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Abstract

Within the boreal region of Canada, river ecosystems are affected by naturally low flows
in the summer months and hydropower operations, which can greatly influence the structure and
function of river food webs. Few long-term studies exist that assess spatial and temporal
variation in fish feeding in natural and regulated boreal rivers. Such studies would provide
improved understanding of the role that temporal and spatial scale plays in the interpretation of
how environmental influences such as flow affect food aquatic webs. The overall objective of
this thesis was to examine factors affecting fish feeding in natural and regulated rivers, at over
short and long-term and also within multiple river reaches.

In Chapter 2, fish feeding niche and stable isotope composition were compared over two
reaches and ten years within the Batchawana River (a natural boreal river in northern Ontario),
and in relation to flow metrics such as mean, minimum and maximum flow and temperature.
Fish 6*C and 5™N were found to be temporally invariant in upstream and downstream river
reaches. Feeding niche was temporally invariant only at the lower Batchawana River reach, with
a significant increase in feeding niche observed through time for the upper river reach. There was
only one significant correlation between the standard deviation of >N and the standard
deviation of mean daily flow, but no other significant correlations between fish isotope
composition (8*3C or §*°N) and select flow metrics. In Chapter 3, two rivers in south-central
Newfoundland allowed for comparison of stomach contents, stable isotopes and feeding niche in
normal and low flow years. During a low flow year, feeding niche decreased in the natural river
and was not significantly different from that of the regulated river. The work within this thesis
provides a better understanding of how fish feeding varies over space and time in natural and

regulated rivers and in response to normal and low flows.
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General Introduction

As open systems, rivers are intricately linked by hydrologic and geomorphic processes to
the longitudinal, lateral and vertical environments (Ward 1989; Pinay 2002). Rivers are not only
water, but represent the integration of local physical processes such as geography,
geomorphology, climate, weather, as well as the biological communities that depend on them
(Jungwirth et al. 2002). Rivers are naturally complex and support a broad diversity of aquatic
species and provide a number of ecological goods and services (Cushman 1985; Sparks 1995;
Karr and Chu 2000), along with having a long history of supporting the human population
(Baxter 1977; Sparks 1995; Jungwirth et al. 2002). They provide an essential source of water to
people in the surrounding watershed, and are used for drinking, recreation, and transportation
(Sparks 1995; Jungswirth et al. 2002). Rivers are influenced by natural hydrological events, and
the increasing number of human stressors such as hydropower and pollution (Ligon et al. 1995).
Due to the significance of rivers for both human and ecosystem needs, it is important to make
every effort to conserve them. Conserving river health and integrity depends on understanding
the functional roles and linkages between riverine organisms, and the factors influencing river
hydrology such as natural environmental variation and anthropogenic influences such as

hydropower operations (Richter et al. 2003).

Life within rivers

Life history characteristics and seasonal phenologies of riverine organisms and the
structure of river communities are closely linked to environmental conditions such as
temperature (Powell and Logan 2005), the timing of flood events (Sparks 1995), the inherent
physical factors of the river (e.g., substrate type, current speed); (Dudley et al. 1990), and how
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these vary over space and time. Natural hydrological fluctuations such as seasonal high and low
flows, have a strong influence on nutrient and subsidy exchange, are responsible for shaping the
river channel and for distributing sediments, influencing the availability and diversity of taxon
habitats (Sparks 1995), and contributing to the structure and function of the river ecosystem
(Dudley et al. 1990). Naturally variable hydrological events, such as seasonal floods and
droughts, influence habitat and resource availability, biological diversity, and interactions among
river organisms (Poff et al. 1997; Maddock 1999).

The natural flow paradigm

Management of river systems has shifted towards a more complete understanding of the
entire range of flow variability within the hydrological regime due to the importance of natural
flow variability for maintaining the structure and function of river ecosystems, and the
distribution and abundance of river species (Poff and Zimmerman 2010). The components of the
flow regime believed to best characterize flow variability and to be responsible for maintaining
the integrity of river systems are magnitude, frequency, duration, timing, and rate of change
(Poff et al. 1997; Olden and Poff 2003). Magnitude refers to the quantity of water moving past a
given point per unit time. Frequency of occurrence refers to the number of observations above or
below a given flow magnitude over a specified time interval. Duration refers to the amount of
time allocated to a particular flow event (e.g., how long a drought lasts). Timing refers to the
calendar date in which a specific flow event occurs, indicating the predictability of flow events.
Lastly, rate of change refers to how quickly measured flow changes from one time period to
another (i.e., hourly change in magnitude); (Poff et al. 1997; Olden and Poff 2003). Accounting
for natural variability within the flow regime allows for comparison of natural flow conditions to
those that may be altered by human-induced changes to flow.
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What constitutes a disturbance?

Disturbances are rapid, prolonged, and unexpected changes in the immediate
environment, exceeding the normal range of conditions to which organisms have adapted, and
affecting the well-being and survival of organisms (Minshall 1988). Disturbances will affect
organisms differently, depending on their size, life history characteristics, and movement
capabilities (Minshall 1988; Statzner et al. 1988). While this thesis does not explicitly test for the
influence of climate change on biological communities, it does touch upon the influence of
temporal variations in flow on fish and invertebrates within rivers. Intra- or inter-annual variation
in flow and temperature can be mediated by climatic patterns (Meyer 1999). Changes in climatic
conditions are expected to alter ecosystems beyond natural ranges of environmental conditions
(Kayler et al. 2015) and may interact with human mediated impacts (Gibson et al. 2005).
Globally, climate change has affected the hydrological cycle through increases in temperature,
changes to precipitation patterns and river discharge (Nijssen et al. 2001). At a more regional
scale, climate changes can substantially alter river ecosystems through modifications to the
frequency, magnitude, timing, duration and rate of change of flows, which affect the structure
and function of biotic communities (Gibson et al. 2005).

To assess how biological communities respond to changing hydrological and thermal
conditions, long-term studies are needed. However, few long-term, multi-species, multi-site
studies have explored how food webs vary naturally and in response to altered hydrological
regimes and temperature fluctuations at differing spatial and temporal scales (Daufresne and
Boét 2007). Those few studies that have explored impacts over relatively long periods (>10
years) have indicated that shifts in fish and invertebrate abundance, and the timing of life cycle

events were significantly correlated with temperature (Daufresne et al. 2003). For example, 1°C
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increases in temperature have been correlated with declines of total invertebrate abundance by
21% (Durance and Ormerod 2007). In the St. Lawrence River, a 1.3 °C increase in water
temperature was associated with a decline in discharge over the last 50 years, which modified the
recruitment of both cold and warm water fish species (Hudon et al. 2010). There is a need for the
completion of more long term research on fish and invertebrate community feeding niches which
explicitly evaluates the direct and indirect food web effects of possible environmental stressors,
such as natural and altered variation in flow.
General context of thesis

The work within this thesis provides empirical testing of the relationships between
components of the flow regime and fish feeding niche, in natural and regulated boreal rivers. The
thesis consists of a general introduction chapter, two data chapters (Chapters 2 and 3), and a
conclusion and scientific contributions chapter. At the time of thesis submission, Chapter 2 and 3
were published in Ecohydrology, and River Research and Applications (Brush et al. 2016 and

Brush et al. 2014, respectively).

Research Objectives

The objective of this thesis is to address the need for assessment of the perceived
relationships between components of the flow regime and food web metrics in regulated and
natural rivers. The environmental factors influencing fish diet, feeding niche and food chain
length are examined across two reaches and ten years within a natural river in Ontario, and one

reach and two years using paired dam-affected and natural rivers in Newfoundland.



Study rivers

Cold Spring Pond, Newfoundland, is a reservoir which distributes water for hydropower
production, and also is used to supply water to the West Salmon River (N48°17'244",
W056°23'006"). A control structure (gate) was created between Cold Spring Pond and West
Salmon River in 1981 to divert water from the West Salmon River to the hydropower facility
(Scruton et al. 2008). The West Salmon River is located below the West Salmon dam at the most
southern portion of Cold Spring Pond. Flow into the West Salmon is regulated seasonally and
varies from 40% of the pre-project mean annual flow (MAF); (2.6 m*/s) from June 1- November
30, and 20% of the pre-project MAF (1.3 m%/s) for the remainder of the year. Within the upper
reach (where the study took place), flow is kept artificially steady by the outflow from the
control structure. Twillick Brook (N48°10'592", W055°57'137") is a natural, unregulated river
similarly sized to the West Salmon River, with an abundance of pool and riffle habitats
favourable for Atlantic salmon (Salmo salar), brook charr (Salvelinus fontinalis) and three-
spined stickleback (Gasterosteus aculeatus) populations.

North of Sault Saint Marie, Ontario three reaches spanning over 20 km on the
Batchawana River (N47.0°W84.0°) were chosen. The Batchawana River follows a natural
hydrograph, with increasing flows associated with precipitation and run-off events (Marty et al.
2009; Patterson and Smokorowski 2011; Smokorowski et al. 2011). The work completed on the
Batchawana River provides a better understanding of how natural levels of environmental

variability can influence biological communities over space and time.



Study taxa

Fish and invertebrates were chosen as study taxa because they are important components
of the food web and are directly influenced by components of their environment (flow and
temperature). Fish are easy to identify and life history information is available for most fish
species (Karr 1981). Because they are relatively long-lived and mobile, fish serve as integrators
of ecological processes at a range of spatial and temporal scales within rivers, providing an
indication of the status of their habitats (Hynes 1970; Harris 1995). Information pertaining to fish
communities as economic resources can be easily interpreted by the general public (Harris 1995).
Invertebrates have been widely studied in river ecosystems, are easy to collect, and the impacts
of flow modifications on community composition and diversity are known (Boon 1988; Valentin
et al. 1995; Hart and Finelli 1999; Cortes et al. 2002; Jones 2010).

In Newfoundland, Atlantic salmon (Salmo salar) and brook charr (Salvelinus fontinalis),
spanning available size classes, were sampled. Benthic invertebrate species collected included:
Trichoptera (mainly Hydropsychidae and Philopotamidae), Plecoptera (Perlidae), Ephemeroptera
(Heptageniidae), Diptera (Chironomidae and Simuliidae), Hirudinea, and freshwater mussels.

In the Batchawana River, the sampled fish community included: brook charr, rainbow
trout (Oncorhynchus mykiss), white sucker (Catostomus commersonii), yellow perch (Perca
flavescens), longnose sucker (Catostomus catostomus), American brook lamprey (Lampetra
appendix), burbot (Lota lota), common shiner (Luxilus cornutus), longnose dace (Rhinichthys
cataractae), blacknose dace (Rhinichthys atratulus), Northern redbelly dace (Phoxinus eos),
creek chub (Semotilus atromaculatus), lake chub (Couesius plumbeus), slimy sculpin (Cottus
cognatus), mottled sculpin (Cottus bairdii), logperch (Percina caprodes), trout perch (Percopsis
omiscomaycus), brook stickleback (Culaea inconstans), lowa darter (Etheostoma exile), and
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johnny darter (Etheostoma nigrum). In some cases, not all fish species were captured at all
sample locations. Invertebrate taxa sampled included: Ephemeroptera (Heptageniidae, Baetidae,
Oligoneuriidae, Ephemerellidae), Stoneflies (Perlidae), Odonata (Gomphidae and Aeshnidae),
Trichoptera (Hydropsychidae, Polycentropodidae, Philopotamidae, and Limnephilidae) and
Gastropoda (Lymnaea stagnalis and Promenteus exacuous).

Following the objectives outlined above, the subsequent two chapters highlight key
aspects and important findings of the thesis. Chapter 2 involves work on a natural river north of
Sault Sainte Marie, Ontario, which examines long-term (10 year) data on stable isotopes of fish
in relation to space, time, and selected flow and temperature metrics. Chapter 3 involves work
from a natural and regulated river in Bay d’Espoir, Newfoundland where dietary and stable
isotope analyses were used to investigate the influence of a low flow year on feeding ecology of
resident fishes.

Chapter 2 Summary: Fish feeding niche characterization over space and time in a natural
boreal river

Relationships between flow, temperature and trophic metrics (5*3C, §*°N and feeding
niche area) were examined using fish collected from two sites over a 10-year period from a
natural, unregulated river in the boreal forest region of northern Ontario over time and space.
Specifically, based on the need to characterize fish feeding at spatial and temporal scales within
unaltered rivers (Poff and Zimmerman 2010) and existing literature that suggests that there are
predictable relationships between flow and river community structure and function (Poff and
Ward 1989), the following hypotheses were tested: (i) trophic metrics representative of feeding
opportunities available to the fish community do not vary temporally; (ii) if variation in trophic
metrics exists, it will be positively correlated to the variation in flow and temperature; (iii) there
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will be a significant difference in fish feeding niche between low and high flow years; and (iv)
consistent with the predictions of the river continuum concept (Vannote et al. 1980), the upper
river reach will have smaller fish feeding niche areas and isotopic resource widths compared
with the lower reach.
Chapter 3 Summary: The impact of low flow on riverine food webs in south-central
Newfoundland

Few studies have examined how low-flow events specifically affect the feeding ecology
of fish in boreal forest rivers (Monk et al. 2008; Rolls et al. 2012). To address the knowledge
gap, fish diet composition, mean and variance of fish 8*3C and "°N, resource use and overlap
were compared in a low flow and normal-flow year using data collected for fish from a pair of
boreal rivers; one regulated and one unregulated. Within the regulated river, it was expected that
there would be no intra-annual or inter-annual differences in resource use owing to the relative
lack of flow variation, and in the natural river, it was expected that there would be high intra-
annual and inter-annual differences in resource use owing to seasonal and inter-annual
differences in flow. The study tested the hypotheses that: (i) there would be no inter-annual
variation in resource use or overlap for fish in the regulated river, but within-river resource
overlap between fish species would be higher in the low-flow year within the natural river, and
(ii) resource overlap between rivers would be higher in the low-flow year.

Research explored within this thesis has provided a significant contribution to
management through a better understanding of how scale and also how community diversity can
affect the interpretation of fish community responses to spatial and temporal variation in

temperature and flow.



