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Abstract

Longitudinal Trends of Benthic Invertebrates in Regulated Rivers: A Test of the Serial
Discontinuity Concept

Lucy E Lee

The Serial Discontinuity Concept describes the downstream recovery of key biophysical
variables below an impoundment. With the proliferation of hydropower dams to meet increasing
societal demands, further refinement and understanding of the Serial Discontinuity Concept is
needed to accurately predict downstream impacts and ensure the proper management of rivers. In
this study, | examine SDC predictions on physical, chemical and biological recovery in regulated
rivers providing evidence from 1) a comprehensive literature review and 2) a formal test using
two regulated rivers in Northern Ontario. | specifically address how these changes are reflected
in benthic invertebrate abundance, diversity, and community composition. The literature review
and case studies support the predicted recovery of temperature, periphyton, substrate, and drift.
In addition, the study suggests that two recovery gradients exist in regulated rivers: 1) a longer,
thermal gradient taking up to hundreds of kilometres downstream; and 2) a shorter, resource
subsidy gradient recovering within 1-4 km downstream of an impoundment. Total benthic
invertebrate abundance varies considerably and depends on the degree of flow alteration and
resource subsidies from the upstream reservoir. In contrast, benthic diversity is reduced below
dams irrespective of dam location and operation with little recovery observed downstream.
Contrary to SDC predictions, the longitudinal gradient in regulated rivers is not a compaction of
functional changes seen over several stream orders in natural rivers but a response to dam design
and reservoir conditions. Stoneflies and dragonflies are particularly sensitive to regulation while
filter feeding invertebrates are enhanced. Ward and Stanford's (1983) Serial Discontinuity
Concept is still a useful framework for testing hypotheses. Future studies should further expand
the SDC through empirical estimation within the context of the landscape to gain a better

scientific understanding of regulated river ecology.

KEYWORDS: Serial Discontinuity Concept, River Continuum Concept, gradient analysis, dams,
recovery, longitudinal, benthic invertebrates
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Chapter 1. General Introduction

The complexity of flowing waters makes it difficult to study and classify lotic
ecosystems. Numerous models have been proposed in theoretical river ecology in the past 100
years. From early zonation theories (Steinmann 1915; Thienemann 1925; Illies and Botosaneanu,
1963) through the highly influential River Continuum Concept (Vannote et al. 1980) to the latest
integration of landscape ecology (patch dynamics, hierarchical scaling and disturbance
dynamics) (see Melles et al. 2011), these concepts are continually refined and provide an
overarching framework of stream community dynamics.

Vannote et al. (1980) recognized this complexity with the RCC describing a continuous
gradient of physical variables in a river from the headwaters to downstream reaches that include
changes in depth, channel width, velocity, discharge, temperature, and entropy gain and the
corresponding shifts in the aquatic community optimally exploiting their nutritive source of
organic matter (Vannote et al. 1980). Prior to the RCC, few stream ecologists acknowledged that
understanding biological strategies in lotic ecosystems requires knowledge of the gradient of
physical factors formed by the fluvial geomorphology of the drainage network (Vannote et al.
1980). The integration of ecological, physical, chemical and human influences on lotic systems
has advanced stream ecology beyond the descriptive and theoretical level, allowing the testing of
the concept on lotic systems. Much of this longitudinal thinking was influenced by gradient
analysis popularized by Whittaker (1967) in which species occur within a limited range of
habitats; and within their range, tend to be most abundant under optimal environmental

conditions (Ter Braak and Prentice 1988). All major conceptual advances in the field of stream



ecology arose from either a response to the controversy of the RCC or as extensions of the
central themes expressed by Vannote et al. (1980).

The RCC is largely based on continuously flowing forest-temperate rivers and the
application of the concept to other stream systems such as desert, tundra, mountainous and
tropical streams has been widely criticized (Stazner and Higler 1985). It is important to note that
under different climate and geology, these patterns and processes may be altered. For example,
desert streams have very little to no riparian vegetation and these watersheds would be an
inversion of the typical longitudinal structure of the continuum described by Vannote et al.
(1980; Wiley et al. 1990).

While the RCC is conceptually based on an uninterrupted river continuum and has
application to natural rivers, few rivers remain free flowing. It is estimated that there are 45 000
large dams (>15 m in height) and a million smaller dams impounding rivers worldwide (Allan
and Castillo, 2007). The addition of dams alters the geomorphology, water quality, temperature
regime, and flow regime of lotic systems influencing the resources and habitat of fish, benthic
invertebrates and lower trophic levels. Downstream changes in biotic and abiotic characteristics
are complex and include decreased thermal heterogeneity, flow constancy and flow increases,
increased or decreased suspended material, increased armouring of substrate, and increased algal
growth among others - especially below hypolimnial-release impoundments (Lehmkuhl 1972;
Ward 1974; Voelz and Ward 1989; 1998; 1991). Consequently, the aquatic community responds
uniquely to these alterations (Whittaker 1967; Ter Braak and Prentice 1988; Voelz and Ward,
1991). There are potentially strong longitudinal biotic gradients associated with changes in food
sources, water temperature, and substrate composition in regulated rivers (Ward and Stanford

1983) compressed into tens of kilometeres compared to hundreds of kilometers in natural



systems (Vannote et al., 1980). Identifying the distributional patterns of species within regulated
rivers determines what processes control the structure of lotic communities in these altered
environments. Following the publication of the RCC (Vannote et al. 1980), Ward and Stanford
(1983) proposed the Serial Discontinuity Concept (hereafter, SDC) to describe longitudinal
gradients in regulated rivers. Ward and Stanford (1983) provided a theoretical framework for
hypothesis testing regarding the recovery of physical, chemical and biological parameters below
impoundments. Reviews of previous studies suggest that two recovery gradients exist in
regulated rivers: 1) a longer, thermal gradient taking up to 387 km downstream (Gore 1977
Paller and Saul 1996; Preece and Jones 2002; Olden and Naiman 2010); and 2) a shorter,
resource subsidy gradient recovering within 1-4 km downstream of an impoundment (Byren and
Davies 1989; O'Keeffe et al. 1990; Kraft and Mundahl 1988; Cortes et al. 2002; Storey et al.
1991; Gore et al. 1989, Katano et al. 2009). Benthic invertebrate response to river regulation
varies considerably, with both increases and decreases in density and biomass observed (Ward
1975; Rader and Ward 1988; Voelz and Ward 1991; Moog 1993; Saltveit et al. 1994;
Parasewiecks et al. 1998; Cereghino et al. 2002). Much of this variability stems from degree of
flow variability and resource subsidies from the upstream reservoir (Jones 2011). Benthic
diversity is often reduced below dams irrespective of dam location and operation with little
recovery observed downstream (Gore 1977; Ward and Stanford 1983; Rader and Ward 1988;
Voelz and Ward 1991; Munn and Brusven 1991; Stevens et al. 1997; Cortes et al. 2002; but see
Jones 2012). Orthoclad Chironomidae, Hydropsychiidae, and Simuliidae are frequently enhanced
below dams, Ephemeroptera have varying responses to regulation related to different habitat
requirements, while Plecoptera density and diversity are typically reduced below dams with little

recovery found further downstream.



Despite opportunities to test stream ecological theory and to examine the recovery of biotic
and abiotic changes below dams, recovery gradients are rarely examined in sufficient detail and
no formal test exists in published literature for Serial Discontinuity Concept predictions. As
previously noted by Poff et al. (1997), conservation and management must be firmly based on
scientific understanding and Ward and Stanford (1983) provide this opportunity for regulated
river ecology. The purpose of this study is to assess the Serial Discontinuity Concept proposed
by Ward and Stanford (1983) in determining the recovery of physical, chemical and biological
changes in impounded rivers. The primary objective is to test Serial Discontinuity Concept
predictions with a) what is found in the literature and b) a formal test of the SDC with two
regulated study rivers in northern Ontario. The first objective of this study is to provide a
comprehensive review and synthesis of what is known about longitudinal trends in benthic
invertebrate communities below impoundments in relation to Serial Discontinuity Concept
predictions, emphasizing on physical, chemical, and biological recovery in regulated rivers. The
second objective is to formally test the Serial Discontinuity Concept. | first use direct gradient
analysis to examine benthic invertebrate gradients in two regulated study rivers in relation to
changes in their resource and habitat conditions. 1 then examine the predicted recovery of
particulate organic matter, substrate, nutrients, temperature, periphyton, planktonic drift, and
invertebrate richness in relation to the Serial Discontinuity Concept predictions. The SDC is
accepted or rejected based on the similarity and differences of the functional forms found for the
regulated Magpie and Michipicoten rivers to those predicted from the SDC. Overall, the SDC is
accepted or rejected based on the number of predictions that are met from the experimental data
(regulated study rivers). I used two undisturbed, natural rivers in the same geographic region to

establish patterns of natural variability to compare to regulated rivers because pre-impoundment



conditions of the regulated rivers were not available. Addressing these objectives will provide
new insight on the effects of impoundments on benthic invertebrates and the stream ecosystem,
and this information could be used in the development of predictive models, flow management

plans, impact assessments, and monitoring programs for regulated rivers.
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Chapter 2. Longitudinal trends in regulated rivers: a review and
synthesis within the context of the Serial Discontinuity Concept

