reexamined. In all cases, the final model included the same parameters, but the effect size changed.
The direction of the effect was not impacted by
removal of lower density data, only the magnitude
of the effect. The behavior of brook trout and brown
trout in lower density reaches (4–5 fish) was similar
to those in full density reaches (6 fish).
Severe weather events, resulting in high water and
turbidity, prevented the collection of location data on
some days during the acclimation period. Location data
was used to determine if fish established territories
during the acclimation period. Territories had been
established by a small percentage of individuals. Over
all trials and reaches, 8 % of the fish were located in the
same quadrant on acclimation days and at the beginning
of the control period on both test days. Twenty-eight

Table 2 Trial, reach, species treatment, fish length range (mm), initial abundance of fish in reach, # of fish that escaped during acclimation,
abundance of fish in reach on test day one, and density of fish in reach on test day two
Trial

Reach

Species treatment

Fish length range (mm)

# Escaped during
acclimation

Abundance test day 1

Abundance test day 2

1

1

Combined

177–259

0

6

6

1

2

BKT

165–197

0

6

6

1

3

BNT

175–261

1

5

5

1

4

BNT

186–207

0

6

6

1

5

BKT

167–220

0

6

6

1

6

Combined

172–227

1

5

4

2

1

BKT

167–228

1

5

5

2

2

BNT

180–240

1

5

5

2

3

Combined

202–225

1

5

5

2

4

Combined

194–210

0

6

6

2

5

BKT

182–219

2

4

4

2

6

BNT

171–228

1

5

5

3

1

BNT

180–233

0

6

6

3

2

Combined

191–210

0

6

6

3

3

BKT

178–201

1

5

5

3

4

BKT

179–223

0

6

6

3

5

Combined

190–222

0

6

6

3

6

BNT

197–231

0

6

6

4

1

Combined

186–208

0

6

6

4

2

BKT

176–220

0

6

6

4

3

BNT

186–232

0

6

6

4

4

Combined

199–216

0

6

6

4

5

BNT

180–230

1

5

5

4

6

BKT

175–211

0

6

6

Each reach contained six fish initially. The difference in fish abundance in trial one reach six on test days was due to mortality
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percent of the fish were located on the same side of the
reach every day that locations were recorded. Occupation of the same quadrant or side of a given reach was
not related to specific reaches, species, or size of fish. In
combined species treatments, brook trout and brown
trout were often located in the same quadrant.
Location data from the control period on test days
was used to determine if a side effect was present. A
side effect could confound the outcome of tests
because fish preferring one side of a reach may be
less likely to move in response to pH or interactions.
A possible side effect within reach, where all fish
were located on the same side at the beginning of
the control period, was observed two times in
reaches 1, 2, and 3. On two occasions a side effect
was possible on test days 1 and 2 within a reach.
However, a consistent preference was not observed
in any reach across all trials.
Habitat characteristics and water chemistry in study
reaches
Stream flow, measured on the left, center, and right
downstream end of reaches, ranged from 0.08 to
0.25 m/s and water depth measured at the pH electrodes ranged from 16 to 30 cm across all trials,
days, and reaches. Pumping water into the treatment
side of the reach did not result in a detectable
increase in stream flow at the downstream end of
any reach (>0.009 m/s). The range of pH resulting
from acidification was 5.91–6.54 over all trials,
days, and reaches. The farthest upstream and downstream reaches received less flow from the pump
supplying acid water (due to head loss) and in some
cases resulted in a higher pH on the treatment side
than was targeted (pH 6.0–6.3). The mean difference of pH across the width of the treatment side of
a reach was 0.13 ± 0.01 and never exceeded 0.28.
The gradient across the width was impacted by
slight differences in pressure and flow at each of
the holes in the PVC pipe from which acid water
was emitted. Acidification did result in a gradient of
CO2 between sides. The mean CO2 concentration on
the treatment side during acidification was 51 ±
1 mg/l whereas the control side was a constant
4 mg/l. Acidification did not result in elevated
levels of aluminum (treatment side: 0.008 ±
0.0002 μg/L, control side: 0.008 ± 0.0002 μg/L) or
calcium (treatment side: 26.3 ± 0.9 mg/L, control
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side: 26.2 ± 0.7 mg/L). Alkalinity decreased when
acidification occurred (treatment side: 32 ± 7 mg/L,
control side: 72 ± 9 mg/L).

Fish response to pumping in study reaches
One factor that could possibly have impacted the
location of fish within the study reach regardless of
pH treatment was the pumping of water into the
stream channel (model 1). The overall mean proportion of time spent by indwelling brook trout and
brown trout on the Btreatment side^ when pumping
non-acidified stream water was 92 ± 7 % and 92
± 6 % respectively compared to 100 ± 0 % during
the control period. The proportion of time spent by
indwelling trout on the treatment side of the reach
was not affected by the action of pumping water
into the stream channel (Brook: p = 0.93,
^ 1 = −30.10 ± 357.87, z20 = −0.08; Brown: p = 0.98,
β
^ 1 = −34.46 ± 1264.05, z18 = −0.03). Two individuals
β
of each species moved during pumping to the control side, but these movements may have been due
to factors other than pumping. In one case the fish
moved due to negative interactions with another fish
occupying the same side of the reach. An examination of time spent by outdwelling fish (located on
the control side during pumping) revealed that three
fish had crossed to the Btreatment side^ in the absence of water pumping.

Response time to acidification
A majority of the indwelling fish responded to acidification by moving to the control side of the reach (62 %
of brook trout and 68 % of brown trout), but some fish
never moved to the control side. The mean response
time to acidification, measured as the time to crossing to
control side, was 463 ± 53 s for brook trout and 444
± 52 s for brown trout. Response time did not differ
^ 1 = 1.758 ± 1.635,
between the two species (p = 0.28, β
z113 = 1.075). A behavioral difference was observed
between brown trout (n = 27) and brook trout (n = 35)
that chose to stay in the side being acidified. All brown
trout rose to the water surface and displayed signs of
respiratory stress in the form of increased number of gill
beats and coughing. This behavior was not observed in
brook trout choosing to remain on the treatment side.
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Effects of acidification, species, negative interactions,
and fish Length
Brook trout

received 77 negative interactions during the control (17)
and acid (60) periods over all reaches, days, and trials.
Individuals that received 6 negative interactions during
acidification spent 55 % less time on the treatment side.
Negative interactions were expected to result in brook
trout spending more time on the treatment side of the
reach. Interactions were initiated by both brook trout and
brown trout in combined reaches. There is also evidence
that, on average, the proportion of time spent on the
treatment side differed among fish (^
σ2 fish = 23.7) and
2
reach (^
σ reach = 4.9).
The mean number of crossings between sides by
outdwelling brook trout during the control period was
0 ± 0 crossings and for the acid period 0.4 ± 0.1 crossings. Outdwelling brook trout quickly returned to the
control side after crossing resulting in a mean of only 8
± 4 % of their time being spent on the treatment side
during the acid period. The proportion of time spent by
outdwelling brook trout on the treatment side did not
^ 1 = 24.22 ± 1989.57,
depend on acidification (p = 0.99, β
z33 = 0.012), brown trout presence in the reach (p = 0.34,
^ 2 = −8.942 ± 9.386, z33 = −0.953), or length of the
β
^ 4 = 1.189 ± 3.069,
outdwelling brook trout (p = 0.70, β
z33 = 0.388). The presence of brown trout was expected
to result in brook trout spending more time on the treatment side of the reach during acidification. After
dropping these effects, the final model indicated that the
proportion of time spent on the treatment side increased
with increasing negative interactions being received
(Table 4). Interactions generally led to crossing between