Chapter 2
Introduction

Within natural river ecosystems, environmental factors such as temperature and flow
have a clear influence on community structure and function (Poff et al.1997; Maddock 1999;
Bunn and Arthington 2002). The life history characteristics and phenologies of riverine
organisms are closely linked to temperature (Powell and Logan 2005), the timing of flow events
(Sparks 1995), the inherent physical factors of the river, e.g., substrate type, water velocity
(Dudley et al. 1990), and how these vary over space and time. Natural hydrological fluctuations,
such as seasonal high and low flows, have a strong influence on nutrient and subsidy exchange.
Seasonal flows are also responsible for shaping the river channel and for distributing sediments
that influence the availability and diversity of taxon habitats (Sparks 1995; Bradford and
Heinonen 2008), thereby contributing to the structure of the river community (Dudley et al.
1990).

In boreal regions across the globe, changes in climate are expected to decrease
precipitation and increase temperature-induced evapo-transpiration (Xenopoulos and Lodge
2006; Woo et al. 2008; Jellyman et al. 2013) and, as a result, decrease flows in lotic ecosystems
(Woo et al. 2008). Such changes are predicted to directly influence the thermal and flow regimes
of freshwater ecosystems (Malmgqvist and Rundle 2002). While variability is a feature of all
ecosystems (Holling 1973), climate change is expected to increase variability in environmental
conditions such as temperature (McCarty 2001; Parmesan and Yohe 2003) and flow (Ward et al.
2015). Higher variability in flow and temperature have been associated with higher variability in
invertebrate abundance and diversity (Currie et al. 2004) and lower population growth rates in

salmonid fishes (Ward et al. 2015), although greater invertebrate community stability has been
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documented to occur in river reaches experiencing both higher variability in flow and higher
relative flood sizes (Scarsbrook 2002).

The interpretation of how environmental factors affect aquatic communities is largely
dependent on spatial and temporal scale (Martinez and Lawton 1995; Jackson et al. 2001,
Jackson and Fireder 2006). To date, few long-term studies of riverine fishes in aquatic
communities have been completed (Woodward and Hildrew 2002), and there remains a need to
collect long-term data to better understand the long-term ecological dynamics of rivers and
develop flow standards (Poff and Zimmerman 2010). The studies that have been completed have
typically focussed on changes in fish community structure and/or constituent population
abundance (Grossman et al. 1982; Elliott and Hurley 1998; Vgllestad and Olsen 2008; Lobdn-
Cervié 2012). Thus, there remains a need for more empirical studies that examine the structural
factors affecting fish and their food webs at broad spatial and temporal scales (Woodward and
Hildrew 2002).

Longitudinal variation in river habitat can also influence fish community composition
(Troia and Gido 2013). Specifically, downstream increases in channel width and water depth,
and decreases in channel gradient and bed material size can affect the distribution and abundance
of fishes (Inoue and Nunokawa 2002; Tejerina-Garro et al. 2005). Thus, along the length of
rivers, fish communities undergo gradual changes in composition because of abrupt or gradual
physicochemical changes driving biological and habitat features (Matthews 1986). As embodied
in the river continuum concept, such changes should elicit corresponding changes in river-
resident biological communities as a result of changes in the patterns of nutrient loading,

transport and utilization (Vannote et al. 1980).
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Fish species richness generally increases along the upstream-downstream gradient within
rivers because of increased habitat diversity and habitat size, e.g., wetted width (Tejerina-Garro
et al. 2005). Downstream increases in habitat size, as well as tributary inputs can contribute to
spatial differences in prey abundance and diversity (Vannote et al. 1980), which can broaden
ecological feeding niches for fish. Where relative abundance measures of fish in the community
have not been quantified, examining the ecological feeding niche is a useful way to examine
community stability over space and time (Rosenfeld 2002). While the feeding niche is only one
part of the total ecological niche of a species, it does provide a means of examining the response
of fish communities to environmental variability over time and space. Quantifying long-term and
spatial variability in fish *3C, >N and feeding niche within a natural river ecosystem will thus
help evaluate whether, and how, a natural fish community responds to environmental variability.

For this study, | used fish obtained from two sites over a ten year period from a natural,
unregulated river in the boreal forest region of northern Ontario to investigate relationships
between flow, temperature and trophic metrics (5°C, §°N, and feeding niche area) over time
and space. Specifically, based on the need to characterize fish feeding at spatial and temporal
scales within unaltered rivers (Poff and Zimmerman 2010) and existing literature which suggests
that there are predictable relationships between flow and river community structure and function
(Poff and Ward 1989), the following hypotheses were tested: i) trophic metrics representative of
feeding opportunities available to the fish community do not vary temporally; ii) if variation in
trophic metrics exists it will be positively correlated to the variation in flow and temperature, iii)
there will be a significant difference in fish feeding niche between low and high flow years, and,

iv) consistent with the predictions of the river continuum concept (Vannote et al. 1980), the
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upper river reach will have smaller fish feeding niche areas and isotopic resource widths

compared to the lower reach.

Methods
Study reaches

Located on the north-eastern portion of Lake Superior, Ontario, Canada, the Batchawana
River is typical of the boreal region, with slightly coloured waters originating from a relatively
unperturbed watershed. Samples for analysis were collected from two reaches, designated as the
upper Batchawana (N 47° 10> W 84° 20°) and the lower Batchawana (N 47° 01° W 84° 31°),
approximately 30 river kilometers apart (Figure 2.1). The flow regime (mean annual flow: 22
m?3s™) follows a typical hydrograph for the region, with high flows at the spring freshet and in the
fall (Marty et al. 2009). Substrate within the river is comprised of cobble, and small areas of
gravel, and sand. Substrate grain size is larger in the upper than in the lower reaches of the river,
with the upper reaches of the river having irregular patches of large boulder and bedrock.
Relative channel width measurements increase from 31 m in the upper Batchawana to 36 - 44 m
in the lower Batchawana. Terrestrial vegetation is typical of boreal shield species and is similar
within both reaches, with dense canopy cover of speckled alder (Alnus incana), yellow birch

(Betula alleghaniensis) and white spruce (Picea glauca).

Study species and sample collection
Fish species collected and their main prey items are represented in Table 2.1. Species
sampled represented a similar variety of feeding habitats (benthic, water column and generalist)

as classified by the standard handbook of Freshwater Fishes of Canada (Scott and Crossman
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1973). Collectively the sampled fish species consume various stages of aquatic invertebrates,
including the larvae of midges, mayflies, dragonflies, and caddisflies (Scott and Crossman 1973).
All sampled fish ranged in size from 14 to 137 mm, and approximately equal numbers of male
and female fishes were sampled. As fish home range size increases allometrically with body size
(Minns 1995), use of smaller bodied fish ensured samples were representative of local
conditions.

Permission for fish sampling was obtained from the Great Lakes Laboratory for Fisheries
and Aquatic Science/Water Science and Technology Directorate Animal Care Committee,
Burlington, Ontario, Canada. Collections were made using standardized protocols employing
backpack (Smith-Root Model LR-24) electrofishing methods (Bohlin et al. 1989; Meador et al.
2003; Reynolds et al. 2003) in each July of 2003-2012. Fish were sampled in locations of the
river reach with depths less than 60 cm. Within a river reach of approximately 500 m?,
electrofishing took place until an adequate sample had been randomly obtained (approximately
3-5 of each individual fish taxa). Consistency of the sampling crew ensured minimal year to year

variation in protocol use.

Stable isotope analysis

Stable isotope values were measured for all fish and invertebrate species following
methods described in Marty et al. (2009). Stable carbon (5'*C) and nitrogen (8*°N) isotope
analyses can be used to evaluate consumer dietary ecology, both at the individual and
community level (Post 2002; Bearhop et al. 2004), as they integrate prey resource use over time
(Bearhop et al. 2004). For fish, dorsal muscle tissue was removed from above the lateral line and

posterior to the dorsal fin. Skin and bone were removed and the sample was dried in a standard
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laboratory convection oven (Yamato Scientific, Model DX 600, California, USA) at 50°C for 48
hours and then ground to a powder using a mortar and pestle.

Approximately 300 pg of ground tissue was combusted for stable isotope analyses using
a Delta Plus Continuous Flow Stable Isotope Ratio Mass Spectrometer (Thermo Finnigan,
Bremen, Germany) coupled to a Carlo Erba elemental analyzer (CHNS-O EA1108, Carlo Erba,
Milan, Italy). All analyses were completed at the Environmental Isotope Laboratory, University
of Waterloo (Waterloo, Ontario, Canada), with results expressed in standard 6 notation. Working
internal laboratory standards were calibrated against the International Atomic Energy Agency
standards CH6 for carbon and N1 and N2 for nitrogen and run as controls throughout the
analysis to ensure the continued accuracy of all measurements. Analytical precision was assessed
by mean differences of one in ten duplicate samples, where the mean + standard deviation was

0.13 £ 0.2 %o for 8:3C and 0.17 + 0.2 %o for *°N.

Data Analysis

Calculated flow metrics considered in the study included: minimum, maximum, mean
summer flow, standard deviation of summer flow, flow variability expressed as a rate of change
(Marty et al. 2009; Armanini et al. 2014), and frequency of extreme flow events. Daily summer
flow metrics were calculated using available daily flow data obtained for station 02BF001 from
the Water Survey of Canada website (http://www.wsc.ec.gc.ca). Minimum, maximum, mean and
standard deviation of daily summer flow data were calculated between June 1% and August 31%
within each year. Hourly flow variability (m®s™h™) was calculated as rate of change using the
absolute difference in flow between hours (Marty et al. 2009). The mean of all the absolute

differences gives the flow variability measurement for the period of interest. To calculate the
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relative frequency of extreme flow events, each hourly discharge measurement (m?s™) was given
a z-score. Extreme flow events were identified by individual hours with z-scores indicating that
they deviated from mean daily summer discharge by more than £ 2 SDs. The relative frequency
of extreme flow was then determined by dividing the number of observations that exceeded + 2
SDs by the total number of observations within the period of interest. Daily water temperature
data were obtained from the Ontario Ministry of Natural Resources (R. Metcalfe, personal
communication). Daily water temperature data were available for all years, except 2012 where
complete data were not available for the period of interest owing to equipment failure.

All stable isotope data were tested for normality using the Shapiro-Wilks W test (Zar 2010).
Equality of variances between years in 5'*C and "N data was tested using Levine’s
homogeneity of variance test to ensure similarity of variance in data (Zar 2010) used to
subsequently calculate analytical measures. Statistical analyses were performed using Systat
version 11 (Statsoft Inc. 2004) with significance set at a = 0.05. The SIBER (Stable Isotope
Bayesian Ellipses in R; Jackson et al. 2011) method was used in the SIAR package (version
4.1.3) to evaluate isotopic niche widths (measured as a standard ellipse area, SEA, in 8*3C- §*°N
space) for the fish. As a result of functional overlap between predators and prey in food webs,
species in community food webs are commonly aggregated for analytical purposes (Solow and
Beet 1998; Abrantes et al. 2014) as a means of reducing methodological biases that may arise in
the data (Williams and Martinez 2000). Lumping fish species to calculate community metrics
had little impact in overall ANOVAS because species variation represented a small portion of
overall variance in our dataset (1.3 and 10.7 % for '°C and 8™°N, respectively). The Bayesian
methods used in SIAR take account of uncertainty in sampled data and incorporate sampling

error, thus allowing for statistical comparisons (Jackson et al. 2011). The methods are also
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ideally suited to making comparisons between different communities (Jackson et al. 2011). The
estimated SEA measure is unbiased with respect to sample size (Jackson et al. 2011), but
encompass only 40 % of the available data points, approximately one standard deviation in the
data (Batschelet 1981). Accordingly, the SEA measures were expanded here to include two
standard deviations which encompass 95 % of the data and better represent data variability
(Chew 1966; Jackson et al. 2011). All SEA ellipse estimates were further adjusted for small
sample sizes (< 30) to obtain SEAc, which corrects for possible under-estimation of the ellipse
area as a result of small sample sizes (Jackson et al. 2011; Brush et al. 2014).

Because of the implications of non-stationarity in the data implied by possible
autocorrelation, data series were examined for stationarity using standard statistical techniques as
described in Abraham and Ledolter (1983) prior to further statistical analyses. Specifically, the
autocorrelation and partial autocorrelation functions were estimated and the significance of peaks
at lags 1 through 5 was assessed using the Ljung-Box Q statistic and necessary corrective action
as prescribed by Abraham and Ledolter (1983) was applied. As a final precaution, linear
regression residuals were also examined for evidence of residual autocorrelation using standard
statistical procedures as outlined in Abraham and Ledolter (1983).

The temporal invariability hypothesis (i) was tested by regressing the trophic metrics (SEAc,
mean 8"3C and §'°N) against time using least-squares linear regression on both the upstream and
downstream data sets (Zar 2010). Linear regression was similarly used to test hypothesis (ii)
concerning the significance of relationships between variation in trophic metrics and variations
in flow (SD mean daily flow, flow variability, and frequency of extreme flows) and temperature

(SD mean daily temperature) metrics using the upstream and downstream data sets individually.
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Flow years were categorized as either a high or low flow year, on the basis of maximum,
minimum and mean daily summer flow, using K-means analysis (Zar 2010). Low flow years had
mean daily summer discharges that were below 4.5 m®s™, except for 2010 where limited flow
data were available. Supplementary data obtained from the Water Survey of Canada gauge on
the nearby Magpie River (02BD007) were used to characterize 2010 as a low flow year. A two-
way ANOVA was used to test hypotheses (iii) and (iv) using trophic metrics (e.g., mean and
variance of 8"°C and 3"°N, and SEAc) as the dependent factors and flow year type (high versus

low) and river reach (upper versus lower) as the independent factors.

Results

Mean =+ standard deviation (SD) summer discharge varied between 3.7 + 1.9 m®™ and
14.7 + 6.3 m’s™ (Table 2.2), with maximum summer discharge being on average slightly more
variable (coefficient of variation, CofV = 75.5%) than minimum summer discharge (CofV = 72.8
%). Hourly flow rate of change ranged between 0.02 m*s™h™ and 0.20 m*s*h™. The frequency of
extreme flows across all years ranged between 2.50 % (year 2009) to 8.50 % (year 2010). Mean
+ SD daily summer temperature varied between 19.62 + 2.49 °C and 22.83 + 2.32 °C, and was
consistently less variable between years (CofV = 5.20 %) than mean daily summer discharge
(CofV = 85.82 %). Mean + SD §™*C of the fish sampled from both sites ranged from -27.93 +
1.25 %o to -24.93 + 1.36 %o, and the mean + SD 8*°N ranged from 6.63 + 0.48 %o to 8.30 + 0.74
%o (Table 2.3).