Abstract

Dam:s alter the geomorphology, water quality, temperature regime, and flow regime of lotic
systems influencing the resources and habitat of fish, benthic invertebrates and lower trophic
levels. Since the inception of the River Continuum Concept and the Serial Discontinuity Concept
biotic and abiotic impacts below impoundments have been the focus of many lotic studies.
However, recovery gradients are rarely examined in sufficient detail below dams and no current
synthesis of longitudinal impacts in regulated rivers exists. This understanding is needed to build
ecological relationships in regulated rivers to inform environmental flows science and
management. In this review, we provide evidence for SDC predictions on physical, chemical and
biological recovery in regulated rivers. Additionally, we determine how these changes are
reflected in the benthic community. Our review suggests that two recovery gradients exist in
regulated rivers: 1) a longer, thermal gradient taking up to hundreds of kilometres downstream;
and 2) a shorter, resource subsidy gradient recovering within 1-4 km downstream of an
impoundment. Total benthic invertebrate abundance varies considerably, with both increases and
reductions observed at near-dam sites and varying in recovery downstream. Much of this
variability stems from the degree of flow alteration and resource subsidies from the upstream
reservoir. In contrast, benthic diversity is often reduced below dams irrespective of dam location
and operation with little recovery observed downstream. The community composition at near-
dam sites are largely composed of filter-feeding invertebrates which are quickly replaced
downstream, while stoneflies are reduced below impoundments with limited downstream

recovery. Despite a lack of formal testing, studies support Serial Discontinuity Concept



predictions. The SDC still provides a useful theoretical framework for hypothesis testing and
future studies should further expand the SDC to include empirical estimation within the context
of the landscape.

KEYWORDS: gradient analysis, serial discontinuity concept, dams, recovery, longitudinal,
benthic invertebrates

Introduction

The study of river dynamics has largely focused on the spatial organization of organisms in a
linear upstream-downstream schema. The highly influential River Continuum Concept
(hereafter, RCC) described a continual gradient of environmental conditions affecting
community patterns and distribution from the headwaters to downstream reaches (i.e. depth,
channel width, velocity, discharge, temperature, and entropy gain) (Vannote et al. 1980). The
application of the RCC outside North American forest-temperate streams has been critiqued in
the past (Winterbourn et al. 1981; Ward 1986), but modifications have provided a sliding scale to
include other river types (e.g., desert) (Minshall et al. 1985). Much of this longitudinal thinking
was influenced by gradient analysis popularized by Whittaker (1967) in which species occur
within a limited range of habitats; and within their range, tend to be most abundant under optimal
environmental conditions (Ter Braak and Prentice 1988). In rivers, the gradient is the
uninterrupted continua downstream from headwaters to lowland reaches.

Few rivers currently remain free-flowing and are impounded for human use. The adverse
effects of dams are well known and related to changes in geomorphological processes (Petts and
Armitage 1993; Kondolf 1997; Osmundson et al. 2002), physicochemical alterations (Ward
1974; Storey et al. 1991, Stevens et al. 1997; Vinson 2001), altered temperature regimes (Olden

and Naiman 2010; Preece and Jones 2002; Paller and Saul 1996; Cereghino et al. 2002; Jakob et
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al. 2003; Ward and Stanford 1983; Ward 1975) and flow regimes (Trotzky and Gregory 1974,
Cereghino et al. 1997; Poff et al. 1997; Bunn and Arthington 2002; Haxton and Findlay 2008).
Fish community composition, fish migration, reproduction, foraging, growth, year-class strength,
and overall habitat quality are typically altered in regulated rivers (Murchie et al. 2008; Clarke et
al. 2008). The degree of alteration is believed to be directly related to the degree of flow
alteration (Poff and Zimmerman 2010; Poff et al. 2010) and nonlinearities in flow-biota
relationship makes prediction difficult. To build these relationships we must first understand how

the response of biota manifests downstream of dams.

Mean T

Biotic

Diversity

Plankton

1357911

1357911

1357911

Stream Order
Figure 2.1. Redrawn examples of Serial Discontinuity Concept Predictions (Ward and Stanford,
1983). Relative changes are a function of stream order based on the natural river continuum
(solid lines). Dashed lines indicate hypothesized changes to the variable with the addition of an
impoundment at the headwaters, middle reach and lower reach along the river continuum.

Ward and Stanford (1983) recognized that most rivers experienced breaks or discontinuities

in the continuum from impoundment and proposed a modification to the RCC known as the
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Serial Discontinuity Concept (hereafter, SDC). The development of the SDC provided another
major step forward with a theoretical framework to describe upstream and downstream
longitudinal changes in abiotic and biotic variables. Discontinuities in the river can reset the
continuum, creating a longitudinal shift or departure from a reference condition of a given
variable defined as 'discontinuity distance' (also known as recovery distance or zone of
influence). Ward and Stanford (1983) made a series of predictions for key biotic and abiotic
variables in the context of the river continuum (Figure 2.1). The recovery of each variable
depends on dam size, position along the river, and tributary inputs among others (Ward and
Stanford 1983). After receiving criticism for it's simplistic "linear" view, the SDC was expanded
to include lateral and vertical connectivity (Ward and Stanford 1995a). The relative importance
of the pathways depend on the location along the river. For example, longitudinal connectivity is
more important in the headwaters, the vertical pathway would be more developed in the middle
reaches, and the more complex, lateral pathway in the meandering lower reaches (Ward and
Stanford 1995b).

Despite wide reference to the SDC, there are no formal tests of the concept that specifically
outline SDC expectations and whether or not they are met (but see Sabater et al. 1989; Voelz and
Ward 1989; 1990; 1991). Ward and Stanford (1993) previously noted a knowledge gap in the
response of environmental and biological gradients below dams; and this gap still exists today.
Studies reporting significant longitudinal impacts are limited from the constraints of poor
experimental design (Jones, 2011). With the exception of a few longitudinal studies that either
sample the entire length of the river or enough sites and distance for recovery to be detected

(Gore 1977; Stanford and Ward 1989; Hauer et al. 1989; Voelz and Ward 1989; 1990; 1991,
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Stevens et al. 1997), regulated river studies still fail to examine abiotic and biotic gradients in
detail and to a sufficient scale for the recovery to be realized.

The goal of this review is to synthesize what is currently known about longitudinal trends in
benthic invertebrate communities below impoundments in relation to SDC expectations. Serial
Discontinuity Concept predictions include physical, chemical, and biological recovery below
hypolimnial release hydroelectric dams (e.g., Figure 2.1, Ward and Stanford 1983). In the
following, | state the predictions from the SDC and provide evidence for these predictions with
examples from literature. More specifically | review longitudinal changes in thermal regime,
flow regime, water quality, substrate, periphyton, organic matter and planktonic drift.
Additionally, I examine how these longitudinal gradients in environmental conditions are
reflected in benthic community characteristics (abundance, diversity, and specific taxa). Finally,

| provide a broad synthesis of the reviewed literature.

Methods
Literature search

Literature searches were conducted using the online database search engines Scholars
Portal and EBSCO HOST with a focus on studies from 1980 to present. Search key words

% N

included “serial discontinuity concept”, "river continuum concept", “benthic invertebrates AND

2 ¢

longitudinal”, “water power management”, “hydropeaking AND benthic invertebrates”, “natural
flow regime”, “peaking facilities”, “benthic invertebrates AND regulated rivers”, “hydroelectric
dams AND benthic invertebrates”, “longitudinal distribution AND benthic invertebrates”. In
addition, some literature cited sections within retrieved articles were also reviewed, some dated

prior to 1980. For inclusion in the review, studies had to meet the following criteria: 1) relevant

to water power management or effects of dams on benthic invertebrates, 2) include longitudinal
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distributional patterns of benthic invertebrates and their habitat, and 3) was published in a peer-
reviewed scientific journal or special publication comprised of peer-reviewed articles. Although
this review focuses on longitudinal trends below hydroelectric impoundments; studies providing
pertinent information to longitudinal patterns but were not specifically hydroelectric dams (e.g.,
flood control or irrigation dams) were included in the review (Table 2.1, e.g., Gore 1977; Byren

and Davies 1989; Voelz and Ward 1990; Storey et al. 1991; Voelz and Ward 1991).
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Table 2.1. Summary of literature reviewed pertaining to dam impacts on invertebrates and habitat characteristics. Where available,

dam characteristics and recovery distances are included.