10
8
6
4
2
0

Number of crossings between sides

12

The mean number of crossings between sides by indwelling brook trout during the control period was 0.3 ± 0.1
crossings and for the acid period 1.3 ± 0.2 crossings
(Fig. 2). In general, individuals did not cross between
sides during the control period but crossed at least one
time during the acid period and did not return. Acidification also resulted in indwelling brook trout spending less
time on the treatment side during the acid period (41
± 5 %) than during the control period (94 ± 2 %). The
reduction in time spent indicates that brook trout were
avoiding at a pH higher than the avoidance threshold
identified in laboratory studies but within the confidence
bounds of the threshold estimate (Fost and Ferreri 2015).
Contrary to expectations, the proportion of time spent by
indwelling brook trout on the treatment side did not
depend on brown trout presence in the reach (p = 0.47,
^ 2 = −1.139 ± 1.590, z60 = −0.72) or the length of the
β
^ 4 = −0.453 ± 0.705,
indwelling brook trout (p = 0.52, β
z60 = −0.64). After dropping these effects, the final model
supported the fixed effects of acidification and negative
interactions as well as the random effects of fish and
reach. The proportion of time spent on the treatment side
decreased 25 % during acidification (Table 3). In addition, the proportion of time spent on the treatment side
decreased as negative interactions with other fish (such as
chasing) increased (Fig. 3). Indwelling brook trout
Fig. 2 Boxplot of the number of
crossings between sides by
indwelling brook trout during the
control and acid observation
periods. The horizontal line in
each box is the median (acid
period median overlaps with top
of box), the boxes define the
interquartile range (25–75 %
quartile). Points outside this range
are represented as open circles.
The observed values are
represented as x’s
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Table 3 Estimated parameters from a GLMM and associated
statistics for the final indwelling brook trout proportion time spent
model
Parameter

Estimate

Std. error

z value

Pr (>|z|)

Fixed Effects
Intercept (β0)

6.177

1.121

5.51

<0.001

Acid (β1)

−5.080

0.025

−200.31

<0.001

Negrec (β3)

−0.216

0.007

−29.16

<0.001

Random Effects
Fish (u0j)
Reach (u0k)

23.67

–

–

–

4.94

–

–

–

The model included fixed effects parameters for acidification
(acid) and the number of negative interactions received (negrec).
Random effects accounted for variation among fish and reaches.
All values are presented on the logit scale

sides of the reach. Outdwelling fish were expected to
spend more time on the treatment side during the acid
period because they were located on the control side
when acidification began (i.e., naïve to the pH conditions
present) and any negative interactions would result in a
crossing between sides. Outdwelling brook trout received
36 negative interactions during the control (4) and acid
(32) periods over all reaches, days, and trials (less than
Fig. 3 GLMM predicted
probabilities of indwelling brook
trout spending time on the
treatment side of the reach during
the control or acid period along
the number of negative
interactions received
(standardized: (x-μ)/σ). The solid
line represents the predicted
values for an average fish during
the acid period with dotted lines
representing the 95 % confidence
interval around the predicted
values. The thick dashed line
represents the predicted values for
an average fish during the control
period with the small dashed lines
representing the 95 % confidence
interval around the predicted
values. Open circles are the
observed control period values
and open triangles the observed
acid period values for each fish
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half the number of negative interactions received by
indwelling brook trout). Outdwelling brook trout may
have received fewer interactions because they had already established territories on the control side of the
reach. Individuals receiving four negative interactions
spent 3 % more time on the treatment side compared to
those receiving no negative interactions. There is also
evidence that, on average, the proportion of time spent on
the treatment side differed among fish (^
σ2 fish = 126.5).
Brown trout
The mean number of crossings between sides by indwelling brown trout during the control period was 0.04 ± 0.03
crossings and for the acid period 3.67 ± 0.71 crossings. In
general, individuals did not cross between sides during the
control period but crossed several times during the acid
period (Fig. 4). Indwelling brown trout spent less time on
the treatment side during the acid period (44 ± 4 %) than
during the control period (98 ± 1 %). The proportion of
time spent by indwelling brown trout on the treatment side
did not depend on brook trout presence in the reach
^ 2 = −0.574 ± 0.667, z56 = −0.86) or the length
(p = 0.39, β
^ 4 = 0.256
of the indwelling brown trout (p = 0.46, β
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Table 4 Estimated parameters from a GLMM and associated
statistics for the final outdwelling brook trout proportion time
spent model
Parameter

Estimate

Std. error

z value

Pr (>|z|)

−15.47

3.57

−4.33

<0.001

3.03

0.74

4.13

<0.001

126.54

–

–

–

<0.01

–

–

–

Fixed Effects
Intercept (β0)
Negrec (β3)
Random Effects
Fish (u0j)
Reach (u0k)
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The model included a fixed effect, the number of negative interactions received (negrec). Random effects accounted for variation
among fish and reaches. All values are presented on the logit scale

± 0.342, z56 = 0.75). After dropping these effects, the final
model supported the fixed effects of acidification and
negative interactions as well as the random effects of fish
and reach. The proportion of time spent on the treatment
side decreased during acidification (Table 5). Indwelling
brown trout not receiving negative interactions spent 94 %
less time on the treatment side during acidification. The
proportion of time spent on the treatment side also decreased with increasing negative interactions being received (Fig. 5). Negative interactions received by brown
trout were expected to result in an increase in time spent
on the treatment side. The strength of the acid effect
seemed to overwhelm the effect of negative interactions,
resulting in fish being chased repeatedly on the control
side without crossing to the treatment side. Indwelling
brown trout received 81 negative interactions during the
Fig. 4 Boxplot of the number of
crossings between sides by
indwelling brown trout during the
control and acid observation
periods. The horizontal line in
each box is the median, the boxes
define the interquartile range (25–
75 % quartile). Points outside this
range are represented as open
circles. The observed values are
represented as x’s