There was no pervasive evidence of non-stationarity in the annual data series with 12 of
the 15 tested series, including those for flow, temperature and isotope measures, considered
stationary (Ljung-Box Q statistic P < 0.5). The remaining 3 series were stationary at the 0.4 level
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of significance and showed no evidence of significant period to period correlations when
assessed using partial autocorrelation techniques (all lag P < 0.05). Given the lack of convincing
evidence for autocorrelative structure in the data series and the implications of data loss
associated with correction procedures (Abraham and Ledolter 1983), no autocorrelative
corrective procedures were used.

The standard ellipse areas (SEACc) ranged between 4.12 and 17.60 (Table 2.3). There was
a significant increase in SEAc through time for the upper Batchawana (regression slope = 0.62,
R?=0.62, p < 0.01; Figure 2.2). Consistent with the temporal invariance hypothesis (i), there
was no significant trend (p = 0.28) in SEAc through time for the lower Batchawana (Figure 2.2).
Furthermore, there was no significant trend in mean &*°C in either the upper (p = 0.20) or the
lower (p = 0.07) river reaches (Figure 2.3).There was also no significant temporal trend in mean
8N in the upper (p = 0.15) or the lower (p = 0.28) river reaches. All tested linear regression
residuals showed no evidence of autocorrelative structure.

Congruent with hypothesis (ii), where temporal variation in trophic metrics existed, there
was a corresponding significant positive relationship (Figure 2.4) between variation (SD) in §°N
and variation (SD) in mean daily flow (R? = 0.49, p = 0.03) in the upper Batchawana, but not the
lower Batchawana (R” = 0.14, p = 0.28). There were no other significant correlations between
variation in flow and temperature and variation in 5°C and 8*°N (all p > 0.05). All tested linear
regression residuals showed no evidence of autocorrelative structure.

The flow effect hypothesis (iii) was not substantiated by the data, with two-way ANOVA
analysis indicating that fish SEAc did not differ significantly (p > 0.05) by flow year type (Table
2.4; Figure 2.5; Figure 2.6). Data, substantiated the continuum hypothesis (iv), with two-way
ANOVA indicating a significant difference in SEAc between the reaches (p < 0.01), with mean
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SEACc in the lower reach exceeding that in the upper reach (13.05 vs 7.86 %o)(Figure 2.5).
Significant differences were observed in the variance of 5'*C between river reaches (p < 0.01)

but not in the variance of §°N (p > 0.05).

Discussion

The influence of temperature and flow on fish community trophic metrics was
investigated over time and space, using a long-term dataset from a riverine ecosystem with a
natural flow regime. As hypothesized, trophic metrics as represented by §'*C and §*°N were
found to be temporally invariant at both the upstream and downstream river reaches. Isotopic
niche, as characterized by SEAc, was temporally invariant only at the lower Batchawana River
sampling reach, with a significant increase in SEAc observed through time for the upper river
reach. Where variation in the trophic metrics was observed, it was positively correlated with
variation in the physical environment, as hypothesized. While SEAc did not differ between flow
year types as expected, consistent with the river continuum concept (Vannote et al. 1980), fish
from the lower Batchawana River had significantly higher SEAc values than fish from the upper
Batchawana River.

Despite variable temperature and flow, studied trophic metrics calculated using fish
community data did not vary temporally with the exception of SEAc in the upper river reach.
SEACc was temporally invariant in the lower Batchawana River, yet increased through time in the
upper Batchawana. Fish can be generalist feeders and so will adapt to any changes in the
abundance or diversity of their prey resources brought about by inter-annual variation in flow,
temperature or other environmental parameters. Dietary generalism has been shown to enhance

food web stability (Polis 1991) and has been suggested to confer stability on food webs (Layer et
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al. 2010), with the result that feeding niches are not likely to vary much through time as has been
noted here. As a result, fish assemblages are thought to be more persistent in river reaches with
little flow variability compared with those subject to high flow variability (Grossman et al. 1982)
and as demonstrated by Jellyman et al. (2013), fish biomass and community structure similarly
display less temporal variability within stable river reaches than at disturbed sites. In addition,
fish community biomass has been shown to be temporally stable relative to individual species
(Smokorowski and Kelso 2002), with such stability having implications for within-community
feeding. Temporal variability in the fish community metrics may be linked to the successional
processes that occur following natural seasonal disturbances that require the re-establishment of
a suitable resources base (e.g., invertebrates) as pre-requisite to re-occupancy of the habitat by
fish (Taylor and Warren 2001) and in that way are linked to food web stability.

Fish can be redundant in their ecological roles such that if one fish species is negatively
affected by low flow (for example), through competitive release another similar fish species will
be able to exploit “newly” available resources (Bolnick et al. 2010). Indeed within the
assemblage of fishes considered here, there were multiple representatives of each trophic feeding
guild, although benthic insectivores dominated as a group. The ability of species to varyingly
exploit resources as physical conditions change is consistent with the niche
compression/expansion hypothesis (MacArthur and Wilson 1967) that predicts an expansion of
the habitat used by a species due to decreased competitive pressure without a major change in the
feeding niche (Tracy and Christian 1986).

In addition, consuming a varying diversity or abundance of prey resources may not
necessarily result in major temporal changes in tissue 5°C/ §*°N of fish, because of possible
similarity in isotopic composition among prey items. Mobility, short life cycles, high
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reproductive rates, and the ability to encyst or to burrow into the substrate allows invertebrates to
avoid or adjust to regular variations in the stream environment (Minshall et al. 1983), with the
result that the available prey resource base may not vary substantially over time at any given site.
Coupling between littoral and main channel habitats may further allow fish to buffer the effect of
environmental variation and maintain constancy in prey selection given studies that suggest
sufficient energy and taxonomic diversity at all trophic levels is present in the main channel to
support functional food webs (Dettmers et al. 2001). The lack of temporal changes in fish isotope
measures, therefore, may reflect the generalist feeding behaviour of fishes able to spatially
average assimilated prey items.

The upper reach of the Batchawana experienced a temporal increase in fish feeding niche,
with an associated increase in the variability of fish §°N driven by mean daily flow and there
was a corresponding significant temporal increase in SD §™°N (Table 2.3). As a result of the
significant relationship between SD 8*°N and SD mean daily flow, a temporal increase in §°N
variability results in higher SEAc via expansion of the 8"°N axis. As flow variability increases,
mechanical effects such as shear stress and drag forces can affect the composition and abundance
of invertebrate communities, which in turn can influence predator feeding behaviour (Hart and
Finelli 1999). Feeding broadly on multiple prey items (with distinct 5*°N signatures) as flow
variability increases (Bunn and Arthington 2002; Balcombe et al. 2005), will contribute to §*°N
variability and feeding niche over time as observed here. In contrast, temporal constancy of
feeding niche, fish 5°N and mean daily flow variability in the lower reach relative to the more
variable upper reach emphasizes the ability of a tributary to moderate and stabilize flows
(Horwitz 1978). When flows are less variable, invertebrate and fish communities tend to become

more specialized (Poff and Allan 1995). Here, the consistency of feeding niche within the lower
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reach may be related to influence of the Turkey Lakes watershed discharge entering above the
lower reach sampling site (Beall et al. 2001).

While there was no difference in mean 8*3C or 8"°N between the reaches, §'*C was more
variable in the lower reach. Higher variability in mean 8*3C and larger fish feeding niche
observed downstream is consistent with the river continuum concept given that the mix of energy
sources (allochthonous versus autochthonous) and the downstream transport of organic material
from upstream leads to probable increases in available feeding niches for downstream fish
species (e.g., Vannote et al. 1980), which would result in overall broader community niches
(Flaherty and Ben-David 2010). Larger ellipses in the lower Batchawana reach compared to the
upper may also be explained by spatial differences in fish and invertebrate abundance and
community diversity. As Goldstein and Meador (2004) have noted, fish community function is
structured by longitudinal differences in habitat along the river, with the differences being
evident in variations in trophic ecology. As a consequence, higher abundance and diversity of
food resources should lead to feeding niche expansion as observed here. Furthermore, feeding on
heterogeneous food sources should also increase variability in fish stable isotope composition

and the SEAc, provided that fish are not selectively feeding on one or a few food sources.

Conclusion

The study is one of few that have used long-term datasets to examine relationships
between flow, temperature and trophic metrics over space and time within a natural river
ecosystem. There was an increase in fish community feeding niche over time within the upper
reach of the Batchawana River, however, despite natural temperature and flow variability, fish

community feeding niche was temporally invariant in the lower Batchawana River. In addition, a
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significant relationship was observed between variation (SD) in §'°N and variation (SD) in mean
daily flow in the upper reach. Fish SEAc was larger in the lower reach compared to the upper
Batchawana. Because of spatial differences in fish responses observed in this study, other studies
focussing on the influence of abiotic factors (temperature and flow) on fish community structure,
therefore, need to account for how different spatial and temporal scales might affect the
interpretation of data. When logistically feasible, long-term studies can provide important
observations on the range of natural variation within river ecosystems, and such studies can serve

as important baselines against which one can compare potential future environmental changes.
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Figure 2.1. Location of sample reaches on the Batchawana River.
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lower Batchawana River. The upper and lower Batchawana River are plotted as solid and open
symbols, respectively.
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Figure 2.3. Mean + SD & *3C and & **N values computed for the sampled fish community over
time. Values for the upper and lower Batchawana River are plotted as solid and open symbols,
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Table 2.1. Fish species collected and their main prey items, as described in Scott and Crossman

(1973).

Fish Species

Main prey items

Longnose dace (Rhinichthys cataractae)
Blacknose dace (Rhinichthys atratulus)

Slimy sculpin (Cottus cognatus)
Common white sucker (Catostomus
commersonni)

Longnose sucker (Catostomus
catostomus)

Juvenile Brook charr (Salvelinus
fontinalis)

Juvenile Rainbow trout (Oncorhynchus
mykiss)

Trout perch (Percopsis omiscomaycus)
Creek chub (Semolitus atromaculatus)

Logperch (Percina caprodes)

Emerald shiner (Notropis atherinoides)

Northern redbelly dace (Phoxinus eos)

Brook stickleback (Culaea inconstans)

Chironomidae, simuliidae and ephemeroptera larvae
Chironomidae larvae, diatoms and desmids also
seasonally

Aquatic insect larvae and nymphs

Chironomidae and trichoptera larvae and pupae,
mollusca

Amphipoda, trichoptera, chironomidae,
ephemeroptera, ostracoda, gastropoda, coleoptera
Ephemeroptera, trichoptera, midge and simuliidae
larvae, oligochaeta, annelida, cladocerans,
amphipoda, terrestrial insects

Plankton, crustaceans, aquatic insects, gastropoda,
annelida, and possibly fish eggs

Chironomidae and ephemeroptera larvae
Coleoptera, ephemeroptera, trichoptera, and
chironomidae larvae and adults. Cladocerans, algae,
and aquatic plants are also consumed

Cladocera, copepoda, ephemeroptera and midge
larvae

Microcrustaceans (zooplankton), midge larvae, and
algae

Algae (diatoms and filamentous), zooplankton and
aquatic insects

Larvae of aquatic insects, eggs and larvae of other
fish, gastropoda, oligochaeta, and algae
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Table 2.2. Maximum, minimum, mean + standard deviation of daily summer flow (m®/s) and
water temperature (°C) measured for the lower Batchawana River (Station 02BF001). Flow year
type is defined with respect to maximum, minimum, and mean daily summer flow.

Flow Temperature

Year Max Min Mean£SD Flow Year Type Max  Min Mean £ SD

2003 214 29 87%46 High 25.3 159 210%1.8
2004 229 26 84+%53 High 26.2 13.8 199+27
2005 18.6 11 43%41 Low 28.8 183 228%23
2006 22.2 1.7 38x20 Low 27.8 173 221%21
2007 75.8 16 87%123 High 21.7 172 216%22
2008 238 33 93%49 High 24.6 171  208=x14
2009 316 46 14763 High 25.0 13.0 196+25
2010 216 24 54+34 Low 25.8 162 219%25
2011 393 27 99%93 High 22.6 161 20.1%15

2012 924 16 3.7%19 Low - - -
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Table 2.3. Number of fish collected (N), and calculated mean + SD §'*C, §"°N, and standard ellipse area (SEAc) for each year and

flow year type for the upper and lower Batchawana River. A significant temporal trend was observed in SD §*°N for the upper
Batchawana sample site (R?=0.48, p < 0.03).

Upper Batchawana

Lower Batchawana

Year FlowYear N Mean+SD&3®C Mean+SD&®N  SEAc N  Mean=+SD&3C Mean=+SDS®N SEAc
Type
2003 High 13 -27.47+0.67 6.63 + 0.48 4.12 63 -26.44 + 1.55 7.01 + 0.64 12.60
2004 High 23 -27.93+1.25 6.99 + 0.42 6.88 63 -25.27 + 2.09 7.23 +0.66 17.60
2005 Low 43  -27.38+1.23 7.29 + 0.40 6.13 132 -26.07 £ 1.95 6.94 + 0.72 16.71
2006 Low 26 -26.12+1.31 6.97 + 0.44 7.03 25 -25.51 + 1.51 6.97 + 0.48 9.28
2007 High 21  -26.55+0.98 7.38 + 0.66 8.46 17 -27.06 + 1.49 7.36 £ 0.72 12.74
2008 High 18  -2597+1.22 7.85 + 0.46 7.48 32 -25.54 + 1.68 7.56 + 0.54 11.64
2009 High 17  -26.62+0.89 7.86 £ 0.75 8.80 55 -25.82+1.42 7.08 £ 0.79 14.02
2010 Low 36  -27.14+1.05 7.55 + 0.52 6.65 61 -24.93 +1.36 7.61 + 0.65 11.06
2011 High 20 -26.90+1.31 8.30 £ 0.74 12.86 38 -25.60 + 1.45 7.31+0.83 15.48
2012 Low 27  -26.32+1.21 7.46 + 0.65 10.15 46 -25.15+ 1.51 7.22 +0.48 9.33
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Table 2.4. Effect of river reach, flow year type, and the interaction effect on the mean and
variance fish 8*3C, 5"°N and SEAc.