2 .
Source Dam & Location coe () Operation Year Built el Release Refe;rence Regglated Variables Rgcovery Sampling
Sampled Sites Sites Distance Reach
Gardiner Dam, 335900
Lemkuhl 1972 South Embankment 1967 1971 hypolimnetic 2 5 inverts, temperature 113 km 113 km
Saskatchewan R,
Canada
Cheesman Lake, 72 696
Ward 1975 South Platte R, Reservoir 1905 1972-1973  hypolimnetic 0 4 zooplankton na 8.5 km
Colorado, US
Tongue River, 13978 R . . . .
Gore 1977 Tongue R, USA irrigation na 1974-1975  hypolimnetic 0 7 Inverts, velocity, periphyton no recovery 150 km
. Cows Green, 1834 . Surface and
Armitage 1978 River Tees, UK Reservoir 1970 1972-1975 hypolimnetic 0 5 Invertebrates, Plankton na 1km
Hauer & Hungry Horse 22779
Dam, Flathead Hydroelectric na 1979 hypolimnetic 2 2 Trichoptera, POM, Temperature na 15 km
Stanford 1982 -
River, US
Prickett Dam 1890 .
Kraft & ' Hydroelectric
Mundahl 1984 S_turgeon R, (intermittent) 1930 1979 surface 1 5 Invert, temperature na 15 km
Michigan, US
Rader & Ward ~ Granby Dam, 637 137 . ) . . Invertebrate, periphyton, organic 4 km, in
1988 Colorado R, US Reservoir na 1981-1983  hypolimnetic ! 2 matter, water quality periphyton 4km
Prickett Dam 1890 .
Kraft & ' Hydroelectric i 2 Ephemeroptera and 1
Mundahl 1988 '\i It;:?;;? lLQJ'S (intermittent) 1930 1979-1980 surface 1 5 Plecoptera species no recovery 10km
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Taylor Park Dam 20 851
Stanford & & Crystal Dam, Hydroelectric & i . .
Ward 1989 Gunnison R., Reregulation na 1979-1980  hypolimnetic 3 Plecoptera 80 km 329 km
Colorado, US
Gore et al Center Hill Dam, 4587 Hydroelectric habitat (depth, velocity,
1989 Caney Fork R., US (peak) na 1987 na 3 substrate) and sculpin na 20 km
Dworshak Dam 24 980 2.5 km
Munn & Clearwater R ' Hydroelectric na 1983 multiple 5 Caddisfly, release level, water 30 km regulated,
Brusven 1987 N and Flood control P temp, discharge 80 km
Idaho, US
total
Nuweberg & 500
Byren & Arieskraal Dam, . . . .
Davies 1989 Palmiet R., S. Storage na 1986-1987  hypolimnetic 4,3 Physicochemical no recovery 74 km
Africa
Layzeretal Center Hill Dam, 4587 Hydroelectric . . .
1989 Caney Fork R., US (eaking) 1948 1987 hypolimnetic 1 Drift na 1km
Taylor Park & 20851
Hauer et al Crystal Dam, Hydroelectric . . . . i
1989 Gunnison R.. (intermittent) na 1979-1980  hypolimnetic 3 Trichoptera 60-80 km 329 km
Colorado, US
Nuweberg & 500 upper reach
O'keeffe & Arﬁ';:?;' ;zm, surface except dams: within3 74 km
. Hydroelectric na 1986-1987  for Nuweberg 2,4 physicochemical km, middle  and 140
Palmer 1990  various dams on . .
and Arieskal reach: at least km
Buffalo R., South
i 30 km
Africa
Troelsup & Fort Randall & 1371010 Hvdroelectric 21 km
Hergenrader Gavins Point Dam, )(/ eaking) na 1983 na 1,1 Benthic invertebrates na and 3 km
1990 Missouri R., US peaxing
Voelz & Ward Dillon, Blue River, 1770 . - Invertebrates, Physicochemical,
1990 Colorado, US na na 1984-1985  hypolimnetic 6 habitat na 11 km
Canning Dam, na
Storey et al Canning River, Storage/Water 1940 1989 na 3 Invertebrates, Substrate, POM, 7km 7km
1991 Australia supply wQ

16



Voelz & Ward  Granby Dam, 637 137 Invertebrates, physicochemical,

1991 Colorado R ,US Storage 1940 1985 hypolimnetic 0 6 habitat na 12 km
24980 25km
Dworshak Dam, .
Munn & Clearwater R., Hydroelectric na 1983 Multiple 5 2 benthic invertebrates na regulated,
Brusven 1991 and Flood control 80 km
Idaho, US total
Lake, 10 rivers, na
. New Zealand (5 . .
Harding 1992 with, 5 without na na na Surface 5 5 benthic invertebrates partial 18-80 km
dams)
Kielder Dam, 2145 Hvdroelectric
Boon 1993  North Tyne River, )(/peaking) 1981 1988 Multiple 1 4 Trichoptera 28 km 20 km
UK
Various dams, na . approx 35 km,
Moog 1993  Various Austrian H)(/j(;ﬁ)eleggﬂc, na 1986-1990 na 1 5-7 Invertebrates, Fish but not 36 km
Rivers yP mentioned
Saltveit et al River Surna, na hydropower . .
1994 Norway (peaking) 1968 1984-1985  hypolimnetic 2 3 Invertebrates, Thermal no recovery 30 km
. Veyrieres Dam, na . -
Valentin et al Fontauliere R Hydroelectric na 19921993 hypolimnetic 1 2 Invertebrates, eplllthon, water no recovery 8 km
1995 F (peak) quality
rance
Granby and 637 137,
Burgomillodo 1940 (Granby), 12 km
Sigirggg‘% Dam, Colorado R., 1450 HStg:ca)gfez?r?c 1953 1984-1985  hypolimnetic 0 3 Invertebcr)ei(tesé'rl]'emﬁerature, na and 7.6
Duraton (USA and Y (Burgomillodo) ygen. p km
Spain)
Stevens et al Glen Canyon 637 137
1997 Dam, Colorado Hydroelectric 1966 1991 hypolimnetic 0 11 Invertebrates, algae and WQ no recovery 387 km
River, US
Cereghino & Orlu. River na
Lavandier ! Hydropeaking na 1991-1992  hypolimnetic 1 2 Plecoptera, drift na 4 km
1998 Oriege, France
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Andelsbuch and 830
Parasiewicz et Langenegg Dam, Hydroelectric 1986,1987, Invertebrates, Flow/hydraulics,
al 1998 Bregenzerach R, (peaking) decades 1994 na 2 4 fish no recovery 39 km
Austria
Casas et al Canales, River 8278 Hydroelectric . .
2000 Genil, Spain (peaking) na 1994 hypolimnetic 1 1 Invertebrates and CPOM na 4 km
Cortes et al Alto Lindoso & 2535
2002 Touvedo, Lima Hydroelectric na 1998 & 1999 hypolimnetic 5 4 Invertebrates, WQ, Substrate na 18 km
River, Portugal
na 700 m for R
Cereghinoet  Orlu, Oriege R, . . - semicolorata,
al 2002 France Hydropeaking na 1993 hypolimnetic 1 10 Invertebrates recovery by 4.4km
sites (4.375 km)
Jakob et al Punt dal Gall 295
2003 Dam, Spol River, Hydropeaking 1970 2000 hypolimnetic 0 3 Invertebrates and habitat na 2.3km
Switzerland
24980 2.5km
Dworshak Dam, .
Munn & e amwater R., Hydroelectric na 1983-1985  Multiple 2 2 epilithon 25km  regulated,
Brusven 2004 and Flood control 80 km
Idaho, US
total
Elgha & Glines 824
Morley et al Canyon Dam, Hydroelectric B } .
2008 Elwha River, (run-of-the-river) 1913 2004-2006 na 4 25-52 Periphyton Approx 15 km 60 km
Washington, US
Katano et al Agi-gawa Dam, 81.8 Rockfill dam for
2009 Agi-gawa River, flood control and 1990 2005 Multiple 4 4 Invertebrates and habitat 3km 8.7 km
Japan water supply
Various, 10 rivers, na . ) ! Invertebrates, periphyton, WQ, .
Rehn 2009 Sierra Nevada, US Hydroelectric 1924-1970 2005-2006 na 1 5 physical habitat, flow Partial 3km
Steephill Falls 1930 Hvdroelectric
Jones 2011 Dam, Magpie Y 1989 2004-2009  metalimnetic 16 3 Invertebrates (abundance) 5-8 km 8 km

River, Canada

(peaking)
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Steephill Falls 1930

Hydroelectric

Invertebrates (richness and

Jones 2012 Dam, Magpie Ki 1989 2004-2009  metalimnetic 16 3 diversi 8 km
River, Canada (peaking) iversity)
266 1955-1962 &
T:%/g%jé‘ Dervl\?/ei:\r);,r DS}QN ent Reservoir 1966 hypolimnetic 1 1 Invertebrate (richness) and Flow 10 km 10 km
' 1990-2007
Mendoza-Lera Variousdamsand  0.66-9.81 0.086-
et al 2012 rivers in Spain Water supply na 2008 surface 1 1 Invertebrate and CPOM na 0.675 km
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Analysis and Discussion
Longitudinal Trends in Biotic and Abiotic Variables in relation to the SDC

In the following section | review abiotic and biotic variables important to ecosystem
structure and function. The ecological importance of these variables can be found elsewhere
(e.g., Allan and Castillo 2007) as can the general impacts of impoundments on the structure and
function of rivers (Poff et. al. 1997; Dewson et al. 2007; Murchie et al. 2008; Olden and Naiman
2010). Here I focus on key biotic and abiotic variables outlined in the SDC and discuss 1) how
the variable is predicted to respond below impoundments according to the SDC, and 2)
synthesize the longitudinal impacts observed by others. Detailed information such as study
location, dam design, operation, and recovery distances of the reviewed studies can be found in
Table 1.
Thermal Regime

Thermal regime is one of the most important variables structuring the life history of
invertebrates by affecting egg development, fecundity, dormancy, growth and maturation,
voltinism, and emergence (Rader et al. 2007). The SDC predicts the suppression of the diel
temperature range below middle reach dams where the greatest daily thermal range is seen
(Ward and Stanford 1983). Impounding the middle and lower reach of the river would also
reduce the annual thermal range while impounding the headwaters should not have a significant
effect (Figure 2.1).