control (3) and acid (78) periods over all reaches, days,
and trials. Indwelling brown trout that received six negative interactions (3 fish) during acidification spent 87 %
less time on the treatment side. Interactions were initiated
by both brook trout and brown trout in combined reaches.
The number of negative interactions received, during the
control and acid period, by indwelling brown trout were
similar to the number received by indwelling brook trout.
There is also evidence that, on average, the proportion of
time spent on the treatment side differed among fish
σ2 reach = 2.4).
(^
σ2 fish = 2.5) and reach (^
The mean number of crossings between sides by
outdwelling brown trout during the control period was
0 ± 0 crossings and for the acid period 0.08 ± 0.08 crossings. Outdwelling brown trout spent a mean of 0.02
± 0.02 % of their time on the treatment side during the
acid period. The proportion of time spent by brown trout
on the treatment side did not depend on acidification
^ 1 = 108.20 ± 309536, z36 = <0.001), brook
(p = 1.0, β
^ 2 = −18.147
trout being present in the reach (p = 1.0, β
± 382884, z36 = 0), the number of negative interactions
^ 3 = 1.951 ± 1.253, z36 = 1.557), or
received (p = 0.12, β
length of the outdwelling brown trout (p = 0.98,
^ 4 = −5.961 ± 215.53, z36 = −0.028). Only 11 negative
β
interactions were received by outdwelling brown trout
during the control (1) and acid (10) periods over all
reaches, days, and trials. The number of negative interactions received by outdwelling brown trout was similar
to the number received by outdwelling brook trout.
There was evidence that, on average, the proportion of
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Table 5 Estimated parameters from a GLMM and associated
statistics for the final indwelling brown trout proportion time spent
model
Parameter

Estimate

Std. error

z value

Pr (>|z|)

Fixed Effects
Intercept (β0)

68

4.363

0.670

6.51

<0.001

Acid (β1)

−7.368

0.067

−110.21

<0.001

Negrec (β3)

−0.408

0.012

−34.52

<0.001

Random Effects
Fish (u0j)

2.45

–

–

–

Reach (u0k)

2.39

–

–

–

The model included a fixed effect, the number of negative interactions received (negrec). Random effects accounted for variation
among fish and reaches. All values are presented on the logit scale

time spent on the treatment side differed among fish
σ2 day = 205.62).
(^
σ2 fish = 276.60) and by day (^

Discussion
In general, brook trout and brown trout spent less
time in acidified waters (pH 5.91–6.51, elevated
CO2). This study could not separate the effect of

Fig. 5 GLMM predicted probabilities of indwelling brown trout
spending time on the treatment side of the reach during the control
or acid period along the number of negative interactions received
(standardized: (x-μ)/σ). The solid line represents the predicted
values for an average fish during the acid period with dotted lines
representing the 95 % confidence interval around the predicted

acidification into effects of pH and CO2. Water
quality samples, taken on the treatment and control
side, revealed that a CO2 gradient was created during acidification (mean of 4 mg/L on control side vs
51 mg/L on treatment side). Based on the information available on the response of trout to CO2 >
50 mg/L, the avoidance response of trout observed
in our study during acidification could be due to
elevated CO 2 (Jones et al. 1985; Atland 1998;
Clingerman et al. 2007). Further studies are needed
to determine if the observed response of trout in this
field study was a result of CO2 levels > 50 mg/L,
strictly pH, or both.
The acidification effect overwhelmed the effect
of negative interactions. Interactions within and
among species, occurring on the control side of a
reach and post acidification, were expected to result
in the individual receiving the negative interaction
moving to the treatment side and spending more
time on the treatment side. Interactions were also
expected to occur more often in combined species
treatments, where brown trout would be aggressive
toward brook trout. These expectations were not
realized. Fish chose to be repeatedly chased on the
control side rather than escaping the aggressor and

values. The thick dashed line represents the predicted values for an
average fish during the control period with the small dashed lines
representing the 95 % confidence interval around the predicted
values. Open circles are the observed control period values and
open triangles the observed acid period values for each fish
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dealing with low pH and elevated CO2 water. One
explanation for this behavior may be that the elevated CO2, which would not be present in streams
with a low base flow pH (where brook trout and
brown trout segregation is often observed), triggered
a strong avoidance effect in brook trout. A controlled study allowing testing of pH and CO2, in
combination and as separate effects, would be necessary to further examine negative interactions and
how they may individually shape segregation patterns in PA streams.
Few individuals established territories during the
study. The total area of one quadrant of a given
reach, 1.5 m2, may have inhibited individuals from
establishing territories because area was limiting at
the density fish were stocked. Grant and Kramer
(1990) reported the mean territory size of brook
and brown trout, similar in size to those used in
this study, to be 1–2 m2/fish. At a density of 6 fish a
total area of 6–12 m2 would be required. Most
brook trout and brown trout were mobile in this
study and the percentage of fish settled within a
quadrant or side of a given reach was less than
30 %. Some of the settled brown trout displayed a
strong location attachment during acidification in
this study. Individuals were visibly stressed (increased opercular rate and coughing), but would
not leave the location they were occupying to search
for refugia from the low pH water. A study of
Atlantic salmon (Salmo salar) reported only 3–
33 % of fish settled into localized home ranges
within stream enclosures and that most fish were
mobile (Armstrong et al. 1997). Mark and recapture
studies with salmonids also suggest that Bresident^
and Bmobile^ groups exist in populations (Bridcut
and Giller 1993; Nakano 1995).
The manual collection of interaction data was
challenging because multiple fish could interact at
different times throughout a reach, but in general
only a few fish interacted in each reach and mostly
on one side. Locations were collected at the beginning and end of each observation period while interaction data was collected throughout the observation periods. The FLOY tags used to mark each
individual were difficult to view at times and some
colors were too similar to differentiate quickly. The
placement of multiple waterproof cameras overhead
of each reach would have provided continuous location data as well as interaction data, but this
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approach could not be implemented due to financial
and site specific constraints.
This study only explored two factors that may be
related to the observed segregation patterns of brook
trout and brown trout. Temperature, elevation,
stream slope, land use, life history differences,
movement patterns, and indirect effects of acidification on the stream ecosystem are additional factors
that could also result in segregated populations of
brook trout and brown trout (Rahel and Nibbelink
1999; Quist et al. 2004; Franco and Budy 2005;
Hudy et al. 2005; Davis et al. 2015; DeWeber and
Wagner 2015). Each of these factors is challenging
to examine at a scale that can be reliably used to
predict distribution patterns and interactions among
these factors could lead to behavioral responses that
are even more difficult to study and interpret.

Conclusions
The results of this study do not support the hypothesis that acidification mediates the segregation of
brook trout and brown trout in PA streams. Movement of brown trout and brook trout (contrary to
predictions) was initiated by the acidification of the
stream channel. Acidification resulted in reduced pH
and elevated CO2, which may explain why most
brook trout avoided at a higher pH than expected.
Further studies investigating the avoidance of elevated CO2 by brook trout are needed to determine if
avoidance observed in the artificial stream channel
was a result of pH, if avoidance occurred at a higher
pH because of elevated CO2, or a combination of
both factors led to avoidance. Episodically acidified
water bodies also exhibit elevated levels of CO2
because carbonate salts, often reported as alkalinity,
disassociate as part of the acidification process. Such
events, as described by Gagen et al. (1994), likely
result in elevated CO2 and reduced pH. The occupation of low pH water by brook trout does not appear
to be a result of negative interactions with brown
trout as hypothesized, but competition could occur
over a longer period of time or in the absence of
elevated CO2. Long term manipulations of pH in a
field setting would be very difficult. Perhaps future
studies could examine interactions between species
in streams containing segregated populations along a
natural pH gradient.
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CHAPTER 5
Conclusion

Review and Synthesis
Changes in acidity can not only effect species but entire ecosystems and understanding these
effects is critical to effective management. Ocean acidification, associated with climate change,
has already resulted in dramatic impacts on species and in some cases entire ecosystems.
Changes more locally associated with anthropogenic acid deposition have already lead to shifts
in terrestrial and aquatic communities. Anthropogenic acid deposition and competition with
Brown Trout have been cited as factors leading to a mass decline in Brook Trout populations
throughout their historic native range (Hudy et al. 2005). The goal of this research was to
examine the potential influence of pH and interspecific interactions between Brook Trout and
Brown Trout on the distribution of these species in Pennsylvania streams. This information can
assist in the conservation and management of the Brook Trout throughout its native range,
especially in streams inhabited by both Brook Trout and Brown Trout or in streams expected to
face invasion by Brown Trout in the future.