Independent Factor F18) p
variable

Mean 8°C River Reach 0.02 0.89
Flow Year Type 4.52 0.05
Interaction 0.09 0.77

Variance §°C River Reach 19.00 <0.01
Flow Year Type 0.30 0.59
Interaction 0.71 0.41
Mean &°N River Reach 0.03 0.86
Flow Year Type 0.20 0.89
Interaction 0.19 0.67
Variance §°N River Reach 2.92 0.11
Flow Year Type 3.09 0.10
Interaction 0.12 0.74

Fish SEAC River Reach 17.20 <0.01
Flow Year Type 1.57 0.23
Interaction 0.56 0.47
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Chapter 3
Introduction

Climatic changes have had significant impacts on global and local hydrology, which
affect the structure and function of river fish communities through effects on habitat quantity and
quality, and biotic interactions (Carpenter et al. 1992; Poff et al. 1996; Bunn and Arthington,
2002; Wrona et al. 2006). Although rivers within the boreal forest region of North America
commonly experience low flow in the summer months due to decreased precipitation and
increased temperature relative to spring and fall (Woo et al. 2008; Strém et al. 2011), extreme
low flow events are expected to become more common with climate change (Strom et al. 2011;
Walters and Post, 2011). Biotic communities within boreal rivers have adapted to deal with
hydrologically seasonal phenologies (Monk et al. 2008). Nevertheless, low flow events can have
significant effects on the availability of riverine food resources (Matthews and Zimmerman
1990).

Disruption of the flow regime as a result of river regulation and water diversion can also
lead to loss of suitable habitat and associated food sources, and in turn represents a major threat
to aquatic biodiversity and production (Stanford et al. 1996). Some of the negative impacts that
dams and modifications to the natural flow regime have on the physical habitat within a river
include alterations to: bank and channel morphology, sediment composition, suspended matter
and water temperature (Maddock 1999; Scruton et al. 2003). Within the group of studies that
have focused on variable flow conditions, there are a limited number of studies that focus on the
consequences of flow variation for the riverine food webs within which fish and their prey
operate. Those studies of low flow effects that do exist have reported negative effects on biota

such as: migration interruption, or timing modification (Caudill et al. 2007), entrainment
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mortality (Benstead et al.1999), increased potential for stranding (Scruton et al. 2005), changes
to predator-prey interactions (Power et al. 1996; Bunn and Arthington 2002), changes in food
chain length (Marty et al. 2009), declines in algal biomass (Blinn et al. 1995), changes in
invertebrate community composition (Jones 2013), and declines in invertebrate abundance
(James et al. 2008). Although knowledge gained from these studies has provided a better
understanding of how modified flow conditions may affect many aspects of riverine fish ecology
under forecasted changing hydrological and climate conditions, few studies have examined how
low flow events specifically affect the feeding ecology of fish in boreal forest rivers (Monk et al.
2008; Rolls et al. 2012).

To address the knowledge gap, fish diet composition, mean and variance of fish §'*C and
"N, resource use and overlap are compared in a low flow and normal flow year using data
collected for key fish species from a pair of boreal rivers, one regulated and one unregulated.
Within the regulated river, it is expected there would be no intra- or inter-annual differences in
resource use owing to the relative lack of flow variation, and in the natural river, high intra- and
inter-annual differences in resource use owing to seasonal and inter-annual differences in flow.
The following hypotheses were tested: that: i) within- river resource overlap between fish species

would be higher in the low flow year, ii) as would resource overlap between rivers.

Methods

Fish and representative invertebrate taxa were collected from geographically proximate
(Figure 3.1), and geomorphically similar sites on the West Salmon River (N48 17 244” W056
23” 006”) and Twillick Brook (N48 10’ 592” W055 57° 137”) in May and August of 2011 and

2012. The West Salmon River is regulated by a control structure at the southern end of the Cold
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Spring Pond reservoir that feeds the river. Flow in the West Salmon River is maintained at 2.6
m3s* from June 1- November 30, and 1.3 m*s™ for the remainder of the year (Figure 3.2). Aside
from a few short-term flow manipulation experiments (1999-2003), the flow regime has been
maintained since construction in 1981 (Scruton et al. 2003; Robertson et al. 2004; Scruton et al.
2005; Scruton et al. 2008). The West Salmon River has a boulder and cobble substrate, and a
variety of riffle, run and flat water habitats (Robertson et al. 2004). At 2.5 m*s™, the West
Salmon River has a wetted width that ranges from 20 - 45 m (Scruton et al. 2008). Minimal
terrestrial vegetation hangs over the river banks, which are steeply sloped.

Twillick Brook is a similarly sized river (25-30 m wide and 11 km long) to the West
Salmon River (approximately 30 m wide and 12.7 km long), with abundant pool and riffle
habitats, but differs from the West Salmon River in the amount of riparian vegetation along the
river banks. In 2011, Twillick Brook followed a natural hydrograph, with flows varying between
2.84 and 7.71 m3s™ in spring, and 1.31 and 5.30 m3™ in summer (Water Survey of Canada). In
2012 the Twillick Brook catchment experienced above and below average summer temperatures
and precipitation with the result that river discharge varied between 1 and 2 m®™ from May to
August, lower than levels typically experienced in the West Salmon River during the same
period (Figure 3.2).

Study species and sample collection

In spring and summer of each year, approximately 30 Atlantic salmon (Salmo salar), and
brook charr (Salvelinus fontinalis) were collected using standard backpack electrofishing
methods (Meador et al. 2003; Reynolds et al. 2003). All fish were euthanized and measured for
fork-length (= 1 mm). Individual stomachs were removed and kept frozen for stomach content

analysis.
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Diet composition was quantified for all individual fish, using the method described in
Cortés (1997). For each fish, stomach contents were identified to the lowest practical taxonomic
level (Family or Order) and counted under a dissection microscope. The volume of each prey
taxa was estimated as a proportion of total stomach volume, and each prey taxa was determined
as present (1) or absent (0). For each prey item of a given type, the %number, %volume, and
%frequency of occurrence were determined. An index of relative importance (IR1) for an
individual prey type x was then determined as:

IRI, = (%N + %V) * %0 (1).
The percent index of relative importance (%IRI) for an individual prey item was calculated as:
%IRI, = (IRl / YIRI) * 100 ().

Stable isotope analysis

A small (0.5-2.0 g) piece of dorsal muscle tissue was excised from an area dorsal to the
lateral line and posterior to the dorsal fin on each fish and frozen for stable isotope analysis (e.g.,
Guiguer et al. 2002). Values of 8*3C and 8*°N were measured for all fish following methods
described in Peterson and Fry (1987) and Post (2002). Briefly, dorsal muscle tissue from all fish
were dried in an oven at 50 °C for 48 hours and then ground to a powder using a mortar and
pestle. Approximately 275-300 pg of ground tissue was used for stable isotope analyses
completed on a Delta Plus Continuous Flow Stable Isotope Ratio Mass Spectrometer (Thermo
Finnigan, Bremen, Germany) coupled to a Carlo Erba elemental analyzer (CHNS-O EA1108,
Carlo Erba, Milan, Italy). All analyses were completed at the Environmental Isotope Laboratory,
University of Waterloo (Waterloo, Ontario, Canada), with results expressed in standard &
notation. Working internal laboratory standards were calibrated against the International Atomic

Energy Agency standards CH6 for carbon and N1 and N2 for nitrogen and run as controls
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throughout the analysis to ensure the continued accuracy of all measurements. Analytical
precision was assessed by mean differences of one in ten duplicate samples, where the mean +

standard deviation was 0.13 + 0.2 %o for §3C and 0.17 % 0.2 % for 5'°N.

Data Analysis

Using stomach content data (proportional IR values), the degree of resource overlap

between individual fish species and rivers was calculated with Schoener’s index as:
D = 100* (1- 0.5%(% | pai-Pyi | ) 3),

where pyi is the proportion of prey item i for predator X, and py; is the proportion of prey
item i for predator y. The index will vary between 0 and 1, with values > 0.6 indicating
significant biological overlap or resource use (Wallace 1981; Scrimgeour and Winterbourn
1987). Schoener’s index of overlap was also used with relative frequency histograms of '*C to
examine resource use similarity within and between rivers. Values of '*C were binned into 0.5
%o intervals to account for analytical variability.

Where stable isotope data were used in the statistical analysis, values of fish *3C and
8N were treated as dependent variables and factors such as year, season, river, and species were
treated as independent variables. Preliminary analyses of linear relationships between consumer
8'3C or 5™N and fork-length were generally non-significant (p > 0.05). Where significant
relationships were found, they were generally inconsistent with respect to sign (positive or
negative slopes), explained only a small portion of the variation (R? < 0.43), or yielded residuals
inconsistent with the assumptions required of linear regression (e.g., heteroscedastic, non-

normal). Given the weakness, inconsistency and statistical inadequacy of the estimated length

38



relationship, length was not considered further as a significant explanatory variable in
subsequent statistical analyses.

Separate factorial ANOVAs were used to evaluate the influence of year, season, river and
species on either fish *3C or 8*°N. Equality of §"3C or "N variances between years, seasons
and rivers was evaluated using Levene’s test (Zar 2010). All statistical analyses were performed
using Systat version 11 (Systat Software Inc. 2004), with significance set at o. = 0.05.

The SIBER (Stable Isotope Bayesian Ellipses in R; Jackson et al. 2011) method was used
in the SIAR package (version 4.1.3) to evaluate isotopic niche widths (measured as standard
ellipse areas in 8*3C- "N space) for intra- and inter-annual comparisons of river fish
populations. The standard ellipse encompasses 40 % of the data points, which represents
approximately 1 SD of the data (Batschelet 1981). Ellipse areas were expanded here to include
two standard deviations, which encompass 95 % of the data and better represent variability in the
data (Chew 1966; Jackson et al. 2011). All SEAg ellipse estimates were adjusted for small
sample sizes (< 30) to obtain SEAc, which corrects for possible under-estimation of the ellipse
area as a result of small sample sizes. The overlap area between ellipses was calculated following
Jackson et al. (2011), with an overlap value of 0.6 or higher considered biologically significant

(Guzzo et al. 2013).

Results

A total of 528 fish were collected across all sampling dates. Fork-length of captured
Atlantic salmon ranged in size from 38 -197 mm, and 45-164 mm in the West Salmon River and
Twillick Brook, respectively. Brook charr ranged in size from 46 -142 mm and 36-263 mm in

West Salmon River and Twillick Brook, respectively.
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Diet analysis

All fish fed on invertebrate prey items, with differences evident from sampling dates
among species, rivers, and year (Tables 3.1A, 3.1B). Baetidae mayflies dominated in spring
samples, while Simuliidae larvae appeared to be more important in summer. Overall, brook charr
diet composition was more variable than that of Atlantic salmon.

In spring 2012, significant dietary similarity was observed between Atlantic salmon and
brook charr in both rivers with Schoener’s index values for the West Salmon River and Twillick
Brook, respectively, equalling 0.94 and 0.79. Within individual rivers, other seasonal inter-
specific comparisons were significantly different (all index values < 0.6). In contrast, intra-
annual comparisons of "°C histograms within individual rivers completed using Schoener’s
index, revealed no significant differences in resource use between seasons (all x > 0.6).
Comparisons between rivers, however, revealed similar resource use between rivers in all
seasons except spring 2011 (x < 0.6); (Table 3.2).

Fish from the West Salmon River had more negative §3C values compared to fish in
Twillick Brook (Table 3.3). In spring 2011 and 2012, mean 5"*C differed significantly between
rivers. In both summers, however, mean §'C was similar in both rivers. In the spring of 2011
and 2012, §'°C variances were similar in both rivers (2011: F 130 = 2.18, p = 0.14 in 2011,
2012: F1.126) = 0.001, p = 0.97). In the summer of 2011, mean 5"°C was similar in both rivers,
however variances differed (F1 134 = 12.43, p < 0.001). Whereas in summer of 2012, 5"°C means
and variances (F,134)= 0.003, p = 0.95) were both similar (Table 3.3).

In general, fish from the West Salmon River had higher mean §'°N values compared to
fish in Twillick Brook, except in the summer of 2012 (Table 3.3). Mean §"°N was not

significantly different between rivers in spring 2011, or in summer 2012. In contrast, 5*°N was
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significantly different in summer 2011 and in spring 2012. Fish from Twillick Brook had higher
§'°N variances than fish from the West Salmon River in spring 2011 (F(1.130 = 0.50, p < 0.01)
and summer 2012 (F,135 = 0.46, p < 0.01), but variances were not significantly different in
summer 2011 (F,134y= 0.95, p = 0.84), and spring 2012 (F1,126) = 0.65, p = 0.09). In the West
Salmon River, variances were not different between years for spring (F,124) = 1.26, p = 0.36), or
summer (F,132 = 1.30, p = 0.29). In both years, there was a pattern of increasing 8N variance
from spring to summer, and a comparison of spring versus summer variances revealed significant
differences (2011: F(1,130) = 0.52, p = 0.008; 2012: F1,106) = 0.53, p < 0.05).

In Twillick Brook, spring 8*°N variances were significantly different between years
(F,132) = 1.64, p = 0.047), whereas summer variances were similar between years (F 137 = 0.64,
p = 0.06). In the normal flow year (2011), spring and summer variances were not significantly
different (F,134) = 0.98, p = 0.94), while in the low flow year (2012), there was a significant
increase in 8N variance from spring to summer (F@,135 = 0.38, p < 0.001).
Resource overlap

Within the West Salmon River, the SEAc for brook charr was always higher than that for
Atlantic salmon. Standard ellipse area and ellipse overlap between species was consistently
lower in the spring and higher in the summer (Figure 3.3 and Table 3.4). Similarly, within
Twillick Brook, the SEAc and ellipse overlap increased from spring to summer for both species
and in both years. Despite a decrease in the SEAc for Atlantic salmon and an increase in the
SEAC for brook charr in summer 2012 within Twillick Brook, the degree of overlap between
species remained similar between years (Figure 3.4 and Table 3.4).