The longitudinal recovery of the thermal regime may require 40 to 930 km depending on
dam characteristics and downstream inputs of lakes, groundwater, and tributaries (Olden and
Naiman 2010). The greatest temperature effects are found below hypolimnial release

impoundments from the characteristic winter warm and summer cool conditions in the tailwaters.
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For example, Preece and Jones (2002) found the annual temperature to decrease by 5° C below
the Keepit Dam in Australia and only recovering within 1° C, 100 km downstream. Paller and
Saul (1996) noted full temperature recovery gradient 257 km downstream in the Savannah River
(US) (Figure 2.2). Gore (1977) observed a thermal recovery at 60 km below the Tongue River
Reservoir while Byren and Davies (1989) did not find any thermal recovery in the Palmiet River
(South Africa) (Table 2.1). In contrast to other studies, Cereghino et al. (2002) found thermal
effects to attenuate 3.5 km downstream from the Orlu dam because the upstream reach and
downstream regulated reach were not isolated from each other (hypolimnetic water is drained
from a separate reservoir). This connectivity allowed the daily and seasonal variability of flow
and temperature to remain within the limits of natural variations when the plant was not

operating (Cereghino et al. 2002).
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Figure 2.2. Longitudinal attenuation of mean annual temperature (Gore, 1977; Byren and
Davies, 1989), maximum temperature (Preece and Jones, 2002) and mean summer temperature
(Paller and Saul, 1996) obtained from reviewed literature.
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Flow
Flow regime shapes many fundamental ecological characteristics of lotic ecosystems by

directly influencing many environmental variables e.g., thermal regime and the life history of
aquatic biota (Poff et al. 1997). According to the SDC, the flow regime exhibits high variation in
the middle reaches where it is most influenced by the local weather and climate (Ward and
Stanford 1983). Storage reservoirs in the middle reaches moderate flow fluctuations (AQ) by
storing water during spates and release water during dry periods. Consequently, the downstream
flow regime depends on the purpose of the reservoir (Ward and Stanford 1983).

From source to mouth of a natural river, the velocity and discharge of the river gradually
increases with the addition of tributaries and groundwater sources. With the addition of a
peaking facility, the discharge rate can change drastically and frequently to meet electrical
demand. While flow regime is important as a whole and the focus of many studies (Ward 1975;
Dewson et al. 2007; Clarke et al. 2008; Murchie et al. 2008), longitudinal attenuation of flow
below a dam has received little attention. Studies of flow regime alterations have largely focused
on discharge pulses through time with the use of classic hydrographs (Figure 2.3a). However, it
would also be beneficial to determine how a pulse of flow attenuates downstream following
release from a dam. During peak flows below a dam, water is flushed downstream with the sheer
stress from high magnitude flows acting directly on the downstream community (Figure 2.3b),
and in many cases causing invertebrate drift (Perry and Perry 1986; Bruno and Siviglia 2012)
drift in juvenile fish (Harvey 1987; Thompson et al. 2011) and periphyton scouring (Biggs 1995;
Jakob 2003). This large pulse of flow would theoretically attenuate downstream with decreasing
magnitude in accordance with channel roughness, slope, and morphology. Tributary inputs and

lakes can dilute regulated flows.
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Figure 2.3. Hypothesized attenuation of pulsed-flow below a peaking hydropower facility. A)
discharge magnitude in relation to time, and B) the longitudinal attenuation of flow stage height.

Water Quality
Water quality and the downstream supply of nutrients dictates the structure and function

of the aquatic community (Newbold et al. 1982). The SDC predicts deep release impoundments
in headwaters can raise nutrient levels downstream but the availability should remain unaltered
(Ward and Stanford 1983). Impoundments in lower reaches; however, are hypothesized to
increase nutrient availability from increased clarity and substrate stability (Ward and Stanford
1983). Disruption of nutrient spiralling from impoundment will be most affected in upper
reaches. Reservoirs can act as nutrient sinks and the quality of the release depends on both their
timing and depth characteristics (Ward 1982; Armitage 1984).

From the reviewed literature, water quality changes little below dams or appears to
recover rapidly relative to other habitat impacts (1-3 km recovery distance). In two studies of the
Palmiet River, nitrite, nitrate, and ammonium all increased below the dam due to hypolimnetic
discharges but recovered within 1-3 km (Byren and Davies 1989; O’Keefe et al. 1990). Byren

and Davies (1989) found that in contrast to SDC predictions, dams found in the upper and lower
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reaches of the river had significant effects to nutrient concentrations. It is important to note that a
3 km recovery may seem rapid, but the Palmiet River is very short and precipitous and even 3
km of recovery distance still represents a considerable perturbation (Byren and Davies 1989).
Carmargo (2004) did not find any impact on water chemistry below a hypolimnial release
impoundment because the reservoir was used for water supply, was small in size, and located in
the headwaters (Camargo, 2004). Surface release impoundments also showed negligible changes
(Mendoza-Lera et al., 2012) which is common for surface release dams (Lessard and Hayes,
2003; Rehn, 2009) as did a multi-level release dam on the Agigawa River (Japan) (Katano et al.,

2009).

Geomorphology and Substrate
The supply and transport of sediments and substrate heterogeneity (Minshall 1984;

Jowett and Richardson 1990; Quinn and Hickey 1990) strongly influence channel dynamics and
habitat quality for stream biota (Erman and Erman 1984). According to the SDC, damming
middle and lower reaches will immediately increase substrate size (Ward and Stanford 1983) and
scouring will move progressively downstream from the dam until a new equilibrium is reached
(Petts 1979). A dam may not alter sediment size in headwater reaches because the substrate of
natural headwater streams is generally large.

Reviewed studies conform to SDC predictions finding large stable substrates directly
below the impoundment from the release of clear water from reservoirs removing fine sediment
(Kraft and Mundahl 1988; Cortes et al. 2002; Storey et al. 1991; Gore et al. 1989, Katano et al.
2009). Gore et al. (1989) assessed the substrate characteristics below a peaking facility in the
zone of degradation, aggradation, and recovery (2km, 8km, and 20km downstream,
respectively). The first site was characterized by large and medium cobble from pronounced

peaking effects. After 20 km downstream, the river recovered from hydraulic impacts with a
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typical pool-riffle sequence and a predictable meandering thalweg (Table 1). In the case of outlet
streams or surface release dams, Jones (2010) noted that because of sediment sinking in the
upstream reservoir, flow in the outlet stream can become sediment-starved (Kondolf 1997) and
erode the streambed and banks, armouring bed material and losing spawning gravels (Jones
2010). For example, Arp and Baker (2007) observed a 50% recovery of sediment characteristics
1-5 km downstream of a natural lake but other streams may require up to 10-20 km (Jones 2010).
In addition to substrate armouring, Morley et al. (2008) noted that substrate size was less
heterogenous in the regulated Elwha River (US) compared to natural rivers.

Periphyton

Primary production by algae is an important source of organic matter (Odum 1956),
stabilizes sediments (Dodds and Biggs 2002), assimilates nutrients (Skulberg 1984), is an
important primary food source for invertebrate grazers and provides refuge from predators and
from high flows. According to the SDC, damming headwaters or lower reaches will cause a
spike in the photosynthesis/respiration ratio, while damming middle reaches should theoretically
have little effect because they should be naturally abundant. The proliferation of periphyton in
tailwaters of impoundments is common and has been linked to less mobile substrate and higher
nutrient levels, changing the quality and quantity of food resources for benthic invertebrates
(Ward and Stanford 1983).

Most studies conformed to SDC predictions with high chlorophyll-a values or biomass
located immediately downstream of the impoundment and decreasing with distance from the
dam (Gore 1977; Voelz and Ward 1991; Valentin et al. 1995; Munn and Brusven 2004; Morley
et al. 2008; Katano et al. 2009; Rehn 2009). Only a few studies specifically determined the
recovery distance of periphyton biomass that ranged from 1-4 km (Rader and Ward 1988; Voelz

and Ward 1991; Munn and Brusven 2004; Rehn 2009). Rapid recovery of periphyton biomass
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was reported in the Colorado River (1.4 km; Voelz and Ward 1991) as well as diatom and
filamentous green algae densities (4 km; Rader and Ward 1988). Ward (1976) found epilithon
standing crops 3-20 times greater in a regulated section of the South Platte River below the
Cheesman reservoir from flow constancy, which increased bed stability and allowed mosses and
filamentous algae to dominate (Ward 1976; Armitage 1978; Dufford et al. 1987). In the case of
hydropeaking rivers; the opposite was true as the flushing flows below these dams scour the
periphyton from the substrate with lowest values at 0.15 km and highest at 2.3 km downstream
(Jakob et al. 2003). Overall, periphyton biomass or chlorophyll-a values are enhanced directly
below the dam from water clarity, lack of grazers, and flow constancy; and are quickly

attenuated downstream from invertebrate processing (1-4 km).