Examination of pH preference/avoidance and

interspecific interactions will aid in determining how these factors affect the distribution of
Brook Trout.
A series of studies were undertaken to address the overall goal. The research began with
controlled laboratory studies examining shifts in Brook Trout and Brown Trout pH
preference/avoidance after exposure to different pH conditions (Chapter 2). Adaptation to pH is
potentially important because behavioral responses and competitive outcomes could differ
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depending on pH exposure history. Studies investigating the ability of any salmonid to adapt to
pH alone, as measured by changes in pH avoidance or preference, could not be found (Chapter
1). Adaptation to pH is particularly important for Brook Trout and Brown Trout because these
species are often segregated in streams with a pH gradient, suggesting that behavioral responses
to pH differ between the two species. In order to study how the behavioral response differed
between the two species, it was necessary to determine if pH exposure history altered behavioral
response.
We found that Brook Trout and Brown Trout pH preference was not influenced by short-term
prior pH exposure, consistent with previous research on Silver Catfish (Riffel et al. 2012).
Results of pH avoidance trials were similar to those of preference studies, i.e. holding pH did not
alter pH avoidance of either species. This study suggested that individuals of these species can
be held at a pH different from the source waterbody for a short period of time without altering
preference or avoidance behavior.
The behavioral response of Brook Trout and Brown Trout to low pH is one factor that may lead
to observed segregation patterns of the two species. Historical data from streams throughout
Pennsylvania indicate that base-flow pH is related to the observed segregation pattern of Brook
Trout and Brown Trout (Kocovsky and Carline 2005). Brook Trout dominated numerically at
pH below 7.0 and Brown Trout dominated at pH above 7.0. Both species have exhibited
downstream movement during low pH episodes but Brown Trout were more sensitive to low pH
(Sharpe and Gagen 1992). The observed segregation patterns and behavioral responses to
episodic events suggested that differences in the pH preferred or avoided may exist. Although
pH preference and avoidance of juveniles have been established, the preference and avoidance of
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adults have not been examined. Therefore, a second controlled laboratory study examined the
pH preferred and avoided by wild, adult Brook Trout and Brown Trout (Chapter 3).
The wild, adult Brown Trout tested showed a preference for pH 4.0 while wild, adult Brook
Trout did not prefer any pH within the range tested. Both species were expected to prefer the
neutral end of the pH gradient (4.0-7.0). The lack of any pH preference by adult Brook Trout in
this study is counter to the results reported by Peterson et al. (1989) for juvenile Brook Trout
(preference at pH 5-7). No pH preference studies with Brown Trout were found. Brook Trout
displayed avoidance at pH 5.5 whereas Brown Trout displayed avoidance at 6.0. Although 95%
confidence intervals around these avoidance thresholds overlapped, it is expected that some
Brown Trout will display avoidance at a higher pH when Brook Trout will not. The avoidance
thresholds in this study were similar to those reported for juveniles of both species (Pedder and
Maly 1986; Peterson 1989; Atland 1998). Adult Brown Trout displayed a lack of avoidance at
pH below 5.0, as also reported for juveniles (Atland 1998). It is possible that pH sensory
mechanisms fail below a specific pH threshold, resulting in a lack of avoidance. Further studies
are needed to determine how pH is perceived and how these mechanisms vary among species.
The present findings suggest that some Brown Trout display avoidance at a higher pH than
Brook Trout, and that the laboratory behavioral response generally explains observed segregation
patterns of the two species in Pennsylvania streams.
The final study examined the behavioral response of Brook Trout and Brown Trout to
acidification and species interactions in an outdoor, artificial stream channel (Chapter 4). The
results of controlled laboratory studies can differ from the results of field studies due to housing/
handling of the test organisms or other confounding factors (e.g., interactions of factors, factors
controlled or not accounted for in a laboratory setting). Although pH appeared to be correlated
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with the observed distribution patterns of Brook Trout and Brown Trout in Pennsylvania streams,
our laboratory studies examining the avoidance pH of wild, adult Brook Trout and Brown Trout
did not conclusively find that avoidance pH differs between these species. The lack of
conclusive difference in the pH avoidance threshold did not rule out pH as a mediating factor.
The second factor manipulated in this study was species stocked. Interactions between Brook
Trout and Brown Trout could lead to habitat partitioning in a stream. Brown Trout are
considered superior competitors because they grow to larger sizes (Newman 1956; Jenkins
1969), consume more prey and are more aggressive (DeWald and Wilzbach 1992; Taniguchi et
al. 1998), and occupy more favorable resting positions in sympatry (Fausch and White 1981). A
physiological advantage may allow Brook Trout to dominate Brown Trout in headwaters,
particularly if pH is lower (Battram 1990; McDonald and Milligan 1988; Rosseland 1980;
Rosseland and Skogheim 1984; Stuart and Morris 1985). I conducted an observational study in
an artificial stream channel. Although the stream channel was artificial, it was located outdoors
and exposed to natural environmental conditions that prevented control of possible confounding
factors. In this case, acidification of the waterbody resulted in a pH decrease accompanied by
elevated levels of CO2. Therefore, results were interpreted as effects of acidification in general,
and not pH alone.
In the artificial stream channel, the majority of indwelling fish (fish that spent some time on the
treatment side during the control period) responded to acidification by moving to more neutral
conditions (62% of Brook Trout and 68% of Brown Trout). Indwelling Brook Trout spent less
time in acidic conditions during the acid treatment (41 ± 5%) than during the control period (94
± 2%). Elevated levels of CO2 may have caused their avoidance at a higher pH. Indwelling
Brown Trout also spent less time in the acid conditions during the acid treatment (44 ± 4%) than
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during a control period (98 ± 1%). The proportion of time spent in the acid water by indwelling
trout decreased as agonistic interactions with other fish (such as chasing) increased. Presence of
the other species did not influence the proportion of time spent in the acidic conditions. The
results of this study do not support the hypothesis that acidification mediates the segregation of
Brook Trout and Brown Trout in Pennsylvania streams.