In both rivers, the SEAc values increased from spring to summer. In the West Salmon

River, values increased from 4.07 to 5.15 in 2011, and from 3.09 to 6.61 in 2012. In Twillick
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Brook, values increased from 5.74 to 9.04 from spring to summer 2011, and from 4.76 and 7.94
in 2012. Ellipse areas were always larger in Twillick Brook compared to the West Salmon River
(Table 3.4). In the West Salmon River, there was a decrease in ellipse area between spring 2011
and 2012 (4.07 to 3.09), and an increase in ellipse area between summer 2011 and 2012 (5.15 to
6.61). In Twillick Brook, there was also a decrease in ellipse area between spring 2011 and 2012
(3.11to 1.72), however, there was an increase in ellipse area between summer 2011 and 2012
(4.01t0 5.71). Area of overlap between the West Salmon River and Twillick Brook ellipses was
3.11 in spring 2011, and 4.01 in summer 2011. Overlap was lowest in spring 2012 (1.72), but

highest in summer 2012 (5.71), when river flows were most similar (Figure 3.5).

Discussion

As hypothesized, no intra- or inter-annual differences in trophic niche area were
demonstrated within the regulated river, however, within the natural river intra- and inter-annual
differences in trophic niche were found. Niche areas were larger for brook charr compared to
Atlantic salmon, larger in both rivers in the spring compared to summer, and smaller in the low
flow year compared to the normal flow year. As hypothesized, resource overlap between fish
species was higher in the low flow year, lower in the spring and higher in the summer as a result
of differences in flow, and higher between rivers in the low flow year.

Low flows arise largely due to elevated temperatures and decreased rainfall (Poff et al.
1996), and the frequency of low flow events is predicted to increase because of climate change
(Vorosmarty et al. 2000; Walters and Post 2011). The reduced niche areas experienced by the
community of the natural river in the low flow year, the reduction in niche areas from spring to

summer in both rivers, and the increase in overlap between fish species in summer likely arise
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from similar mechanisms whereby low flow decreases habitat, reduces the availability of food
resources and increases intra-and inter-specific interactions for food and space (Dewson et al.
2007; Walters and Post 2011; Rolls et al. 2012). Decreasing flows generally result in a reduction
in habitat space (Stanley et al. 1997; Brasher 2003) and can significantly alter benthic
communities (Boulton and Lake 1992; Acuna et al. 2005; Stubbington et al. 2009). While some
studies have found little or no effect (Caruso 2002; Suren et al. 2003; Dewson et al. 2007;
Walters and Post 2011), others have indicated that low flow can reduce aquatic insect taxonomic
richness and community composition (Englund and Malmqvist 1996; Rader and Belish 1999;
Boulton 2003). Reduction of habitat area and volume can also lead to short-term increases in
richness and abundance of river invertebrates (Stubbington et al. 2011) and an increase in
benthic invertebrates in the drift (Minshall and Winger 1968). Low flows can decrease the
densities and the distance traveled by drifting invertebrates (Rolls et al. 2012), thereby affecting
prey availability for stream resident fishes. In general, however, low flows decrease invertebrate
recruitment (Cowx et al. 1984), species richness and density of flow-dependent taxa (Larned et
al. 2007; Haxton and Findlay 2008; Datry 2012), and the total biomass of food resources
(Walters and Post 2011). As habitat decreases during low flow, the concentration of aquatic biota
decreases, which results in increased potential for inter-specific interactions such as competition
and predation (Rolls et al. 2012) reflected in the increasing feeding niche overlap observed in
this study.

Higher inter-specific overlap in the summer may indicate increased competition for food
resources between Atlantic salmon and brook charr, given that habitat area is reduced and both
species utilize similar invertebrate resources (Magnan et al. 1994; Amundsen et al. 2001;

Mookerji et al. 2004). One consideration, however, is that the species use slightly different
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habitats. Atlantic salmon are found in faster flowing waters, and so drifting invertebrates
comprise a greater percentage of their diets (Klemetsen et al. 2003). Brook charr are found in
slower flowing waters, with a strong preference for cover (Cunjak and Green 1983), meaning
that terrestrial subsidies may be more important to their diets when available. Resource and
habitat overlap between species should increase at low flows when habitat space and the
available resource base are reduced (Morse 1974). Nevertheless, the degree of overlap between
Atlantic salmon and brook charr was found to be similar between years in both rivers. In summer
2012, niche area declined for Atlantic salmon while niche area for brook charr increased relative
to summer 2011. The result may depend on diet differences, as in summer 2012 Atlantic salmon
were dominated by Simuliidae (~72%) while in summer 2011 Chironomidae and
Hydropsychidae larvae were important in the diet. Simuliidae larvae are generally inferior
competitors to netspinning Hydropsychidae (Hemphill and Cooper 1983; Hemphill 1988;
Hershey and Hiltner 1988), which explains the higher abundance of Trichoptera in our diet
composition samples in normal flow years. However, with reduced flow and increased
temperatures, black fly larvae become more abundant (Zhang et al. 1998).

Low flows have known effects on river invertebrate communities. Under low flows (such
as that experienced in summer 2012), net energy intake in drift feeding fish, such as salmonids,
decreases as a consequence of reduced densities of drifting prey. Reduced availability of food
resources, and increased potential for competition and predation under low flow may, therefore,
hold significant negative consequences for individual and population growth as a result of the
combined effect of increased metabolic demand and reduced ration (Elliott 1994; Elliott et al.
1997; Rolls et al. 2012). Low flows can also contribute to elevated instream temperatures, which

pose a significant risk to salmonids. Increases in salmonid mortality have been associated with
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low flows (Cunjak et al. 2013) and elevated temperatures (Hedger et al. 2012), especially during
the summer (Connor et al. 2003; Gunn and Snucins 2010). It is uncertain as to how the
interaction between increased temperatures, reduced habitat and resource availability will affect
growth and fitness of salmonids in with changing climates, but it is clear that both temperature

and resource changes will be intertwined.

Conclusion

There were no intra- or inter-annual differences in trophic niche area within the regulated
river, however, within the natural river intra- and inter-annual differences in trophic niche were
found. Niche areas were higher for brook charr compared to Atlantic salmon, higher in the spring
compared to summer in both rivers, and smaller in the low flow year compared to the normal
flow year. Resource overlap between fish species was higher in the low flow year, lower in the
spring and higher in the summer, and resource overlap between rivers was higher in the low flow
year. High resource overlap between rivers during decreased summer flow indicates a strong
effect of flow on river organisms, where both fish and their invertebrate prey resources are
concerned. Multiple approaches, such as stomach content and stable isotope analysis, provide
detailed short- and long-term observations of fish feeding and resource overlap that yield insights
into how the food webs of natural and regulated rivers function vary under changing flow

conditions.
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Figure 3.1. Location of sample collections on the West Salmon River and Twillick Brook.
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Figure 3.3. West Salmon intra-annual ellipse comparisons between Atlantic salmon and brook charr. Atlantic salmon are represented
by white symbols and dashed lines while brook charr are represented by black symbols and solid lines.
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Table 3.1A. Index of relative importance (%) of various prey items for Atlantic salmon (AS) and brook charr (BC) in spring and
summer of 2011 and 2012 within the West Salmon River. Prey items comprising x < 3 %IRI were pooled into an “other” category.

Spring 2011 Summer 2011 Spring 2012 Summer 2012
Prey Item AS BC AS BC AS BC AS BC
Hydropsychidae 51.28% 7.00%
Philopotamidae 16.80%
Trichoptera 46.14% 9.57% 4.59% 34.47%
Baetidae 38.19% 42.15% 5.60% 33.58% 91.03% 91.20%
Perlidae 3.59% 5.11%
Chironomidae 34.36% 19.80%
Simuliidae 17.94% 23.06% 60.41% 18.58%
Hydrachnida 3.66%
Cladocera 23.33%
Other 6.94% 6.60% 9.20% 15.31% 1.96% 8.80% 5.12% 64.62%

Table 3.1B. Index of relative importance (%) of various prey items for Atlantic Salmon (AS) and brook charr (BC) in spring and
summer of 2011 and 2012 within Twillick Brook. Prey items comprising x < 3 %IRI were pooled into an “other” category.

Spring 2011 Summer 2011 Spring 2012 Summer 2012
Prey Item AS BC AS BC AS BC AS BC
Hydropsychidae 2.59% 57.70%
Trichoptera 36.40% 5.82% 11.91% 4.02%
Baetidae 64.58% 17.09% 3.34% 96.58% 75.37% 23.96%
Hymenoptera 4.89%
Chironomidae 25.95%
Simuliidae 3.24% 71.90%
Oligochaeta 29.92% 7.10% 7.74% 4.36% 3.72%
Gastropoda 12.42% 70.07%
Other 2.91% 25.25% 3.95% 18.02% 3.42% 16.89% 19.19% 72.32%
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Table 3.2. Within and between river intra-and inter-annual resource overlap values, calculated using relative frequency histograms of
consumer 8*3C. Atlantic salmon and brook charr §*3C values were pooled for analysis. Values < 0.6 indicate no significant overlap.

Comparison West Salmon River Twillick Brook

Seasonal Between Years

Spring 2011 vs Summer 2011 0.78 0.63
Spring 2011 vs Spring 2012 0.81 0.77
Spring 2012 vs Summer 2012 0.80 0.71
Summer 2011 vs Summer 2012 0.77 0.94
Annual Between Rivers

Spring 2011 0.46

Summer 2011 0.63

Spring 2012 0.62

Summer 2012 0.77
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Table 3.3. Mean + 1 SD stable carbon (5'°C) and nitrogen (5'°N) values of fish from the West
Salmon River (WSR) and Twillick Brook (TB) in all seasons and years. Within a season,
similarities and differences in mean 8*3C and 5'°N between rivers are denoted by the use of
superscripts (A, B, C, etc.).

613(: 515N

Spring 2011 WSR -26.89+0.90* 8.57 +0.47"
TB -26.12+1.14°8 8.54 + 0.66"

Summer 2011  WSR -26.76 £0.99°¢ 8.66 + 0.65°
TB -26.44 +1.38° 8.27 + 0.67°

Spring 2012 WSR -27.17+0.81° 8.96 + 0.42°
TB -26.35+0.89F 8.49 + 0.52F

Summer 2012  WSR -26.69+1.09" 8.60 + 0.57"
TB 2648 +1.15" 8.77 £+ 0.84"
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Table 3.4. Species-specific standard ellipse areas (SEAc) by fish species and area of overlap
within the West Salmon River and Twillick Brook. AS = Atlantic salmon, BC = brook charr.

West Salmon River Fish Species SEAC Area of ellipse overlap

Spring 2011 AS 3.46 2.70
BC 5.87

Summer 2011 AS 7.85 7.40
BC 8.83

Spring 2012 AS 3.02 3.02
BC 5.38

Summer 2012 AS 7.39 6.56
BC 8.22

Twillick Brook

Spring 2011 AS 5.14 291
BC 6.33

Summer 2011 AS 7.56 4.46
BC 8.43

Spring 2012 AS 4.30 2.96
BC 5.66

Summer 2012 AS 5.62 4.05
BC 11.98
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Chapter 4: General Conclusion and Recommendations for Future Research
Synopsis

Rivers are diverse and complex systems (Jungwirth et al. 2002). They have historically
been used more by humans than other ecosystems (Arthington and Welcomme 1995), and
provide many benefits to human societies (Sparks 1995; Jungswirth et al. 2002). Despite their
ecological and economic importance, river ecosystems have experienced significant chemical,
geological and biological alterations as a result of human influences, especially due to
hydroelectric power generation (Efford1974; Richter et al. 1996; Murchie et al. 2008; Poff and
Zimmerman 2010).

Short-term studies have investigated the influence of hydroelectric power operations on
the ecology of regulated and natural river ecosystems (Marty et al. 2009; Jones 2010; Patterson
and Smokorowski 2011; Smokorowski et al. 2011; Jones 2013; Jackson et al. 2007; Delong and
Thoms 2016), however few long-term studies exist. The scientific literature has suggested that
there are predictable relationships between components of the flow regime and biological
communities (Poff et al. 1997; Olden and Poff 2003), however this has not been empirically
tested in paired natural-regulated boreal rivers.

The overall objective of this research was to address the need for assessment of how flow
and temperature variations influence fish diet, feeding niche and food chain length on paired
altered-and natural rivers in Newfoundland and a natural river in Ontario. This thesis comprises
two studies, which tested the effect of low natural flow and regulated flow (Newfoundland), and
naturally variable flow (Ontario) on the feeding ecology of fish and invertebrates measured using
carbon (8'*C) and nitrogen (5'°N) stable isotopes, stomach contents of fish, and food chain

length and fish feeding niche.
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In Chapter 2, an increase in fish community feeding niche was found over time within the
upper Batchawana River, however, despite natural temperature and flow variability, fish
community feeding niche was temporally invariant in the lower Batchawana River. Fish feeding
niche was influenced by flow variability within the upper reach but was likely moderated by
tributary inputs downstream. Examining spatial variability in fish feeding and food web structure
IS important to account for how various environmental factors such as flow and temperature, as
well as channel morphology can affect fish feeding ecology. Characterizing fish feeding at
multiple reaches within rivers can help to avoid erroneous conclusions that could be made by
quantifying food web metrics at single reaches within rivers. In addition, a significant negative
relationship was observed between variation (SD) in >N and variation (SD) in mean daily flow.
When logistically feasible, long-term studies can provide important information on the range of
natural spatial and temporal variation within river ecosystems and how food webs respond to
these variations. Such studies can serve as important baselines against which one can compare
potential future environmental changes.

In Chapter 3, | found no intra- or inter-annual differences in niche area within the
regulated river, however, within the natural river intra- and inter-annual differences in trophic
niche were found. Brook charr had larger niche areas compared to Atlantic salmon, higher in the
spring compared to summer in both rivers, and smaller in the low flow year compared to the
normal flow year. Resource overlap between fish species was higher in the low flow year, lower
in the spring and higher in the summer, and resource overlap between rivers was higher in the
low flow year. During decreased summer flow, high resource overlap between rivers indicates a
strong effect of flow on influencing the food available to river organisms, which can ultimately
influence feeding ecology, fish health and overall food web structure. Multiple approaches, such
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as stomach content and stable isotope analysis, provide detailed short- and long-term
observations of fish feeding and resource overlap. Fish communities with more diverse
communities appear to be more resistant to variable flow and temperature than those with

simpler fish communities.