Organic Matter
Particulate organic matter (POM) supports heterotrophic food webs and are the basis of

longitudinal patterns in functional feeding groups of benthic invertebrates (Vannote et al. 1980).
The SDC predicts that dams located in the headwaters will trap coarse particulate organic matter
(CPOM) because the transport of detritus is blocked from allochthonous inputs in forested
headwaters, while the availability of fine particulate organic matter (FPOM) increases (Ward and
Stanford 1983). Alternatively, dams in lower reaches should not significantly alter trophic
relationships since allochthonous inputs are mostly found in headwaters from riparian vegetation
(Ward and Stanford 1983).

The response of organic matter to impoundment is variable in the literature; however,
studies in the Colorado River (Rader and Ward 1988; Voelz and Ward 1991) conform to SDC
predictions, showing a suppression of coarse particulate organic matter below the impoundment
compared to reference conditions with recovery beginning at 3 km and fully recovered by 12 km

(Voelz and Ward 1991). In addition, low values of FPOM were found directly below the Granby
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dam with a logarithmic increase with distance from the dam, and highest values 12 km
downstream (Voelz and Ward 1991). In contrast, the highest value of CPOM was found at the
first site below the dam in the Canning River (Australia) and drastically reduced by 5 km
downstream. This result was mainly due to lower discharge and reduced flushing by spates
below the Canning Dam (Storey et al. 1991). Casas et al. (2000) did not observe any differences
between upstream and downstream breakdown rates in the River Genil (Spain), possibly due to
the physical breakage of leaves during peak flows. However, the leaf material was significantly
more ingested at the upstream site, suggesting the importance of CPOM upstream compared to
tailwaters (Ward and Stanford 1983).

Drift

Like POM, seston (e.g., phytoplankton, zooplankton, bacterioplanktion, ultrafine detritus
and DOC) is an important resource for benthic invertebrates and for filter feeding invertebrates
(Richardson and Mackay 1991) and can highly structure the downstream benthic community.
The SDC predicts spikes in plankton release from the reservoir which are quickly eliminated
downstream (e.g., Figure 2.1, Ward and Stanford 1983). True plankton communities typically
occur in the lower reaches of large natural rivers; however, reservoirs can provide downstream
reaches with large amounts of seston in a wide size spectrum (Ward 1975; Jones 2011).

Several studies have reported a large abundance of lentic plankton in upper-middle
reaches of regulated rivers (Ward 1975; Layzer et al. 1989; Storey et al. 1991; Katano et al.
2009), and rapid removal downstream from filter feeding invertebrates (Ward 1975). Ward
(1975) found zooplankton density to be reduced by 85%, 8 km downstream of the impoundment.
Under a hydropeaking impoundment in the Caney Fork River, Tennessee, Layzer et al. (1989)
found the lentic biomass to dominate the drift composition in the spring, summer, and fall during

generation, 1 km downstream. This result is common to tailwaters of both surface and deep
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release dams in the southeastern United States (Matter et al. 1983; Keefer and Maughan 1985).
While Ward (1975) found an abundance of reservoir zooplankton in the South Platte River, in
some cases hypolimnial released plankton may not be a reliable enough food source for stream
benthos to allow the build-up of large populations of filter feeders. In a reservoir in Boreal forest
of Canada, Jones (2011) found that nearly half of all invertebrates collected in the Magpie River
originated from the upstream reservoir. However, both lentic and lotic invertebrates decreased in
abundance to natural levels 5-8 km downstream. The downstream attenuation of seston can be
attributed to factors other than consumption including fragmentation by abrasion, settling on the

streambed, and entanglement (Richardson and Mackay 1991).

Longitudinal Patterns in Benthic Invertebrates

Invertebrate Abundance and Biomass
Ward (1975) suggests that benthic abundance or biomass may either be enhanced or

reduced in streams below dams dependent on whether the dam results in a more constant or
fluctuating flow pattern. Increased flow constancy is generally shown to enhance benthic
abundance (Ward 1975; Rader and Ward 1988; VVoelz and Ward 1991). Given that flow does not
attenuate much longitudinally, large quantities of seston may more aptly explain the attenuation
of invertebrate biomass and density. Singling out one abiotic variable as responsible for changes
in invertebrate community characteristics is exceedingly difficult in regulated rivers because
often more than one variable changes at a time e.g., flow peaking and thermal peaking. A study
below a small hydroelectric generating, surface release dam in the Sturgeon River (US) found
invertebrate biomass was 6.9 times greater than the upstream control site and 2.5 times greater
10 km below the station (Kraft and Mundahl 1984). In the Colorado River, Rader and Ward

(1988) found invertebrate density 20 times greater 0.4 km below the dam than the reference site
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and slightly higher than further downstream (4km from dam). In the Colorado River, peak
abundance of certain taxa such as chironomids, baetids and simulids were found below the dam
and decreased with distance downstream from Granby Dam (Camargo and Voelz 1998). Voelz
and Ward (1991) also found invertebrate abundances were highest below the dam and quickly
declined by 2.4 km and remaining at this level for rest of the sampling reach. Jones (2011)
similarly noted high abundance near the dam and benthic communities were mainly composed of
large numbers of filter-feeding invertebrates such as Hydropsychiidae and Simuliidae (Jones
2011).

In contrast, European studies (Moog 1993; Saltveit et al. 1994; Parasewiecks et al. 1998;
Cereghino et al. 2002) show that hydraulic disturbances strongly structured benthic communities
compared to an altered thermal regime. Under peaking conditions, macroinvertebrate abundances
were reduced by 75% within 35 km of the peaking section (Moog 1993) from stranding,
asphyxiation, desiccation, or active flight when the streambed dries. Parasewiecks et al. (1998)
clearly demonstrated the influence of high flow fluctuations on benthos in the Bregenzerach
River (Austria) as flow mitigation strategies increased benthic biomass from 15% of expected
values to 60%, 10 km downstream. Similar longitudinal trends in density were also found in the
Pyrenees with lowest densities found directly below the dam and recovering 700 m downstream
in July and 2.8 km in October (Cereghino et al. 2002) as well as in the River Surna, Norway
(recovering 5 km downstream; Saltveit et al. 1994). It is likely that the biota in these studies are

unable to withstand the peaking patterns or the ratio of low to high flows (see Jones, 2013).

Richness and Diversity
In contrast to benthic biomass and abundance, studies clearly indicate a reduction of

richness and diversity irrespective of dam location, release type, and operation with generally

often little recovery seen in the study rivers because of the disruption of detritus, nutrient
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spiraling and organic matter (Ward and Stanford 1983; but see Jones 2012). Ward and Stanford
(1983) predicted reduced diversity below the impoundment with gradual increases downstream
(Figure 2.1). Low benthic diversity was associated with altered thermal conditions, lower habitat
diversity, and short-term fluctuations below dams (Gore 1977; Ward and Stanford 1983; Rader
and Ward 1988; Voelz and Ward 1991; Munn and Brusven 1991; Stevens et al. 1997; Cortes et
al. 2002). In the Tongue River, Gore (1977) found a low diversity of benthic invertebrates 7 km
below the hypolimnetic release dam. Diversity increased further downstream due to a return to
warm water conditions but the community remained impoverished. Rader and Ward (1988) also
found reduced invertebrate diversity with no recovery downstream of Granby Dam in the
Colorado River (4 km sampling reach). Stevens et al. (1997) noted no recovery of benthic
diversity in 387 km of the Colorado River. In the Clearwater River (Idaho) Munn and Brusven
(1991) observed low diversity below the Dworshak Reservoir due to low habitat diversity,
fluctuating water levels and altered thermal regime and food supply. Low richness was also
found immediately below Steephill Falls Dam in the Magpie River, Ontario (Jones 2012)
possibly due to environmental tolerance, ecological specialization, and competitive exclusion,
but increased to more natural levels 8 km downstream. Morley et al. (2008) found diversity to
recover 15 km downstream from a run of the river facility on the Elwha River. High species
diversity is usually associated with diverse annual temperature range (Ward and Stanford, 1983)
and biotic diversity in a river will parallel the thermal variation (Vannote and Sweeney 1980).
Regulated rivers are typically less variable over daily and seasonal time periods, leading
to reduced diversity. However, one recent exception was seen in a long-term study of the
Derwent River, UK (Maynard and Lane 2012) where richness and diversity increased post-

impoundment due to decreased flow flashiness perhaps illustrating the importance of tolerance
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and environmental context. Maynard and Lane (2012) suggest that steady compensation flows in
upland and flashy systems can maintain high richness or diversity. Alternatively, if flow rates
become more stable, competitive exclusion would lower diversity. Jones (2012) noted that
reported richness and diversity measures should be examined carefully as the terms richness and
diversity are poorly defined and often used interchangeably. Richness may even be reported
when in actuality species density is measured (taxa per unit area; Gotelli and Colwell 2001).
Additionally, rarefaction is rarely used to standardize abundance and sampling area and
comparisons may not be meaningful (Vinson and Hawkins 1998; Gotelli and Colwell 2001;
Jones 2012). Using rarefaction, Jones (2012) also found higher overall richness and diversity in
the regulated Magpie River (Ontario) compared to neighboring natural streams. In this case,
sampling occurred 24 years after dam construction, allowing the invertebrate community to
establish a new equilibrium. While the overall biodiversity did not change, the composition of

the community was likely altered (Jones 2012).