Future Directions
The studies presented here established the behavioral response of a single population of Brook
Trout and Brown Trout to pH and then used that information to address research objectives in a
single outdoor stream channel. The presence of elevated CO2 in this study confounded the pH
effect and may have altered the outcome of species interactions. Therefore, additional research
is required to address the influence of pH and species interactions on distribution patterns of
Brook Trout and Brown Trout in streams.
Fishes can sense the pH of their environment in so far as they can avoid areas of low pH.
However, the sensory mechanism remains obscure. Although not necessary to address the
influence of pH on distribution patterns, further studies are needed to determine how
environmental pH is sensed and ultimately results in a behavioral shift. Determination of the
underlying mechanisms would be the first step in understanding why Brown Trout were attracted
to pH less than 5.0 in these studies and those with juvenile fish reported previously.
The behavioral response of one population of adult Brook Trout and Brown Trout to pH has been
examined, however, the behavioral response of different genetic stocks has yet to be addressed.
The ability to regulate ions in the blood during low pH exposure (McWilliams 1982) and the
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ability to survive in low pH waters varies among different genetic stocks (Gjedrem 1980;
Rosseland and Skogheim 1987), suggesting that the behavioral response to pH could differ.
Future studies should examine the behavioral response of stocks with different low pH exposure
histories.
Several factors, which could either not be varied or controlled in this artificial stream study,
should be the focus of future studies investigating the influence of pH and species interactions on
the distribution patterns of Brook Trout and Brown Trout. The study conducted in an artificial
stream channel resulted in both species demonstrating avoidance of acidified waters and
interactions among species not influencing the proportion of time spent in acidified waters.
Most Brook Trout were not expected to display avoidance of the acidified waters. The observed
effect of acidification could not be assigned to pH or CO2; therefore, additional studies are
needed to determine if Brook Trout were responding to elevated CO2 or pH. Ideally, further
studies would be conducted in a natural stream channel with stable flows and relatively low
alkalinity. Acidification of a waterbody lower in alkalinity would reduce the amount of free CO2
generated, allowing the researcher to examine the effects of pH alone. Another potential factor
to consider is stocking density. Inter- and intraspecific interactions were observed in this study;
however, these interactions did not influence the proportion of time spent on the acidified side.
It is possible that the stocking density did not result in competition for space within the control
side during acidification. Further studies could examine how stocking density influences the
behavior of species under control and acidified conditions.

Conclusions
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The work presented here investigated the influence of acidification and species interactions on
the distribution of Brook Trout and Brown Trout. While the laboratory studies furthered
understanding of short-term adaptation and the behavioral response to pH, it is important to
recognize that the stream channel study results do not support the hypothesis that acidification
mediates the segregation of Brook Trout and Brown Trout in Pennsylvania streams. The
observed behavioral responses have provided information relevant to the design of future studies.
Despite the information gathered there are still many challenges when attempting to relate pH to
the distribution of Brook Trout and Brown Trout. There are other abiotic factors (e.g.,
temperature, slope, elevation) that may interact with pH to alter the behavioral response.
Variation among individuals of a population, as observed in these laboratory studies, and among
genetic stocks further complicates the interpretation of behavioral responses. The studies here
need to be expanded to additional stocks of both species and repeated in streams with water
quality that can be manipulated without generating excessive amounts of free CO2.
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APPENDIX A
Supplementary Table for Chapter 1
Table A1. Summary of search terms related to each topic which were entered in Google Scholar
and the Pennsylvania State University Lion Search in September and October 2016 for purposes
of the literature review.
Topic Area
pH perception

Search Terms
pH detect fish
pH sense fish
pH perceive fish
pH perception fish

pH preference and avoidance

pH avoidance trout
pH avoidance salmon
pH avoidance fish
pH preference trout
pH preference salmon
pH preference fish

Genetics, adaption, and
acclimation to pH

pH genetic trout
pH genetic salmon
pH adapt trout
pH adapt salmon
pH adapt fish
pH acclimation trout
pH acclimation salmon
pH acclimation fish

Movements

pH trout movement
pH salmon movement
pH fish movement
acid trout movement
acid salmon movement
acid fish movement

Physiology

pH physiology trout
pH physiology salmon
acid physiology trout
acid physiology salmon
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Table A1 (cont.). Summary of search terms related to each topic which were entered in Google
Scholar and the Pennsylvania State University Lion Search in September and October 2016 for
purposes of the literature review.
Topic Area

Search Terms

Competition

pH competition trout
pH competition salmon
pH competition fish
pH competition

Reproduction, growth, and
survival

pH trout reproduction
pH trout growth
pH trout survival
acid trout reproduction
acid trout growth
acid trout survival
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APPENDIX B
Supplementary Table for Chapter 2

Table B1. Date of transport, numbers, experimental use, and treatment group of each species of
fish used in low pH avoidance and preference experiments.
Species

Date of

n

Experiment

Treatment Group

Transport
Brown Trout

3-24-10

14

Avoidance

Control

Brown Trout

4-7-10

14

Avoidance

pH 6.0

Brown Trout

4-9-10

14

Avoidance

pH 8.3

Brown Trout

4-15-10

26

Avoidance

Control Time

Brook Trout

4-19-10

17

Avoidance

Control

Brook Trout

4-26-10

17

Avoidance

pH 5.0

Brook Trout

4-28-10

18

Avoidance

pH 6.0

Brook Trout

4-30-10

16

Avoidance

pH 8.3

Brook Trout

5-13-10

20

Preference

Control

Brook Trout

5-17-10

16

Preference

pH 5.0

Brook Trout

5-19-10

16

Preference

pH 6.0

Brook Trout

5-21-10

16

Preference

pH 8.3

Brown Trout

6-7-10

34

Preference

Control + pH 6.0

Brown Trout

6-9-10

17

Preference

pH 8.3
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APPENDIX C
Supplementary Statistical Methods for Chapters 2 and 3
A general linear model was fit by species, with time spent on the acidic end as a function of
observation period, to determine if a time effect was present in control groups. The full model:
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1 𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖 + 𝜀𝜀𝑖𝑖

where time𝑖𝑖 is the total time spent by the ith fish on the acidic end of the trough under control
conditions during each observation period, 𝛽𝛽0 is the fixed intercept, 𝛽𝛽1is the effect of observation
period (i = 1…7), and 𝜀𝜀 ~ 𝑁𝑁(0, 𝜎𝜎 2 ).
This model was fit to control fish avoidance data in studies described in chapter 2 and chapter 3.
The following R code was used to fit the model by species:
############################################################################
# Read in data
rm(list=ls())
df<-read.table('acccontrolavoid.txt',header=T,na.strings='NA')
head(df)
summary(df)
dim(df)
# Subset data by species
dfbkt<-subset(df, spec=="bkt")
dim(dfbkt)
head(dfbkt)
summary(dfbkt)
dim(dfbkt)
# histogram of time
hist(dfbkt$time)
library(nlme)
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m1 <-lm(time ~ obs , data=dfbkt)
### where time is the total time in seconds spent on the acid side of the avoidance tank and obs is
observation period 1-7 ###

summary(m1)
# Subset data by species
dfbnt<-subset(df, spec=="bnt")
dim(dfbnt)
# histogram of time
hist(dfbnt$time)
m2 <-lm(time ~ obs , data=dfbnt)
### where time is the total time in seconds spent on the acid side of the avoidance tank and obs is
observation period 1-7 ###

summary(m2)
##############################################################################
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APPENDIX D
Supplementary Statistical Methods for Chapters 2 and 3
A general linear model was fit by species, with crossings into the acidic end as a function of
observation period, to determine if a time effect was present in control groups. The full model:
𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1 𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖 + 𝜀𝜀𝑖𝑖

where crossi is the number of crossings by the ith fish into the acidic end of the trough under
control conditions during each observation period, 𝛽𝛽0 is the fixed intercept, 𝛽𝛽1is the effect of
observation period (i = 1…7), and 𝜀𝜀 ~ 𝑁𝑁(0, 𝜎𝜎 2 ).