Synthesis

Flow has been widely cited as a major determinant of food web structure and function in
rivers (Poff et al. 1997; Finlay 2001; Bunn and Arthington 2002). Regular discharge pulses are
critical in the dynamics of river systems (Junk et al. 1989; Puckridge et al. 1998). Rivers have
been altered substantially beyond natural levels of variation due to hydropower operations,
which affect hydrological and thermal regimes, as well as the feeding ecology of resident
organisms (Bunn and Arthington 2002; Olden and Naiman 2010).

The natural flow paradigm asserts that maintaining ecosystem integrity is largely
dependent on conserving the natural features of the flow regime (Poff et al. 1997). Management
and research interests have been directed towards restoration of affected ecosystems to a natural
“reference” condition in an attempt to improve integrity (Bayley 1991; Landres et al. 1999;
Jungwirth et al. 2002; Poff and Zimmerman 2010).

To better understand how food web integrity may be altered by flow changes, it is
important to test hypotheses related to effects of flow variation on fish feeding ecology over
spatial and temporal scales. Natural environmental influences and anthropogenically-induced
changes to the flow regime and consequently fish and their food resources, can affect the health

and integrity of aquatic food webs.
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Recommendations for future research
Every river is unique and flow regimes are spatially and temporally complex (Rolls et al.

2012), therefore it may be difficult to generalize findings from one regulated or natural river to
the next. The studies of river food webs in northern Ontario and Newfoundland included in this
thesis have sparked many ideas and have highlighted areas that | feel provide the basis for future
research. My next step is to complete a long-term assessment of feeding ecology within a
regulated river and identify food web differences between the natural and regulated rivers in
northern Ontario. Preliminary findings from the regulated river demonstrated significant
decrease in food chain length post-ramping rate change, following the period originally studied
by Marty et al. (2009). Expanding upon the work completed by Marty et al. (2009) is important
because of the continued decrease in food chain length over time, which is an indication of
significant food web changes that have been mediated by the change in ramping rate regime. |
would also like to explore the before-after impact-control for several years post ramping rate
regime change, whether differences exist between natural and regulated rivers after considering
the influence of regional climate impacts.

Other studies that | feel would enhance the aforementioned studies as well as provide benefit
to knowledge within the area of aquatic ecology are:

1. Fatty acids and proximate body condition

Traditional body condition metrics such as Fulton’s K and L-W relationships have been
widely applied in fisheries research, however, rely on assumptions which may not be applicable
to all species or all environments (Cone 1989). As an example, there is a loss of information

when comparing L-W relationships between populations due to single statistic results, and
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Fulton’s K assumes that the slope of the L-W relationship is 3.0 (indicating isometric growth)
which may not be the case (Cone 1989).

Lipids and their constituent fatty acids offer an additional tool to study food web dynamics
and body condition. Polyunsaturated fatty acids (PUFAS) are obtained from the diet (DHA:
docosahexaenoic acid and EPA: eicosapentaenoic acid), and are indicators of condition in
freshwater fish because they affect growth, osmoregularity, membrane fluidity and immune
responses (Arts et al. 2009; Tocher 2010). Because PUFAs such as EPA, DHA and ARA
(arachidonic acid) are obtained from the diet, the availability of PUFA can be reduced under
adverse environmental conditions, thus affecting organism health and condition (Arts et al.
2009).

Lipids can also provide an indication of habitat quality, as well as proximate body condition
(Homyack 2010), which makes them ideal for studying the effect of hydropower operations,
because of modifications to flow and temperature as well as indirectly affecting food availability
(Hasler et al. 2009). Hydropeaking operations in particular, can create an energetic cost for fishes
such as salmonids (Puffer et al. 2014), which can reduce feeding opportunities. Lipid or fatty
acid analysis can be useful for studying the environmental stress response in fish (Wagner and
Congelton 2004; Hasler et al. 2009)

Fish experiencing widely fluctuating flow conditions may have fewer fat reserves due to
potentially modified ability to obtain food resources (Hasler et al. 2009). Thus, highly variable
flows can affect energy usage in fish and the influence of hydropower operations on lipid storage
and energy requirements in fish can be determined (Wagner and Congelton 2004). It is possible
that fish exposed to higher frequency of flow changes would be unable to consume higher

quality prey items, although this is yet to be determined. Comparing fatty acid composition of
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fish and their prey in natural and regulated river environments would provide an understanding
of lipid dynamics in response to changing environmental conditions such as temperature and
flow.

2. Study design

Replication is a limitation of my study design, whereby in each individual study
(Newfoundland or Ontario), only two rivers were studied —one natural and one regulated. If more
time permitted and with an unlimited research budget, | would have liked to include data from
multiple natural rivers, and compare it to multiple regulated rivers with similar operational
regime within the same region. Increasing the number of rivers studied across Canada would
allow for the determination of how downstream rivers exposed to different flow regimes will
respond. Although the biological community within each river may respond differently to
environmental or anthropogenic stressors, there may be some generalizations that can be made
about the influence of flow variations.

Being part of HydroNet was a unique experience and | think it would have been very
useful to coordinate efforts among other students in order to sample a wide range of natural and
altered rivers so that multiple response variables were analyzed within the same period (stable
isotope composition, growth, hydrology, geology, etc). By conducting sampling programs
simultaneously, there would be more environmental variables available as explanatory factors for
the biological responses (i.e., we could gain a better picture of how the biology and habitat, or
hydrological or thermal regime are linked).

The work completed within this thesis, the continued research plans, and the
recommendations for future work has and will contribute to a better understanding of how
varying fish communities (simple and more diverse) respond to variable flow and temperature
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regimes and over short and long temporal periods. Why fish feeding ecology? Fish feeding, the
attainment and consumption of food, is paramount to fish survival within variable lotic
ecosystems. Flow variations can directly affect the quantity and quality of prey. Anticipating
how fish communities and their prey resources respond to natural and artificially low flow, and
flow and temperature variations in general, will allow managers to diagnose acute and chronic
food web changes that may arise due to predicted alterations to temperature and flow regimes

brought about by climate changes in boreal regions of Canada.

61



References

Abraham B and Ledolter J. 1983. Statistical Methods for Forecasting. John Wiley and Sons,
New York, NY, 405 pp.

Abrantes KG, Barnett A and Bouillon S. 2014. Stable isotope-based community metrics as a tool
to identify patterns in food web structure in east African estuaries. Functional Ecology
28:270-282.

Acuna V, Mufioz I, Giorgi A, Omella M, Sabater F and Sabater S. 2005. Drought and
post-drought recovery cycles in an intermittent Mediterranean stream: structural and
functional aspects. Journal of the North American Benthological Society 24: 919-930.

Amundsen PA, Gabler HM and Riise LS. 2001. Intraspecific food resource partitioning in
Atlantic Salmon (Salmo salar) parr in a subarctic river. Aquatic Living Resources 14:
257-265.

Armanini DG, Chaumel Al, Monk WA, Marty J, Smokorowski K, Power M and Baird
DJ. 2014. Benthic macroinvertebrate flow sensitivity as a tool to assess effects of
hydropower related ramping activities in streams in Ontario (Canada). Ecological
Indicators 46: 466-476.

Arthington AH and Welcomme RL. 1995. The condition of large river systems of the World. In:
Condition of the World’s Aquatic Habitats (Eds N.B. Armantrout & R.J. Wolotira Jr ),
pp. 44-75. World Fisheries Congress, Science Publishers, Lebanon, NH, USA.

Arts M, Brett MT and Kainz MJ. 2009. Lipids in Aquatic Ecosystems. Springer Science 395 pp.

Balcombe SR, Bunn SE, McKenzie-Smith FJ and Davies PM. 2005. Variability of fish diets

between dry and flood periods in an arid zone floodplain river. Journal of Fish Biology 67:
1552-1567.

Baron JS, Poff NL, Angermeier PL, Dahm CN, Gleick PH, Hairston Jr NG, Jackson
RB, Johnston CA, Richter BD and Steinman AD. 2002. Meeting Ecological and Societal
Needs for Freshwater. Ecological Applications 12: 1247-1260.

Batschelet E. 1981. Circular Statistics in Biology. Academic Press: London.

Bayley PB. 1991. The flood pulse advantage and the restoration of river-floodplain systems.
Regulated Rivers: Research and Management 6: 75-86.

Baxter RM. 1977. Environmental effects of dams and impoundments. Annual review of ecology
and systematics 8: 255-283.

Beall FD, Semkin RG and Jeffries DS. 2001. Trends in the output of first-order basins at

62



Turkey Lakes watershed, 1982-96. Ecosystems 4: 514-526.

Bearhop S, Adams CE, Waldron S, Fuller RA and Macleod H. 2004. Determining trophic
niche width: a novel approach using stable isotope analysis. Journal of Animal Ecology
73:1007-1012.

Benstead JP, March JG, Pringle CM and Scatena FN. 1999. Effects of a low-head dam
and water abstraction on migratory tropical stream biota. Ecological Applications 9: 656-
668.

Blinn DW, Shannon JP, Stevens LE and Carder JP. 1995. Consequences of fluctuating
discharge for lotic communities. Journal of the North American Benthological Society
14: 233-248.

Bohlin T, Hamrin S, Heggberget TG, Rasmussen G and Saltveit SJ. 1989. Electrofishing-
theory and practice with special emphasis on salmonids. Hydrobiologia 173: 9-43.

Bolnick DI, Ingram T, Stutz WE, Snowberg LK, Lau OL and Paull JS. 2010.
Ecological release from inter-specific competition leads to decoupled changes in
population and individual niche width. Proceedings of the Royal Society B, DOI:
10.1098/rspb.2010.0018.

Boon PJ. 1988. The impact of river regulation on invertebrate communities in the U.K.
Regulated Rivers: Research and Management 2: 389-409.

Boulton AJ and Lake PS. 1992. The ecology of two intermittent streams in Victoria, Australia.
Freshwater Biology 27: 99-121.

Boulton AJ. 2003. Parallels and contrasts in the effects of drought on stream macroinvertebrate
assemblages. Freshwater Biology 48: 1173-1185.

Bradford MJ and Heinonen JS. 2008. Low flows, instream flow needs and fish ecology in
small streams. Canadian Water Resources Journal 33: 165-180.

Brasher AMD. 2003. Impacts of human disturbance on biotic communities in Hawaiian
stream. BioScience 53: 1052-1060.

Brush JM, Power M, Clarke KD and Pennell CJ. 2014. The impact of low flow on
riverine food webs in south-central Newfoundland. River Research and Applications
DOI: 10.1002/rra.2812.

Bunn SE and Arthington AH. 2002. Basic principles and ecological consequences of
altered flow regimes for aquatic biodiversity. Environmental Management 30: 492-507.

63



Cabana G and Rasmussen, JB. 1996. Comparison of aquatic food chains using nitrogen
isotopes. Proceedings of the National Academy of Science, USA 93: 10844-10847.

Canadian Hydropower Association. http://canadahydro.ca Accessed: May 14, 2016

Carpenter SR, Fisher SG, Grimm NB and Kitchell JF. 1992. Global change and
freshwater ecosystems. Annual Review of Ecology and Systematics 23: 119-139.

Caruso BS. 2002. Temporal and spatial patterns of extreme low flows and effects on stream
ecosystems in Otago, New Zealand. Journal of Hydrology 257: 115-133.

Caudill, CC, Daigle WR, Keefer ML, Boggs CT, Jepson MA, Burke BJ, Zabel RW,
Bjornn TC and Peery CA. 2007. Slow dam passage in adult Columbia river salmonids
associated with unsuccessful migration: delayed negative effects of passage obstacles or
condition-dependent mortality? Canadian Journal of Fisheries and Aquatic Sciences 64:
979-995.

Chew V. 1966. Confidence, prediction, and tolerance regions for multivariate normal
distribution. Journal of the American Statistical Association 61: 605-617.

Cone RS. 1989. The need to reconsider the use of condition indices in fishery science.
Transactions of the American Fisheries Society 118: 510-514.

Connor WP, Burge HL, Yearsley JR and Bjornn TC. 2003. Influence of flow and
temperature on survival of wild sub-yearling fall chinook salmon in the Snake River.
North American Journal of Fisheries Management 23: 362-375.

Cortes E. 1997. A critical review of methods of studying fish feeding based on analysis of
stomach contents: application to elasmobranch fishes. Canadian Journal of Fisheries and
Aquatic Sciences 54: 726-738.

Cortes RMV, Ferreira MT, Oliveira SV and Oliveira D. 2002. Macroinvertebrate
community structure in a regulated river segment with different flow conditions.
River Research and Applications 18: 367- 382.

Cowx IG, Young WO and Hellawell JM. 1984. The influence of drought on the fish and
invertebrate populations of an upland stream in Wales. Freshwater Biology 14: 165-177.

Cunjak RA and Green JM. 1983. Habitat utilization by brook charr (Salvelinus fontinalis)
and rainbow trout (Salmo gairdneri) in Newfoundland streams. Canadian Journal of
Zoology 61: 1214- 12109.

Cunjak RA, Linnansaari T and Caissie D. 2013. The complex interaction of ecology and
hydrology in a small catchment: a salmon’s perspective. Hydrological Processes 27:
741-749.

64


http://canadahydro.ca/

Currie DJ, Mittlebach GG, Cornell HV, Field R, Guegan JF, Hawkins BA, Kaufman
DM, Kerr JT, Oberdorff T, O’Brien E and Turner JRG. 2004. Predictions and tests of
climate-based hypotheses of broad-scale variation in taxonomic richness. Ecology Letters
7:1121-1134.

Cushman RM. 1985. Review of ecological effects of rapidly varying flows downstream from
hydroelectric facilities. North American Journal of Fisheries Management 5: 330-339.

Datry T. 2012. Benthic and hyporheic invertebrate assemblages along a flow intermittence
gradient: effect of duration of dry events. Freshwater Biology 57: 563-574.