Community Composition
The majority of this review focuses on SDC predictions and how the literature compares

against these predictions. However, we noted distinct longitudinal trends in certain invertebrate
taxa that must also be considered in river management and regulated river science. While the
overall abundance and diversity of benthic invertebrates provides a useful first step in examining
benthic community alterations in regulated rivers, certain taxa respond differently to
impoundment depending on their specific life history traits and habitat requirements.

Dipterans are generally favoured by flow alterations directly below dams (Ward 1975).
For example, Simuliidae and Chironomidae abundances are frequently enhanced below dams
with decreasing trends downstream (Rader and Ward 1988, Troelsup and Hergenrader 1990;

Voelz and Ward 1991; Munn and Brusven 1991; Camargo and Voelz 1998; Morley et al. 2008;
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Jones 2012). Impoundment seems to particularly favour the Orthoclad chironomids which
dominated the benthic community in Clearwater River, 1 km downstream of the Dworshak
Reservoir (Munn and Brusven, 1991) and 3 km downstream of Steephill Falls dam in the Magpie
River, Ontario (Jones 2011; 2012). Constant baseflow conditions have been shown elsewhere to
provide suitable habitats for Orthocladiinae because of increases in fine particulate food supplies
(Armitage et al. 1987; Petts 1988; Munn and Brusven 1991). Collier (1993) also noted that
Orthocladiinae spp. have a broad velocity preference, perhaps explaining their abundance in
regulated rivers where fluctuating flows are typical. Filter feeding Simuliidae are also frequently
enhanced below impoundments due to increases in resources from the upstream reservoir (Rader
and Ward 1988; Jones 2011) (Figure 2.4a).

Trichoptera have well-defined environmental requirements and are a useful invertebrate
group to study longitudinal distributions (Ward 1981). Depending on dam operation
(hypolimnial or epilimnial release, peaking flow), Trichoptera may either increase or decrease
immediately below dams. Increases in caddisfly larvae are linked to surface release dams
(Stanford and Ward 1981; Kraft and Mundahl 1988; Katano et al. 2009), while decreases are
largely associated with peaking flows that directly remove insects or damage their silk nets
(Fisher and LaVoy 1972; Trotzky and Gregory 1974; Henricson and Sjoberg 1984; Novotny
1985; Troelsup and Hergenrader 1990) (Figure 2.4b). In particular, Hydropsychiidae (filter
feeding caddisflies) are intolerant of fluctuating flows (Fisher & LaVoy 1972; Trotzky &
Gregory 1974; Henricson & Sjoberg 1984; Novotny 1985; Troelstrup and Hergenrader 1990;
Boon 1993). Boon (1993) noted the recovery of Hydropsyche siltalai 10 km below the dam
suggesting that filter feeding nets may have been more susceptible to damage from sheer stress

(Boon 1993). Hauer et al. (1989) noted the importance of stable flow for Hydropsychidae
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feeding nets to function without collapsing at low velocities or broken apart at high velocities.
There seems to be a trade-off between the benefit of an abundant food source (seston) from the
reservoir and the cost of net damage/repair from fluctuating flows (Boon 1993).

In his review of Ephemeroptera distribution below impoundments, Ward (1976) noted
that depending on the specific taxa, abundances may either increase or decrease below dams.
Increases in mayflies are related to enhanced algal and moss growth (Ward 1976; Zimmermann
and Ward 1984; Brittain and Saltveit 1989). However, the proliferation of periphyton can
exclude species that need clean rock surfaces using suckers or friction pads for attachment such
as Heptageniidae (Ward 1976; Trotzky and Gregory 1977; Armitage et al. 1987). Heptageniidae
are also extremely intolerant of fluctuating discharges (Fisher and LaVoy 1972; Trotzky and
Gregory 1974; Henricson and Sjoberg 1984; Novotny 1985; Troelsup and Hergenrader 1990).
Warm surface releases in the Trout Creek in Colorado are also found to decrease mayfly density
(Ward and Short 1978) due to strict thermal requirements previously noted by Lemkuhl (1972)
(Figure 2.4c). In the Saskatchewan River, Lemkuhl (1972) noted Ephemeroptera with strict
thermal requirements could not hatch and grow successfully and the effect was evident 113 km
downstream. Many species have eggs that require near freezing temperatures for development
and nymphs require several months of warm temperatures to reach maturity (Britain and Saltveit
1989). In general, the relative abundance of mayflies may not change considerably compared to
the change seen in species diversity and composition (Brittain and Saltveit 1989).

Plecoptera seem to be particularly sensitive to changes in temperature, substratum, and
food resources altered by regulation (Ward and Stanford 1979) and largely reduced or absent in
the entire length of the river below impoundments (Ward 1975) (Figure 2.4d). Warmer winter

and cooler summer temperature and depression of the annual thermal amplitude can prevent the
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successful emergence and hatching of native stoneflies (Ward and Stanford 1982). For instance,
Stanford and Ward (1989) observed a classic serial discontinuity in response to hypolimnetic
release was observed in the Gunnison River where the stonefly community recovered 68 km
downstream from the dam in response to the resetting of the thermal regime, substrate size, water
quality, and filamentous algae. In the River Oriege (France), Plecoptera density and biomass was
lowest 700 m downstream of the dam and did not show recovery compared to undisturbed
reaches upstream of the reservoir (Cereghino and Lavandier 1998). Similarly, Plecoptera taxa
decreased significantly below various reservoirs in New Zealand and while signs of recovery
were observed they did not recover to natural conditions by the final sampling sites (18-80 km)
(Harding 1992). More recently, Jones (2011) found approximately 10 times more Plecoptera in
the natural rivers compared with the regulated Magpie River (Canada) where they were absent in
many samples with a lack of any longitudinal trend. A plausible explanation is their crawling
habit and metamorphoses that take place in dry riparian areas where individuals and their eggs
may be stranded in the varial zone where predation and dessication are limiting (Jones 2011);

although a strong thermal peaking pattern could not be ruled out.
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Figure 2.4. Longitudinal patterns of invertebrate abundance in the reviewed literature.
Invertebrates abundances are scaled by the maximum value and separated into four key groups:
a) Diptera (data includes mostly Simuliidae and Chironomidae), b) Trichoptera, c)
Ephemeroptera, and d) Plecoptera. Legends indicate source data from the literature. Refer to
Table 1 for additional information on dam characteristics.
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General Trends and Implications

The majority of reviewed literature focused on the alteration of the flow regime (e.g.,
Ward 1975; Poff et al. 1997; Poff et al. 2009) and temperature regime (e.g., Lehmkuhl 1972;
Olden and Naiman 2010) below impoundments. Some studies focused on whole ecosystem
assessments that included temperature, flow, water quality, organic matter, and substrate
conditions (e.g., Voelz and Ward 1989; 1990; 1991). Most longitudinal studies were conducted
in North American (56%) and European rivers (33%), followed by South Africa, Australia, and
New Zealand. The general effects of hydroelectric impoundment to downstream biotic and
abiotic variables are often reported (Dewson et al. 2007; Haxton and Findlay 2008); whereas,
longitudinal patterns and recovery are often not reported in the scientific literature. Recovery
distances can be useful and quantifiable measures of impact that managers can use in impact
assessment and monitoring programs. While direct comparisons cannot be made across rivers
due to factors such as sampling design, methodology, geographic region, some general
longitudinal trends can be seen across studies. Short-term flow fluctuations and hypolimnial
release impoundments have the greatest effect on the longitudinal distribution of benthic
invertebrates (e.g., Fisher and LaVoy 1972; Trotzky and Gregory 1974; Stanford and Ward
1989; Boon 1993) in comparison to run of river and surface release dams (e.g., Mendoza-Lera
2012). Recovery distances are highly variable and not often reported (40% of the reviewed
literature; Table 1). Recovery distances ranged from 2.5 km up to 387 km and there was
sometimes no recovery seen in the benthic community (18%). While it is difficult to precisely
evaluate SDC predictions due to missing information (e.g., dam design, location, operation), they
are generally supported and still provides a useful theoretical framework for testing hypotheses.
There appeared to be two general longitudinal gradients in the reviewed literature. The first was

a rapid attenuation observed in seston, water chemistry, particulate organic matter, substrate and
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periphyton (1-4 km) while flow, temperature, and benthic diversity required much longer
distances to recover (up to 387 km) (Figure 2.1). Regulation imposes strong constraints on the
stream biota that do not normally exist in natural rivers. Gradients in regulated rivers are
compressed into only a few kilometres (e.g., substrate) that would otherwise take several river
orders to change in natural rivers (e.g., the RCC).

This review revealed that the importance of describing dam design, operation, and
environmental context is not appreciated. All studies should provide detailed information
including but not limited to, design, operation, year built and sampled, maximum and minimum
flows, release type, and flow restrictions. As previously noted by Murchie et al. (2008), many
studies fail to provide the number of years that a river was regulated prior to the study (51%) and
the effects of river regulation may still be happening many years following construction.
Environmental context is also very important to capture; however, one third of the studies do not
provide reference conditions. The same design and operation in a desert river will impact
differently than in a temperate rainforest. It is also difficult to assess the longitudinal changes
with the majority of studies sampling only 3 sites or fewer (54%). Without such information, it is
difficult to assess variability in community response. The extent of alteration also highly depends
on river size. Small rivers (orders 1-4) may recover quickly from a large number of small
tributary inputs diluting the effect of impoundment downstream. In contrast, it may take many
kilometers in higher order rivers to receive substantial tributary inputs, thus extending

longitudinal recovery.