This model was fit to control fish avoidance data in studies described in chapter 2 and chapter 3.
The following R code was used to fit the model by species:
##############################################################################
hist(dfbkt$cross)
library(nlme)
m3 <-lm(cross ~ obs , data=dfbkt)
### where cross is the total time number of times fish crossed into the acidic end of the
avoidance tank and obs is observation period 1-7 ###
summary(m3)
m4 <-lm(cross ~ obs , data=dfbnt)
### where cross is the total time number of times fish crossed into the acidic end of the
avoidance tank and obs is observation period 1-7 ###
summary(m4)
#########################################################################
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APPENDIX E
Supplementary Tables and Figures for Chapter 3
Table E1. Date of collection, numbers, experimental use, and treatment group of each species of
wild fish used in low pH avoidance and preference experiments.
Species

n

Experiment

Brook Trout

Date of
Collection
6-23-10

28

Avoidance/Preference

Treatment
Group
Control

Brown Trout

6-23-10

21

Avoidance/Preference

Control

Brown Trout

7-7-10

11

Preference

pH 7.0

Brook Trout

7-7-10

18

Preference

pH 7.0

Brown Trout

7-21-10

12

Avoidance

pH 7.0

Brook Trout

7-21-10

21

Avoidance

pH 7.0

Figure E1. Wild fish collection for preference and avoidance experiments and one of the holding
tanks used in laboratory experiments.
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Figure E2. Equipment used to monitor and manipulate pH as well as the video survelliance system used
to record behavior.

Figure E3. The pH preference apparatus.
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Figure E4. The pH avoidance apparatus.
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Figure E5. The proportion of locations (collected every 10s, 20s, or 30s) or time spent by zone
of the preference tank by hatchery brown trout (n=9) held at pH 8.3 prior to experimentation.
The solid line within box indicates the median. Diamonds indicate the proportion of locations or
time spent by individuals within the group.
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Figure E6. Proportion of time spent on the acid side of the tank by individual brown trout (held
at pH 8.3) presented with a choice of different pH levels on the acid side versus neutral over
time. Each symbol represents an individual fish. All three methods used to determine
proportion time spent are plotted at each pH level with the same symbol for an individual. Three
methods of data collection are plotted. Proportion all (out of 600s) is the original method of
collection where only time spent on the acid side was enumerated if the fish was located outside
the drain area or neutral side. Proportion no drain is the same as proportion all but the time spent
at the drains by each fish has been subtracted from the total time available (600s – time spent at
drains (s)) prior to calculating the proportion of time spent. Proportion with drain (out of 600s)
adds time spent at the drains without crossing to the opposite side of the tank to the side the fish
had been occupying (i.e. if fish is on acid side swims across drain area but does not enter neutral
side then all time is considered spent on acid side). The only way to differentiate the three
methods is the lowest of the three symbols is always the proportion all method described above.
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Figure E7. Proportion of time spent on the acid side of the tank by individual brown trout (held
at pH 6.0) presented with a choice of different pH levels on the acid side versus neutral over
time. Each symbol represents an individual fish. All three methods used to determine
proportion time spent are plotted at each pH level with the same symbol for an individual. Three
methods of data collection are plotted. Proportion all (out of 600s) is the original method of
collection where only time spent on the acid side was enumerated if the fish was located outside
the drain area or neutral side. Proportion no drain is the same as proportion all but the time spent
at the drains by each fish has been subtracted from the total time available (600s – time spent at
drains (s)) prior to calculating the proportion of time spent. Proportion with drain (out of 600s)
adds time spent at the drains without crossing to the opposite side of the tank to the side the fish
had been occupying (i.e. if fish is on acid side swims across drain area but does not enter neutral
side then all time is considered spent on acid side).The only way to differentiate the three
methods is the lowest of the three symbols is always the proportion all method described above.
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Figure E8. Boxplots displaying time spent by brown trout on the acid side of the avoidance tank
(pH=4.0) by experiment (a = after 2 hr gradual decline of pH, b1= first observation in immediate
trials, and b2=second observation in immediate trials). Individual observations are represented
by x’s. The solid black line in each box represents the median. The extent of the colored area
represents the 25th to 75th percentile of the data while the dashed line extends to the most extreme
observations. Outliers are represented by open circles.

a

b1
Experiment

b2

93

400
300
200
100
0

Time Spent (s)

500

60

Figure E9. Boxplots displaying time spent by brown trout on the acid side of the avoidance tank
(pH=5.5) by experiment (a = after 2 hr gradual decline of pH, b1= first observation in immediate
trials, and b2=second observation in immediate trials). Individual observations are represented
by x’s. The solid black line in each box represents the median. The extent of the colored area
represents the 25th to 75th percentile of the data while the dashed line extends to the most extreme
observations.
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APPENDIX F
Supplementary Tables and Figures for Chapter 4
Table F1. The date of experimentation, trial, day, reach, side of reach acidified, flow on
acidified side while being acidified, flow without acidification on each side, and water depth.

Date Trial Day
8/1/11
1
1
8/1/11
1
1
8/1/11
1
1
8/1/11
1
1
8/1/11
1
1
8/1/11
1
1
8/2/11
1
2
8/2/11
1
2
8/2/11
1
2
8/2/11
1
2
8/2/11
1
2
8/2/11
1
2
8/10/11
2
1
8/10/11
2
1
8/10/11
2
1
8/10/11
2
1
8/10/11
2
1
8/10/11
2
1
8/11/11
2
2
8/11/11
2
2
8/11/11
2
2
8/11/11
2
2
8/11/11
2
2
8/11/11
2
2
8/17/11
3
1
8/17/11
3
1
8/17/11
3
1
8/17/11
3
1
8/17/11
3
1

Reach
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5

Side
Acidified
R
R
L
L
R
L
R
L
L
L
R
R
R
R
L
R
L
L
R
R
R
L
R
L
L
L
L
L
R

Flow
w/Acid
(m/s)
0.16
0.16
0.08
0.10
0.14
0.12
0.22
0.18
0.18
0.17
0.19
0.10
0.23
0.21
0.20
0.19
0.20
0.20
0.21
0.19
0.19
0.16
0.22
0.21
0.22
0.23
0.22
0.20
0.17

Flow
Neutral
Left
(m/s)
0.16
0.14
0.09
0.09
0.09
0.12
0.18
0.18
0.18
0.17
0.17
0.15
0.19
0.19
0.20
0.20
0.20
0.20
0.23
0.21
0.24
0.16
0.19
0.21
0.22
0.23
0.22
0.20
0.17

Flow
Neutral Water
Right Depth
(m/s)
(cm)
0.16
28
0.16
22
0.09
22
0.09
20
0.12
21
0.09
20
0.22
28
0.18
25
0.18
20
0.19
30
0.19
26
0.10
30
0.23
22
0.21
28
0.20
25
0.22
24
0.21
20
0.19
19
0.21
20
0.19
24
0.19
21
0.19
18
0.22
18
0.16
19
0.25
25
0.22
23
0.20
28
0.22
26
0.17
22
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Table F1 (cont.) The date of experimentation, trial, day, reach, side of reach acidified, flow on
acidified side while being acidified, flow without acidification on each side, and water depth.