Daufresne M, Rogers MC, Capra H and Lamouroux N. 2003. Long-term changes within
the invertebrate and fish communities of the Upper Rhone River: effects of climatic
factors. Global Change Biology 10: 124-140.

Daufresne M and Boét P. 2007. Climate change impacts on structure and diversity of fish
communities in rivers. Global Change Biology 13: 2467-2478.

Delong MD and Thoms MC. 2016. Changes in the trophic status of fish feeding guilds in
response to flow modification. Journal of Geophysical Research: Biogeosciences, doi:
10.1002/2015JG003249.

Dettmers JM, Wahl DH, Soluk DA and Gutreuter S. 2001. Life in the fast lane: fish and
foodweb structure in the main channel of large rivers. Journal of the North American
Benthological Society 20: 255-265.

Dewson ZS, James ABW and Death RG. 2007. Stream functioning under reduced flow
conditions. Ecological Applications 17: 1797-1808.

Dudley TL, D’ Antonio CM and Cooper SD. 1990. Mechanisms and consequences of
interspecific competition between two stream insects. Journal of Animal Ecology 59:
849-866.

Durance I and Ormerod SJ. 2007. Climate change effects on upland stream
macroinvertebrates over a 25 year period. Global Change Biology 13: 942-957.

Efford IE. 1974. Environmental impact assessment and hydroelectric projects: hindsight and
foresight in Canada. Fisheries Research Board of Canada 97-100.

Elliott JIM. 1994. Quantitative ecology and the brown trout. Oxford, UK: Oxford University
Press. 69 pp.

Elliott JM, Hurley MA and Elliott JA. 1997. Variable effects of droughts on the density of

65



a sea-trout Salmo trutta population over 30 years. Journal of Applied Ecology 34: 1229-
1238.

Elliott JM and Hurley MA. 1998. Population regulation in adult, but not juvenile, resident
(Salmo trutta) in a Lake District stream. Journal of Animal Ecology 67: 280-286.

Enders EC, Scruton DA and Clarke KD. 2009. The “Natural Flow Paradigm” and Atlantic
Salmon-moving from concept to practice. River Research and Applications 25: 2-15.

Englund G and Malmqvist B. 1996. Effects of flow regulation, habitat area and isolation on
the macroinvertebrate fauna of rapids in north Swedish rivers. Regulated Rivers:
Research and Management 12: 433-445.

Finlay JC. 2001. Stable-carbon isotope ratios of river biota: implications for energy flow in
lotic food webs. Ecology 82: 1052-1064.

Flaherty EA and Ben-David M. 2010. Overlap and partitioning of the ecological and isotopic
niches. Oikos 119: 1409-1416.

Fry B. 2006. Stable Isotope Ecology. Springer Science LLC, New York, New York, pp 295.

Gibson CA, Meyer JL, Poff NL, Hay LE and Georgakakos A. 2005. Flow regime
alterations under changing climate in two river basins: implications for
freshwater ecosystems. River Research and Applications 21: 849-864.

Goldstein RM and Meador MR. 2004. Comparisons of fish species traits from small streams to
large Rivers. Transactions of the American Fisheries Society 133: 971-983.

Grossman GD, Moyle PB and Whitaker Jr. JO. 1982. Stochasticity in structural and
functional characteristics of an Indiana stream fish assemblage: a test of community
theory. The American Naturalist 120: 423-454.

Guiguer KRRA, Reist JD, Power M and Babaluk JA. 2002. Using stable isotopes to
confirm the trophic ecology of Arctic charr morphotypes from Lake Hazen, Nunavut,
Canada. Journal of Fish Biology 60: 348-362.

Gunn J and Snucins E. 2010. Brook charr mortalities during extreme temperature events in
Sutton River, Hudson Bay Lowlands, Canada. Hydrobiologia 650: 79-84.

Guzzo MM, Haffner GD, Legler ND, Rush SA and Fisk AT. 2013. Fifty years later:
trophic ecology and niche overlap of a native and non-indigenous fish species in the
western basin of Lake Erie. Biological Invasions 15: 1695-1711.

Harris JH. 1995. The use of fish in ecological assessments. Australian Journal of Ecology 20:
65-80.

66



Hart DD and Finelli CM. 1999. Physical-biological coupling in streams: the pervasive effects of
flow on benthic organisms. Annual Review of Ecology and Systematics 30: 363-395.

Hasler CT, Pon LB, Roscoe DW, Mossop B, Patterson DA, Hinch SG and Cooke SJ. 20009.
Expanding the “toolbox” for studying the biological responses of individual fish to
hydropower infrastructure and operating strategies. Environmental Reviews 17: 179-197.

Haxton TJ and Findlay CS. 2008. Meta-analysis of the impacts of water management on
aquatic communities. Canadian Journal of Fisheries and Aquatic Sciences 65: 437-447.

Hecky RE and Hesslein RH. 1995. Contributions of benthic algae to lake food webs as revealed
by stable isotope analysis. Journal of the North American Benthological Society 14: 631-
653.

Hedger RD, Sundt-Hansen LE, Forseth T, Ugedal O, Diserud OH, Kvambekk AS and Finstad A
G. 2012. Predicting climate change effects in subarctic-Arctic populations of Atlantic
salmon (Salmo salar). Canadian Journal of Fisheries and Aquatic Sciences 70: 159-168.

Hemphill N and Cooper SD. 1983. The effect of physical disturbance on the relative
abundances of two filter feeding insects in a small stream. Oecologia 58: 378-382.

Hemphill N. 1988. Competition between two stream dwelling filter feeders, Hydropsyche
oslari and Simulium virgatum. Oecologia 77: 73-80.

Hershey AE and Hiltner AL. 1988. Effect of a caddisfly on black fly density: interspecific
interactions limit black flies in an arctic river. Journal of the North American
Benthological Society 7: 188-196.

Holling CS. 1973. Resilience and stability of ecological systems. Annual Review of Ecology
and Systematics 4: 1-23.

Horwitz RJ. 1978. Temporal variability patterns and the distributional patterns of stream fishes.
Ecological Monographs 48: 307-321.

Hudon C, Armellin A, Gagnon P and Patoine A. 2010. Variations in water temperatures
and levels in the St. Lawrence River (Quebec, Canada) and potential implications for
three common fish species. Hydrobiologia 647: 145-161.

Hyslop EJ. 1980. Stomach content analysis- a review of methods and their application. Journal
of Fish Biology 17: 411-429.

Inoue M and Nunokawa M. 2002. Effects of longitudinal variations in stream habitat structure
on fish abundance: an analysis based on subunit scale habitat classification. Freshwater
Biology 47: 1594-1607.

67



Jackson DA, Peres-Neto PR and Olden J. 2001. What controls who is where in freshwater
fish communities-the role of biotic, abiotic, and spatial factors. Canadian Journal of
Fisheries and Aquatic Sciences 58: 157-170.

Jackson JK and Fireder L. 2006. Long-term studies of freshwater macroinvertebrates: a review
of the frequency, duration, and ecological significance. Freshwater Biology 51: 591-603.

Jackson HM, Gibbins CN and Soulsby C. 2007. Role of discharge and temperature variation in
determining invertebrate community structure in a regulated river. River Research and
Applications 23: 651-669.

Jackson AL, Inger R, Parnell AC and Bearhop S. 2011. Comparing isotopic niche widths
among and within communities: SIBER- Stable Isotope Bayesian Ellipses in R. Journal
of Animal Ecology 80: 595-602.

James WF, Richardson WB and Soballe DM. 2008. Effects of residence time on summer
nitrate uptake in Mississippi river flow-regulated backwaters. River Research and
Applications 24: 1206-1217.

Jellyman PG, Booker DJ and Mcintosh AR. 2013. Quantifying the direct and indirect
effects of flow-related disturbance on stream fish assemblages. Freshwater Biology 58:
2614-2631.

Jones NE. 2010. Incorporating lakes within the river discontinuum: longitudinal changes in
ecological characteristics in stream—lake networks. Canadian Journal of Fisheries and
Aquatic Sciences 67: 1350-1362.

Jones NE. 2013. Spatial patterns of benthic invertebrates in regulated and natural rivers. River
Research and Applications 29: 343-351.

Jungwirth M, Muhar S and Schmutz S. 2002. Re-establishing and assessing ecological
integrity in riverine landscapes. Freshwater Biology 47: 867-887.

Junk W, Bayley PB and Sparks RE. 1989. The flood pulse concept in river-floodplain systems.
Canadian Special Publication of Fisheries and Aquatic Sciences 106: 110-127.

Karr JR. 1981. Assessment of biotic integrity using fish communities. Fisheries 6: 21-27.

Karr JR and Dudley DR. 1981. Ecological perspective on water quality goals. Environmental
Management 5: 55-68.

Karr JR and Chu EW. 2000. Sustaining living rivers. Hydrobiologia 422/423: 1-14.

Kayler ZE, De Boeck HJ, Fatichi S, Grunzweig JM, Merbold L, Beier C, McDowell N and

68



Dukes JS. 2015. Experiments to confront the environmental extremes of climate change.
Frontiers in Ecology and the Environment 13: 219-225.

Kelly B, Smokorowski KE and Power M. 2016. Slimy Sculpin (Cottus cognatus) annual growth
in contrasting regulated and unregulated riverine environments. Hydrobiologia DOI:
10.1007/s10750-015-2553-1.

Klemetsen A, Amundsen PA, Dempson JB, Jonsson B, Jonsson N, O’Connell MF and
Mortensen E. 2003. Atlantic salmon Salmo salar L., brown trout Salmo trutta L., and
Arctic charr Salvelinus alpinus (L.): a review of aspects of their life histories. Ecology of
Freshwater Fish 12: 1-59.

Landres PB, Morgan P and Swanson FJ. 1999. Overview of the use of natural variability
concepts in managing ecological systems. Ecological Applications 9: 1179-1188.

Larned ST, Datry T and Robinson CT. 2007. Invertebrate and microbial responses to
inundation in an ephemeral river reach in New Zealand: effects of preceding dry periods.
Aguatic Sciences 69: 554-567.

Layer K, Riede JO, Hildrew AG and Woodward G. 2010. Food web structure and stability in 20
streams across a wide pH gradient. Advances in Ecological Research 42: 265-299.

Ligon FK, Dietrich WE and Trush WJ. 1995. Downstream ecological effects of dams.
Bioscience 45(3): 183-192.

Lobdn-Cervia J. 2012. Density-dependent mortality in adults, but not juveniles, of stream-
resident brown trout (Salmo trutta). Freshwater Biology 57: 2181-2189.

Lytle DA and Poff L. 2004. Adaptation to natural flow regimes. Trends in Ecology and
Evolution 19: 94-100.

MacArthur RH and Wilson EO. 1967. The Theory of Island Biogeography. Princeton University
Press, Princeton, NJ, 203 pp.

Maddock 1. 1999. The importance of physical habitat assessment for evaluating river health.
Freshwater Biology 41: 373-391.

Magnan P, Rodriguez MA, Legendre P and Lacasse S. 1994. Dietary variation in a
freshwater fish species: relative contributions of biotic interactions, abiotic factors, and
spatial structure. Canadian Journal of Fisheries and Aquatic Sciences 51: 2856-2865.

Malmqvist B and Rundle S. 2002. Threats to the running water ecosystems of the world.
Environmental Conservation 2: 134-153.

Martinez ND and Lawton JH. 1995. Scale and food web structure: from local to global. Oikos

69



73: 148-154.

Marty J, Smokorowski K and Power M. 2009. The influence of fluctuating ramping rates
on the food web of boreal rivers. River Research and Applications 25: 962-974.

Matthews WJ. 1986. Fish ‘faunal’ breaks and stream order in the eastern and central United
States. Environmental Biology of Fishes 17: 81-92.

Matthews WJ and Zimmerman EG. 1990. Potential effects of global warming on native
fishes of the Southern Great Plains and the Southwest. Fisheries 15: 26-32.

McCarty JP. 2001. Ecological consequences of recent climate change. Conservation Biology
15: 320-331.

McCarthy ID, Fraser D, Waldron S and Adams CE. 2004. A stable isotope analysis of trophic
polymorphism among Arctic charr from Loch Ericht, Scotland. Journal of Fish Biology
65: 1435-1440.

Meador MR, Mclintyre JP and Pollock KH. 2003. Assessing the efficacy of single-pass
backpack electrofishing to characterize fish community structure. Transactions of the
American Fisheries Society 132: 39-46.

Meyer JL, Sale MJ, Mulholland PJ and Poff NL. 1999. Impacts of climate change on aquatic
ecosystem functioning and health. Journal of the American Water Resources Association,
35(6): 1373-1386.

Minns CK. 1995. Allometry of home range size in lake and river fishes. Canadian Journal of
Fisheries and Aquatic Sciences 52: 1499-1508.

Minshall GW and Winger PV. 1968. The effect of reduction in stream flow on invertebrate
drift. Ecology 49: 580-582.

Minshall GW, Peterson RC, Cummins KW, Bott TL, Sedell JR, Cushing CE and Vannote RL.
1983. Interbiome comparison of stream ecosystem dynamics. Ecological Monographs 53:
1-25.

Minshall GW. 1988. Stream ecosystem theory: a global perspective. Journal of the North
American Benthological Society 7: 263-288.

Monk WA, Wood PJ, Hannah DM and Wilson DA. 2008. Macroinvertebrate community
response to inter-annual and regional river flow regime dynamics. River Research and
Applications 24: 988-1001.

Moog O. 1993. Quantification of daily peak hydropower effects on aquatic fauna and

70



management to minimize environmental impacts. Regulated Rivers: Research and
Management 8: 5-14.

Moog O and Chovanec A. 2000. Assessing the ecological integrity of rivers: walking the line
among ecological, political, and administrative interests. Hydrobiologia 422: 99-109.

Mookerji N, Weng Z and Mazumder A. 2004. Food partitioning between co-existing Atlantic
Salmon and Brook Trout in the Sainte-Marguerite River ecosystem. Journal of Fish
Biology 64: 680-694.

Morse DH. 1974. Niche breadth as a function of social dominance. The American Naturalist
108: 818-830.

Murchie KJ, Hair KPE, Pullen CE, Redpath TD, Stephens HR and Cooke SJ. 2008. Fish
response to modified flow regimes in regulated rivers: research methods, effects and
opportunities. River Research and Applications 24: 197-217.