Conclusions

Despite a lack of formal testing, Serial Discontinuity Concept predictions are generally

supported in literature and still provides a useful theoretical framework for hypothesis testing.
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Stanford and Ward (2001) came to the same conclusion a decade ago; however, the authors
focused on literature that explicitly used SDC predictions as a guideline. This review includes
studies reviewed by Stanford and Ward (2001) with the addition of a greater volume of regulated
river literature emphasizing longitudinal trends. In addition, more recent studies (post 2001) have
been included (Cortes et al. 2002; Cereghino et al. 2002; Jakob et al. 2003; Munn and Brusven
2004; Morley et al. 2008; Katano et al. 2009; Rehn 2009; Jones 2011; 2012; Maynard and Lane
2012; Mendoza-Lera et al. 2012). In general, my review suggests that two recovery gradients
exist in regulated rivers: 1) a longer, thermal gradient that may take up to hundreds of kilometres
downstream; and 2) a shorter, resource subsidy gradient recovering within 1-4 km downstream
of an impoundment. In particular, the longitudinal recovery of temperature, substrate, planktonic
drift, periphyton, and biotic diversity (measured by invertebrates) follow SDC predictions
closely.

In addition to Ward and Stanford's (1983) original predictions, this review also explored
more specific longitudinal trends in certain invertebrate taxa. Benthic invertebrate response to
river regulation varied considerably, with both increases and reductions in density and biomass
observed directly below the impoundment with variable recovery observed downstream. Much
of this variability stems from the degree of flow variability and resource subsidies from the
upstream reservoir. Filter-feeding invertebrates (Orthoclad Chironomidae, Hydropsychiidae, and
Simuliidae) are frequently enhanced below dams and quickly replaced downstream.
Ephemeroptera have varying responses to regulation related to different habitat requirements,
while Plecoptera density and diversity are typically reduced below dams with little recovery
found further downstream. The recovery of certain taxa and their specific environmental

requirements can be useful in determining indicator capability and predictive modelling criteria.
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This information can perhaps provide river managers a more direct and focussed target on
assessing the impacts of hydroelectric impoundments on rivers.

Regulated rivers provide the opportunity to test stream ecological theory and concepts
through various flow and temperature manipulations within the context of the natural
environment (e.g., Robinson et al. 2004). Future studies should further expand the SDC through
empirical estimation that includes temporal changes to regulation (Vinson 2001), specific
reservoir conditions (Baldwin et al. 2010), changes in specific taxa, and changes below multiple
impoundments; all within the context of the landscape or riverscape (e.g., Fausch et al. 2002;
Benda et al. 2004). Since humans alter landscapes at multiple scales, it is important to take a
landscape approach in studying patterns and processes of lotic systems so that ecological

consequences can be identified and predicted at these scales (Fausch et al. 2002).
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Chapter 3. A test of the Serial Discontinuity Concept:
Longitudinal trends of benthic invertebrates in regulated
and natural rivers of Northern Ontario

Abstract

Dams alter the geomorphology, water quality, temperature regime, and flow
regime of lotic systems influencing the resources and habitat of fish, benthic invertebrates
and lower trophic levels. Since the inception of the River Continuum Concept and the
Serial Discontinuity Concept biotic and abiotic impacts below impoundments have been
the focus of many lotic studies. However, recovery gradients are rarely examined in
sufficient detail below dams and no current formal test of the SDC exists in published
literature. Further refinement and understanding is needed to inform regulated river
ecology science and river managers. In this study, | examine benthic invertebrate
distributional patterns with respect to changes in their resource and habitat conditions in
two regulated rivers and, formally test the Serial Discontinuity Concept. Substrate size,
periphyton biomass, and drift density are enhanced below dams and recover within 5 km
downstream, following closely with SDC predictions. The response of organic matter,
mean temperature and water quality are variable and benthic invertebrate richness seems
to recovery relatively quickly, contrary to SDC predictions. Stoneflies, gomphidae, and
simuliidae are particularly influenced by altered resource and habitat changes and may be
good candidates for predictive modelling. The SDC is still a useful framework for testing
hypotheses and this study strongly supports Ward and Stanford's (1983) Serial

Discontinuity Concept and highlights the need for the continual study and refinement of
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this concept to gain a better scientific understanding of regulated river ecology to ensure

the proper management of rivers.

Introduction

The study of river dynamics has largely focused on the spatial organization of
organisms in a linear upstream-downstream schema. River organization shifted to a
continual gradient of environmental conditions affecting community patterns and
distribution from the headwaters to downstream reaches (Vannote et al., 1980). The River
Continuum Concept (hereafter, RCC) described downstream changes that include depth,
channel width, velocity, discharge, temperature, and entropy gain (Vannote et al. 1980).
Much of this longitudinal thinking was influenced by gradient analysis popularized by
Whittaker (1967) in which species occur within a limited range of habitats; and within
their range, tend to be most abundant under optimal environmental conditions (Ter Braak
and Prentice 1988).

Ward and Stanford (1983) proposed a modification to the RCC known as the Serial
Discontinuity Concept (hereafter, SDC) recognizing that most rivers experienced breaks
or discontinuities in the continuum from impoundment. The development of the SDC
provided another major step forward with a theoretical framework to describe upstream
and downstream longitudinal changes in abiotic and biotic variables. Discontinuities in
the river can reset the continuum, creating a longitudinal shift of a given variable defined
as discontinuity distance (DD), also known as recovery distance or zone of influence.
Recovery of each variable depends on dam size, position along the river, and tributary
inputs among others (Stanford and Ward 1983). Despite wide reference to the SDC,

there are no formal tests of the concept (but see Sabater et al. 1989; Voelz and Ward
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1989; 1990; 1991). More recently, the linear view of the RCC and SDC has led to the
understanding of tributary influences (e.g., Rice et al. 2001) and lakes (Jones 2010), that
incorporate network thinking (Poole 2002; Benda et al. 2004). Stream segments alternate
in geomorphological features, with each confluence, wetland, lake or dam potentially
punctuating the continuum and forming sudden changes in stream characteristics (Poole
2002; Jones 2010). This patchy discontinuum can reset longitudinal trends forward or
backward along the gradient.

The study of invertebrate gradients in natural rivers is abundant (Vannote et al. 1980;
Hawkins and Sedell 1981; Perry and Schaeffer 1987; Finn and Poff 2005; and others).
However, Ward and Stanford (1993) expressed that the response and recovery of
environmental and biological gradients are rarely examined in detail below dams (Ward
and Stanford 1993). A knowledge gap still exists today in longitudinal trends in
regulated rivers. With the exception of a few longitudinal studies that either sample the
entire length of the river or enough sites and distance for recovery to be detected (Gore
1977; Stanford and Ward 1989; Hauer et al. 1989; Voelz and Ward 1989; 1990; 1991;
Stevens et al. 1997), regulated river studies still fail to examine abiotic and biotic
gradients in detail and to a sufficient scale for the recovery to be realized.

The purpose of this study was to 1) examine benthic invertebrate distributional
patterns with respect to changes in their resource and habitat conditions in two regulated
rivers and two natural rivers and, 2) formally test the Serial Discontinuity Concept. |
begin by using direct gradient analysis to compare the multi-family benthic invertebrate
data and environmental variables. | then examine the longitudinal recovery of specific

resource, habitat and benthic invertebrates with respect to Serial Discontinuity Concept
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predictions. The SDC was evaluated based on the number of predictions that were met

from the experimental data.

Methods
Study Rivers

The Magpie and Michipicoten Rivers are tributaries to Lake Superior impounded
by hydropeaking water power facilities (WPF). They are located on the north shore of
Lake Superior, Canada (Figure 3.1). The Magpie River has a drainage area of 1930 km?,
a mean annual flow of 27 m3s-1, and is impounded by the Steephill Falls, Harris, and
Mission Falls generating stations (GS). Sampling occurred below Steephill Falls (the first
dam on the Magpie River), which was commissioned in 1989 and operates as a
hydropeaking dam with maximum and minimum discharges of 44 m®™ and 7.5 m%?,
respectively (Jones, 2011). The WPF releases meta-limnetic (cool) water drawing from
10 m in the 30 m deep reservoir. Water released flows through a slow 3 km lentic

segment and drops in gradient, increasing velocity at this point.
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Figure 3.1. Location of study rivers, and sites downstream in the regulated B) Magpie,
C) Michipicoten and natural rivers, A) Wolf, and D) Batchawana. Black circles represent
sampling sites and hydropower facilities are represented by a black square.