Date Trial Day
8/17/11
3
1
8/18/11
3
2
8/18/11
3
2
8/18/11
3
2
8/18/11
3
2
8/18/11
3
2
8/18/11
3
2
8/19/11
3
3
8/19/11
3
3
8/19/11
3
3
8/19/11
3
3
8/19/11
3
3
8/19/11
3
3
8/26/11
4
1
8/26/11
4
1
8/26/11
4
1
8/26/11
4
1
8/26/11
4
1
8/26/11
4
1
8/27/11
4
2
8/27/11
4
2
8/27/11
4
2
8/27/11
4
2
8/27/11
4
2
8/27/11
4
2

Side
Reach Acidified
6
R
1
L
2
R
3
L
4
L
5
R
6
L
1
L
2
R
3
R
4
L
5
R
6
R
1
R
2
R
3
L
4
R
5
R
6
R
1
L
2
R
3
L
4
L
5
R
6
R

Flow
w/Acid
(m/s)
0.15
0.20
0.22
0.20
0.16
0.21
0.17
0.19
0.19
0.19
0.18
0.17
0.17
0.21
0.23
0.15
0.19
0.21
0.18
0.18
0.22
0.15
0.17
0.22
0.16

Flow
Neutral
Left
(m/s)
0.15
0.20
0.22
0.20
0.16
0.20
0.17
0.19
0.18
0.16
0.18
0.20
0.16
0.21
0.23
0.15
0.17
0.19
0.17
0.18
0.24
0.21
0.24
0.21
0.18

Flow
Neutral Water
Right Depth
(m/s)
(cm)
0.15
28
0.19
23
0.22
26
0.18
26
0.21
22
0.21
20
0.16
20
0.18
20
0.19
22
0.19
22
0.18
20
0.17
16
0.17
18
0.21
21
0.23
26
0.18
26
0.19
28
0.21
20
0.18
28
0.18
22
0.24
25
0.21
24
0.24
20
0.21
16
0.18
22
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Figure F1. Study reaches.

Figure F2. Fish collecton for the field study.
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Figure F3. Coolers used to transport fish from Rauchtown Creek to the field site.
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Figure F4. Floy tagging.

Figure F5. Header tanks and equipment used to mix and supply acid water.
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Figure F6. Observation stand and equipment used to monitor pH as well as fish behavior.

Figure F7. High water after thunderstoms.
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APPENDIX G
Supplementary Statistical Methods for Chapter 4: Effect of Pumping
The first GLMM was fit to determine the fixed effect of pumping on the proportion of time spent
on the acid side of the reach. This model was only applied to the data for indwelling fish which
would not have been exposed to pumping on the control side of a reach (where outdwelling fish
were located). Random effects included were fish and reach. The full model:
logit (proptimeijk) = β0 + β1 pumpij + u0j + u0k ,
where proptimeijk is the proportion of time spent on the treatment side during the ith observation
for fish j, in the kth reach, β0 is the fixed intercept, residual error: eij ~N(0, σ2res), β1 is the fixed of
effect of pumping and u0j is the random fish effect, u0j ~N(0, σ2fish), u0k is the random reach
effect, u0k ~N(0, σ2reach).
The following R code was used to fit the model by species:
##############################################################################
# Read in data
rm(list=ls())
df<-read.table('pumpingeffect.txt',header=T,na.strings='NA')
head(df)
summary(df)
dim(df)
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df$reach<- factor(df$reach)
df$trial<- factor(df$trial)
df$obs<- factor(df$obs)
df$day<- factor(df$day)
df$fish<- factor(df$fish)
df$trt<- factor(df$trt)
df$tot<- 1080
df$y<-cbind(df$time,df$tot-df$time)
df$prop<-df$time/1080
df<-subset(df,!is.na(prop))
###Calculate mean over all fish and reaches by observation period
tapply(df$prop, df$obs, mean,na.rm=TRUE)
sqrt(var(df$prop[df$obs=="Pumping"])/length(df$prop[df$obs=="Pumping"]))
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library(lme4)
m0 <-glmer(prop ~ 1 + (1|fish) + (1|reach),data=df,
family=binomial,na.action=na.omit,reml="false")
summary(m0)
m1 <-glmer(prop~ 1 + obs + (1|fish) +
(1|reach),data=df,family=binomial,na.action=na.omit,reml="false")
summary(m1)
############################################################################
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APPENDIX H
Supplementary Statistical Methods for Chapter 4: Response Time
The second GLMM was fit to compare the response time of brook trout and brown trout to
acidification. This model was applied to the data subset including only resident fish because fish
had to be sampling the side receiving acid water to measure the response time. Random effects
included were fish, reach, and species stocked. The full model was:
logit (responsetimeijklm) = β0 + β1 specij + u0j + u0k + u0l ,
where responsetimeijklm is the proportion of total time until a fish crossed from the treatment side
to the control side after acidification began during the ith observation for fish j, β0 is the fixed
intercept, residual error: eijklm ~N(0, σ2res), β1 is the fixed effect of species, u0j is the random fish
effect, u0j ~N(0, σ2fish), u0k is the random reach effect, u0k ~N(0, σ2reach), u0l is the random species
stocked effect, u0l ~N(0, σ2spec).
The following R code was used to fit the model by species:
##########################################################################
Read in data
rm(list=ls())
df<-read.table('logregress.txt',header=T,na.strings='NA')
head(df)
summary(df)
dim(df)
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df<-subset(df,!is.na(responsetime))
summary(df)
df$reach<- factor(df$reach)
df$trial<- factor(df$trial)
df$obs<- factor(df$obs)
df$day<- factor(df$day)
df$fish<- factor(df$fish)
df$trt<- factor(df$trt)
df$tot<- 1080
df$y<-cbind(df$responsetime,df$tot-df$responsetime)
df$y2<-cbind(df$time,df$tot-df$time)
tapply(df$responsetime, df$spec, mean,na.rm =TRUE)
sqrt(var(df$responsetime[df$spec=="BKT"])/length(df$responsetime[df$spec=="BKT"]))
sqrt(var(df$responsetime[df$spec=="BNT"])/length(df$responsetime[df$spec=="BNT"]))
library(lme4)
###Fixed intercept model###
m0 <-lmer(y~ 1 + (1|fish) + (1|reach) + (1|trt) +
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,data=df,family=binomial,na.action=na.omit, reml="false")
summary(m0)
m1 <-lmer(y~ 1 + spec + (1|fish) + (1|reach) + (1|trt) +
,data=df,family=binomial,na.action=na.omit, reml="false")
summary(m1)
##############################################################################
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APPENDIX I
Supplementary Statistical Methods for Chapter 4: Time Spent on the Treatment Side
The last GLMM was fit by species to determine the fixed effects of acidification, species present,
number of negative interactions received, and fish length on the proportion of time spent on the
treatment side of the reach by fish. The full model:
logit (proptimeijklm) = β0 + β1 acidij + β2 trtij + β3 negrecij + β4 lengthij + u0j + u0k+ u0l + u0m ,
where proptimeijklm is the proportion of time spent on the treatment side during the ith
observation for fish j, β0 is the fixed intercept, β1 is the fixed of effect of acidification, β2 is the
fixed effect of species stocked, β3 is the number of negative interactions received (standardized:
(x-μ)/σ), β4 is the fixed effect of fish length, u0j is the random fish effect, u0j ~N(0, σ2fish), u1k is
the random reach effect, u0k ~N(0, σ2reach), u2l is the random day effect, u0l~N(0, σ2day), and u3m is
the random trial effect, u0m ~N(0, σ2trial).
The following R code was used to fit the model by species:
##############################################################################
# Read in data
rm(list=ls())
df<-read.table('logregress.txt',header=T,na.strings='NA')
head(df)
summary(df)
dim(df)
df$reach<- factor(df$reach)
df$trial<- factor(df$trial)
df$obs<- factor(df$obs)
df$day<- factor(df$day)
df$fish<- factor(df$fish)
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df$trt<- factor(df$trt)
df$tot<- 1080
df$y<-cbind(df$time,df$tot-df$time)
df$prop<-df$time/1080