Nijssen B, O’Donnell GM, Hamlet AF and Lettermaier DP. 2001. Hydrologic sensitivity
of global rivers to climate change. Climate Change 50: 143-175.

Niu S and Insley M. 2013. On the economics of ramping rate restrictions at hydro power plants:
Balancing profitability and environmental costs. Energy Economics 39: 39-52.

Olden JD and Poff NL. 2003. Redundancy and the choice of hydrologic indices for
characterizing streamflow regimes. River Research and Applications 19: 101-121.

Olden JD and Naiman RJ. 2010. Incorporating thermal regimes into environmental flow
assessments: modifying dam operations to restore freshwater ecosystem integrity.
Freshwater Biology 55: 86-107.

Parmesan C and Yohe G. 2003. A globally coherent fingerprint of climate change impacts
across natural systems. Nature 421: 37-42.

Patterson RJ and Smokorowski KE. 2011. Assessing the benefit of flow constraints on the
drifting invertebrate community of a regulated river. River Research and Applications 27:
99-112.

Peterson BJ, and Fry B. 1987. Stable isotopes in ecosystem studies. Annual Reviews of
Ecology and Systematics 18: 293-320.

Petts GE. 1984. Time scales for ecological change in regulated rivers. Regulated Streams:
Advances in Ecology. Springer Science 257-266pp.

Pinay G, Clément JC and Naiman RJ. 2002. Basic principles and ecological consequences of

71



changing water regimes on nitrogen cycling in fluvial systems. Environmental
Management 30: 481-491.

Poff NL and Ward JV. 1989. Implications of streamflow variability and predictability for lotic
community structure: a regional analysis of streamflow patterns. Canadian Journal of
Fisheries and Aquatic Sciences 46: 1805-1817.

Poff NLR and Allan JD. 1995. Functional organization of stream fish assemblages in relation to
hydrological variability. Ecology 76: 606-627.

Poff NLR, Tokar S and Johnson P. 1996. Stream hydrological and ecological responses to
climate change assessed with an artificial neural network. Limnology and Oceanography
41: 857-863.

Poff NL, Allan JD, Bain MB, Karr JR, Prestegaard KL, Richter BD, Sparks RE and Stromberg
JC.1997. The natural flow regime. Bioscience 47: 769-784.

Poff NL and Zimmerman JKH. 2010. Ecological responses to altered flow regimes: a literature
review to inform the science and management of environmental flows. Freshwater
Biology 55: 194-205.

Polis GA. 1991. Complex interactions in deserts: an empirical critique of food-web theory. The
American Naturalist 138: 123-155.

Post DM. 2002. Using stable isotopes to estimate trophic position: models, methods, and
assumptions. Ecology 83: 703-718.

Powell JA and Logan JA. 2005. Insect seasonality: circle map analysis of temperature-
driven life cycles. Theoretical Population Biology 67: 161-179.

Power ME, Dietrich WE and Finlay JC. 1996. Dams and downstream aquatic biodiversity:
potential food web consequences of hydrologic and geomorphic change. Environmental
Management 20: 887-895.

Puckridge JT, Sheldon F, Walker KF and Boulton AJ. 1998. Flow variability and the ecology of
large rivers. Marine Freshwater Research 49: 55-72.

Puffer M, Berg OK, Huusko A, Vehanen T, Forseth T and Einum S. 2014. Seasonal effects of
hydropeaking on growth, energetics and movement of juvenile Atlantic salmon (Salmo
salar). River Research and Applications, doi: 10.1002/rra.2801

R Development Core Team, 2012. R: A language and environment for statistical computing. R

Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL
http://www.R-project.org/.

72


http://www.r-project.org/

Rader RB and Belish TA. 1999. Influence of mild to severe flow alterations on
invertebrates in three mountain streams. Regulated Rivers: Research and Management
15: 353-363.

Reynolds L, Herlihy AT, Kaufmann PR, Gregory SV and Hughes RM. 2003. Electrofishing
effort requirements for assessing species richness and biotic integrity in western Oregon
streams. North American Journal of Fisheries Management 23: 450-461.

Richter BD, Baumgartner JV, Powell J and Braun DP. 1996. A method for assessing hydrologic
alteration within ecosystems. Conservation Biology 10: 1163-1174.

Richter BD, Mathews R, Harrison DL and Wigington R. 2003. Ecologically sustainable
water management: managing river flows for ecological integrity. Ecological
Applications 13: 206-224.

Robertson MJ, Pennell CJ, Scruton DA, Robertson GJ and Brown JA. 2004. Effect of
increased flow on the behaviour of Atlantic salmon parr in winter. Journal of Fish
Biology 65: 1070-1079.

Rolls RJ, Leigh C and Sheldon F. 2012. Mechanistic effects of low-flow hydrology on
riverine ecosystems: ecological principles and consequences of alteration. Freshwater
Science 31: 1163-1186.

Rosenfeld JS. 2002. Functional redundancy in ecology and conservation. Oikos 98: 156-
162.

Sabater S. 2008. Alterations of the global water cycle and their effects on river structure,
function and services. Freshwater Reviews 1: 75-88.

Scarsbrook MR. 2002. Persistence and stability of lotic invertebrate communities in New
Zealand. Freshwater Biology 47: 417-431.

Scott WB and Crossman EJ. 1973. Freshwater Fishes of Canada. Bulletin Fisheries Research
Board of Canada 184: 1-966.

Scrimgeour GJ and Winterbourn MJ. 1987. Diet, food resource partitioning and feeding
periodicity of two riffle-dwelling fish species in a New Zealand river. Journal of Fish
Biology 31: 309-324.

Scruton DA, Ollerhead LMN, Clarke KD, Pennell C, Alfredsen K, Harby A and Kelly D. 2003.
The behavioural response of juvenile Atlantic salmon (Salmo salar) and Brook trout
(Salvelinus fontinalis) to experimental hydropeaking on a Newfoundland (Canada) river.
River Research and Applications 19: 577-587.

Scruton DA, Pennell CJ, Robertson MJ, Ollerhead LMN, Clarke KD, Alfredsen K, Harby A and

73



McKinley RS. 2005. Seasonal response of juvenile Atlantic salmon to experimental
hydropeaking power generation in Newfoundland, Canada. North American Journal of
Fisheries Management 25: 964-974.

Scruton DA, Pennell C, Ollerhead LMN, Alfredsen K, Stickler M, Harby A, Robertson M,
Clarke KD and LeDrew LJ. 2008. A synopsis of “hydropeaking” studies on the
response of juvenile Atlantic salmon to experimental flow alteration. Hydrobiologia
609: 263-275.

Smokorowski KE and Kelso JRM. 2002. Trends in fish community structure, biomass, and
production in three Algoma, Ontario, lakes. Water, air, and soil pollution: focus 2: 129-
150.

Smokorowski KE, Metcalfe RA, Finucan SD, Jones N, Marty J, Power M, Pyrce RS and Steele
R. 2011a. Ecosystem level assessment of environmentally-based flow restrictions for
maintaining ecosystem integrity: a comparison of a modified peaking vs. unaltered river.
Ecohydrology 4:791-806.

Smokorowski KE, Bergeron N, Bosclair D, Clarke K, Cooke S, Cunjak R, Dawson J, Eaton B,
Hicks F, Higgins P, Katopodis C, Lapointe M, Legendre P, Power M, Randall R,
Rasmussen J, Rose G, Saint-Hilaire A, Sellars B, Swanson G, Winfield N, Wysocki R,
Zhu D. 2011b. NSERC’s HydroNet: A National Research Network to Promote
Sustainable Hydropower and Health Aquatic Ecosystems. Fisheries 36: 480-488.

Solow AR and Beet AR. 1998. On lumping species in food webs. Ecology 79: 2013-2018.

Sparks RE. 1995. Need for Management of Large Rivers and their Floodplains. Bioscience
45:168-182.

Stanford JA, Ward JV, Liss WJ, Frissell CA, Williams RN, Lichatowich JA and Coutant CC.
1996. A General Protocol for Restoration of Regulated Rivers. River Research and
Management 12: 391-413.

Stanley EH, Fisher SG and Grimm NB. 1997. Ecosystem expansion and contraction in
streams. Bioscience 47: 427-435.

Statistics Canada. 2013. Table 127-0002. Electric power generation, by class of electric power
producer. CANSIM (database) Available at http://wwwb5.statcan.gc.ca/cansim/
a33?RT=TABLE&themelD=4012&spMode=tables&lang=eng.

Statzner SB, Gore JA and Resh VH. 1988. Hydraulic stream ecology: observed patterns and
potential applications. Journal of the North American Benthological Society 7: 307-360.

Strom L, Jansson R, Nilsson C, Johansson ME and Xiong S. 2011. Hydrologic effects on

74


http://www5.statcan.gc.ca/cansim/

riparian vegetation in a boreal river: an experiment testing climate change predictions.
Global Change Biology 17: 254-267.

Stubbington R, Wood Dr PJ and Boulton AJ. 2009. Low flow controls on benthic and
hyporheic macroinvertebrate assemblages during supra-seasonal drought. Hydrological
Processes 23: 2252-2263.

Stubbington R, Wood PJ, Reid I and Gunn J. 2011. Benthic and hyporheic invertebrate
community responses to seasonal flow recession in a groundwater-dominated stream.
Ecohydrology 4: 500-511.

Suren AM, Biggs BJF, Duncan MJ, Bergey L and Lambert P. 2003. Benthic community
dynamics during summer low flows in rivers of contrasting enrichment. 2. Invertebrates.
New Zealand Journal of Marine and Freshwater Research 37: 71-83.

StatSoft Inc. 2004. Statistica (data analysis software system). Version 11.0. www.statsoft.com.

Taylor CM and Warren Jr ML. 2001. Dynamics in species composition of stream fish
assemblages: environmental variability and nested subsets. Ecology 82: 2320-2330.

Tejerina-Garro FL, Maldonado M, Ibanez C, Pont D, Roset N and Oberdorff T. 2005.
Effects of natural and anthropogenic environmental changes on riverine fish assemblages:
a framework for ecological assessment of rivers. Brazilian Archives of Biology and
Technology 48: 91-108.

Tocher DR. 2010. Fatty acid requirements in ontogeny of marine and freshwater fish.
Aquaculture research 41: 717-732.

Tracy CR and Christian KA. 1986. Ecological relations among space, time, and thermal niche
axes. Ecology 67: 609-615.

Troia MJ and Gido KB. 2013. Predicting community-environment relationships of stream
fishes across multiple drainage basins: insights into model generality and the effect of
spatial extent. Journal of Environmental Management 128: 313-323.

Tuor KMF, Smokorowski KE and Cooke SJ. 2014. The influence of fluctuating ramping rates on
the diets of small-bodied fish species of boreal rivers. Environmental Biology of Fishes
98: 345-355.

Valentin S, Wasson JG and Philippe M. 1995. Effects of hydropower peaking on epilithon and
invertebrate community trophic structure. Regulated Rivers: Research and Management
10: 105-119.

Vander Zanden JM and Rasmussen JB. 1999. Primary consumer &'C and "N and the
trophic position of aquatic consumers. Ecology 80: 1395-1404.

75



Vannote RL, Minshall GW, Cummins KW, Sedell JR and Cushing CE. 1980. The river
continuum concept. Canadian Journal of Fisheries and Aquatic Sciences 37: 130-137.

Vallestad LA and Olsen EM. 2008. Non-additive effects of density-dependent and density-
independent factors on brown trout vital rates. Oikos 117:1752-1760.

Vorosmarty CJ, Green P, Salisbury J and Lammers RB. 2000. Global water resources:
vulnerability from climate change and population growth. Science 289: 284—288.

Wagner T and Congleton JL. 2004. Blood chemistry correlated of nutritional condition, tissue
damage, and stress in migrating juvenile chinook salmon (Oncorhynchus tshawytscha).
Canadian Journal of Fisheries and Aquatic Sciences 61: 1066-1074.

Wallace RK. 1981. An assessment of diet-overlap indexes. Transactions of the American
Fisheries Society 110: 72-76.

Walters AW and Post DM. 2011. How low can you go? Impacts of a low-flow disturbance
on aquatic insect communities. Ecological Applications 21: 163-174.

Ward JV. 1989. The four-dimensional nature of lotic ecosystems. Journal of the North American
Benthological Society 8: 2-8.

Ward EJ, Anderson JH, Beechie TJ, Pess G and Ford MJ. 2015. Increasing hydrologic variability
threatens depleted anadromous fish populations. Global Change Biology 21: 2500-2509.

Water Survey of Canada. www.wsc.ec.gc.ca Accessed: April 16, 2014

Williams RJ and Martinez ND. 2000. Simple rules yield complex food webs. Nature 404: 180-
183.

Woo M, Thorne R, Szeto K and Yang D. 2008. Streamflow hydrology in the boreal region
under the influences of climate and human interference. Philosophical Transactions of the
Royal B Society 363: 2251-2260.

Woodward G and Hildrew AG. 2002a. Body-size determinants of niche overlap and intraguild
predation within a complex food web. Journal of Animal Ecology 71: 1063-1074.

Woodward G and Hildrew AG. 2002b. Food web structure in riverine landscapes. Freshwater
Biology 47: 777-798.

Wrona FJ, Prowse TD, Reist JD, Hobbie JE, Levesque LM and Vincent WF. 2006. Climate
change effects on aquatic biota, ecosystem structure and function. Ambio 35: 359-369.

Xenopoulos MA and Lodge DM. 2006. Going with the flow: using species-discharge

76


http://www.wsc.ec.gc.ca/

relationships to forecast losses in fish biodiversity. Ecology 87: 1907-1914.

Young PS, Cech Jr JJ and Thompson LC. 2011. Hydropower-related pulsed-flow impacts on
stream fishes: a brief review, conceptual model, knowledge gaps, and research needs.
Reviews in Fish Biology and Fisheres 21: 713-731.

Zar JH. 2010. Biostatistical Analysis. Fifth Edition. Pearson Prentice Hall, New Jersey, 944
pps.

Zhang Y, Malmqvist B and Englund G. 1998. Ecological processes affecting community

structure of blackfly larvae in regulated and unregulated rivers: a regional study. Journal
of Applied Ecology 35: 673-686.

77