dfbrook<-subset(df, spec=="BKT" & !is.na(negrec))

dfbrook$reach<- factor(dfbrook$reach)
dfbrook$trial<- factor(dfbrook$trial)
dfbrook$obs<- factor(dfbrook$obs)
dfbrook$day<- factor(dfbrook$day)
dfbrook$fish<- factor(dfbrook$fish)
dfbrook$trt<- factor(dfbrook$trt)
summary(dfbrook)
library(lme4)
dfbrook <- within(dfbrook, obs<- relevel(obs, ref = 2))
m0 <-lmer(y ~ 1 + (1|fish) + (1|reach) + (1|day) +
(1|trial),data=dfbrook,family=binomial,na.action=na.omit, reml="false")
summary(m0)
m1 <-lmer(y ~ 1 + obs + trt + negrec + length + (1|fish) +
(1|reach),data=dfbrook,family=binomial,na.action=na.omit)
summary(m1)
m1a <-lmer(y ~ 1 + obs + trt + negrec + (1|fish) + (1|reach)
,data=dfbrook,family=binomial,na.action=na.omit, reml="false")
summary(m1a)
m1b <-lmer(y ~ 1 + obs + negrec + (1|fish) + (1|reach)
,data=dfbrook,family=binomial,na.action=na.omit, reml="false")
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summary(m1b)
###Calculation of probabilities
###Spending time on acid side during control period if holding negrec at 0
plogis(6.177182)
###Spending time on acid side during acid period if holding negrec at 0
plogis(6.177182- 5.080203)
###Spending time on acid side during control period if holding negrec at 6
plogis(6.177182-0.216299*6)
###Spending time on acid side during acid period if holding negrec at 6
plogis(6.177182- 5.080203-0.216299*6)
###Calculates the predicted logit proportion time spent on acid side during acid period
prop<- 6.177182 - 5.080203 -0.216299 * dfbrook$negrec
###Calculates the predicted logit proportion time spent on acid side during neutral period
prop2<- 6.177182 -0.216299 * dfbrook$negrec
###Converts to normal proportion scale
dfbrook$p.averagefish<- exp(prop)/(1+exp(prop))
dfbrook$p.averagefish2<- exp(prop2)/(1+exp(prop2))
###Brown Trout Time Spent
############################################################################
# Read in data
rm(list=ls())
df<-read.table('logregress.txt',header=T,na.strings='NA')
head(df)
summary(df)
dim(df)
df$reach<- factor(df$reach)
df$trial<- factor(df$trial)
df$obs<- factor(df$obs)
df$day<- factor(df$day)
df$fish<- factor(df$fish)
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df$trt<- factor(df$trt)
df$tot<- 1080
df$y<-cbind(df$time,df$tot-df$time)
df$prop<-df$time/1080
boxplot(time~trt*obs, data=df)
dfbrown<-subset(df, spec=="BNT"& !is.na(negrec))
dfbrown$reach<- factor(dfbrown$reach)
dfbrown$trial<- factor(dfbrown$trial)
dfbrown$obs<- factor(dfbrown$obs)
dfbrown$day<- factor(dfbrown$day)
dfbrown$fish<- factor(dfbrown$fish)
dfbrown$trt<- factor(dfbrown$trt)
library(lme4)
dfbrown <- within(dfbrown, obs<- relevel(obs, ref = 2))
###Fixed intercept model###
m0 <-lmer(y ~ 1 +(1|fish) + (1|reach) + (1|day) +
(1|trial),data=dfbrown,family=binomial,na.action=na.omit, reml="false")
summary(m0)
m1 <-lmer(y ~ 1 + obs + trt + negrec + length + (1|fish) + (1|reach)
,data=dfbrown,family=binomial,na.action=na.omit, reml="false")
summary(m1)
m1a <-lmer(y ~ 1 + obs + trt + negrec + (1|fish) + (1|reach)
,data=dfbrown,family=binomial,na.action=na.omit, reml="false")
summary(m1a)
m1b <-lmer(y ~ 1 +obs + negrec + (1|fish) + (1|reach)
,data=dfbrown,family=binomial,na.action=na.omit, reml="false")
summary(m1b)
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###Calculation of probabilities
###Spending time on acid side during control period if holding negrec at 0
plogis(4.36273)
###Spending time on acid side during acid period if holding negrec at 0
plogis(4.36273- 7.36832)
###Spending time on acid side during control period if holding negrec at 6
plogis(4.36273-0.40761*6)
###Spending time on acid side during acid period if holding negrec at 6
plogis(4.36273- 7.36832-0.40761*6)
###Calculates the predicted logit proportion time spent on acid side during acid period
prop<- 4.36273- 7.36832-0.40761 * dfbrown$negrec
###Calculates the predicted logit proportion time spent on acid side during neutral period
prop2<- 4.36273-0.40761 * dfbrown$negrec
###Converts to normal proportion scale
dfbrown$p.averagefish<- exp(prop)/(1+exp(prop))
dfbrown$p.averagefish2<- exp(prop2)/(1+exp(prop2))

##############################################################################
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