The Michipicoten River has a drainage area of 5200 km?, a mean annual flow of
36 m%s™ and is impounded by Hollingsworth, McPhail, Dunford, and Scott Falls GS. In
contrast to the Magpie river, sampling occurred below Scott Falls (last dam on the
Michipicoten), commissioned in 1952. Scott Falls GS also operates as a hydropeaking
dam. Maximum and minimum discharges are 105 m3s™ and 18 m3s™, respectively. The
WPF draws water from the cool metalimnion at a depth of 9.5 m to support a recreational
trout and salmon fishery. In both hydropeaking rivers, flow can increase from the
minimum to the maximum in less than one hour, which is markedly different from natural

rivers (Jones, 2011).
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In addition, two natural rivers (Batchawana River and Wolf River) with similar
physiographic conditions were sampled to establish the natural variability of longitudinal
patterns of benthic invertebrate distribution and their habitat (Figure 3.1). The Wolf River
has a mean annual flow of 3.65m*s draining 727 km? with a relatively large lake
upstream that feeds the downstream sampling area. This lake represents a natural
impoundment. The Batchawana has a mean annual flow of 18.0 m*/s with a drainage area
of 1226 km? and is relatively lakeless, representing a natural river continuum described
by Vannote et al. (1980). The landscape characteristics of each river are fairly similar
(Table 3.1).

Table 3.1. Landscape-scale characteristics of the regulated Magpie and Michipicoten,
natural Batchawana and Wolf (Lake outlet) including watershed area, mean annual

precipitation (MAP), growing degree days >5°C (GDD), base flow index (developed by
Neff et al. 2005 representing groundwater discharge potential), and water conductivity

(us/s).

Watershed Base
Area MAP GDD Flow Conductivity
River (Km? (mm) (>5°C) Index (us/s)
Magpie (Reg) 1773 911 1067 0.61 100
Michipicoten
(Reg) 5372 933 1107 0.61 108
Batchawana (Nat) 1226 1072 1173 0.6 120
Wolf (Nat, lake) 727 711 1135 0.55 150
Field Methods

All rivers were sampled in August, 2011. Sampling sites along the rivers were
initially pre-selected using satellite imaging software (Google Earth version 6, Google
Inc., Mountain View,CA and MapSource). However, sites on natural rivers depended on

safe access points and suitable riffle habitat. In regulated rivers, the first riffle below the
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dam was sampled and the following two transects were sampled less than 1 km apart to
capture the immediate changes below the dam (Figure 3.1). The remaining 7 transects
were sampled 1-2 km apart. The study reaches were 20 km on the Magpie and 12.5 km
on the Michipicoten. On the Batchawana and Wolf River, transects were spaced equally
depending on safe access points and covered 29 and 14.4 km, respectively (Figure 3.1).
At each site, benthic invertebrates were sampled with a Wildco kick net (457 x
229 mm) fitted with a 500 pm mesh targeting riffle habitats (Figure 3.2). Sampling was
standardized by catch per unit effort (CPUE) and for habitat, kicking a total of 30 m in 15
minutes to a depth of 60 cm. Samples were immediately preserved in 70% ethanol. In the
laboratory, invertebrates and organic matter were sorted and invertebrates were identified

to family level.

<
Flow direction

— travel kick transects
® periphyton

8 FPOM

@ drift net

o watersample

Figure 3.2. Schematic representation of a sampling site with the locations of travelling
kick and sweep transects, periphyton collection, fine particulate organic matter (FPOM)
core samples, water sample collection, and drift net placement.
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Drifting invertebrates and zooplankton were sampled with a Wildco drift net (305
X 457 mm) fitted with a 250 um mesh upstream of the kick sampling area to determine
the composition of drifting organisms. The drift net was placed for 20 minutes at each
site and flow was measured to determine the density of invertebrates (zooplankton) per
100m?.

Coarse particulate organic matter was collected from the kick net while fine
particulate organic matter was sampled with a core jar (10 cm depth, 9 cm diameter) at 3
equally spaced locations along the kick transect. Substrates were assessed visually by
particle size and classified using a modification of the Wentworth Scale as clay and silt
(<0.0625 mm), sand (0.0625-2mm), small gravel (2-32 mm), large gravel (32-64 mm),
cobble (64-256 mm) and boulder (>256 mm). Periphyton was collected at each site by
scraping an area of 23.75 cm? (diameter = 5.5 cm) on 3 rocks of relatively equal size that
were spaced equally along the kick transects.

Two water samples were collected directly upstream of the benthic invertebrate
sampling area to analyze for total phosphorous and dissolved organic carbon. Standard
physical measurements of pH, surface temperature and conductivity were also measured

with hand-held ECTESTT low conductivity meters.

Laboratory Methods

Invertebrate kick samples with large numbers of animals were subsampled using
the Huntsman Marine Laboratory (HML) beaker technique (Van Guelpen et al., 1982).
Organic matter was hand sorted from preserved samples. VVacant Trichoptera cases were
excluded in the sample due to questionable ownership. Damaged invertebrates were

identified if ID features were available and at least 75% of the body was intact. Benthic
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invertebrate samples were identified to family level with the exception of Nematoda,
Oligochaeta, and Hydrachnidia; which were identified to Order. Drift was identified to
class or order for zooplankton and coarse invertebrate taxonomy (order and family) for
benthic invertebrates. Drift density was calculated as the number of individuals drifting
per 1 m°,

Coarse particulate organic matter (>1 mm) was separated into allochthonous
(terrestrial input) and autochthonous (within stream) organic matter. Organic debris was
sorted underneath a Nikon SMZ1000 dissecting scope. Organic matter was separated
using a coarse level of categorization to provide a general estimate of the sources of
organic matter and identified using a combination of field notes, identification books, and
images. Coarse particulate organic matter (CPOM) samples were pooled at each site,
resuspended and filtered onto filter paper to be dried in a 60 °C oven. Fine particulate
organic matter (FPOM) was analyzed similarly and additionally ashed in a muffle furnace
at 550°C. Periphyton biomass was quantified by determining the ash-free dry weight
using a muffle furnace. Samples were pooled, dried at 60 °C for 48 hours and ashed in a
muffle furnace at 550 °C for 4 hours.

Total phosphorus was analyzed using the Molybdate Blue Method from a 10 mL
sample with 5 ml potassium persulfate measured at 885 with a 5 cm cell. Dissolved
organic carbon (DOC) was analyzed with an Ol Analytical 1030 D autosampler. Samples
were acidified with HCI to remove inorganic carbon. Dissolved organic carbon was
oxidized in a chamber with sodium persulfate at 98 °C. Carbon was released as CO, and
detected with with an online CO, detector.

Statistical Analysis
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Invertebrate communities were examined with respect to environmental variables
(mean temperature, substrate, particulate organic matter, periphyton, lentic drift) using
canononical correspondence analysis (CCA, Ter Braak 1986). Canonical correspondence
analysis is a direct gradient analysis technique linking variation in environmental data to
variation in the biological data from reciprocal averaging (eigenanalysis) and linear
regression (Ter Braak, 1986). Ordination axes maximize niche separation among species.
Sites close together have similar species composition while species locations on the
diagram reflect habitat preferences along the environmental gradient. The environmental
gradient is represented as arrows with directions and lengths indicating the magnitude
and influence of the environmental variables on the community (Ter Braak, 1986).

Environmental variables were checked for redundancy using Pearson product
moment correlation to choose suitable variables for the CCA. Predictor variables showed
no correlations (or redundancy); however, CCAs are more powerful with a reduced set of
predictors. As a result, | chose presence of a dam (dummy variable), distance, sample
site, periphyton, drift, and substrate, allochthonous CPOM, and autochthonous CPOM as
predictors of invertebrate community composition because they are the most influenced
below impoundments. Taxa less than 2% of the total population within each stream were
excluded. Data were analyzed using R (R Core Team, 2012) and SigmaPlot (Systat
Software, San Jose, CA). Scores for graphing sites are linear combinations of variables
and an ANOVA permutation test was used to determine how well the predictors were
explaining the variation compared to random variation. Additional CCAs with "dam™ and

"distance™ variables removed were examined to determine the proportion of variance
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explained by the two key predictors and how their presence/absence affected
interpretation.

Longitudinal trends of benthic invertebrate richness, food, and habitat
characteristics were examined and compared with SDC prediction functional forms from
Ward and Stanford (1983). Total phosphorus, substrate size, planktonic drift density,
periphyton biomass, allochthonous particulate organic matter, autochthonous particulate
organic matter, fine particulate organic matter, and benthic invertebrate richness were
plotted to determine individual patterns of recovery and whether they met SDC
predictions. To quantify how well SDC predictions explained the longitudinal patterns
seen in the study rivers, | fit several regressions to the individual biotic and abiotic
datasets to determine the highest R-squared value. The best model was then compared to
the predetermined functional SDC curves that were extrapolated from Ward and
Stanford's (1983) original predictions pertaining to impoundments in middle order rivers

(5th to 7th order).

Results
Community and Environmental Relationships, Direct Gradient Analysis

Regulated sites showed a progression from upstream sites in the lower left panel
to downstream sites in the top left panel (Figure 3.3a). No clear gradient was found in
natural rivers except for the lake outlet Wolf river, where the first site (W1) grouped with
the upper regulated river sites (Figure 3.3a). The first 3 axes of the CCA analysis with
invertebrate abundance data and 7 environmental variables explained approximately 78%
of the variation in the community data (Table 3.2). Upper regulated sites: MC1, MC2,

MC3, MC4, MG1, MG3 and the site closest to the lake outlet in the Wolf river were
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correlated to high values of periphyton biomass, drift, autochthonous CPOM, and
substrate size. In contrast, allochthonous CPOM and distance were correlated to natural
sites. Except for the upper Wolf River site (W1), regulated sites grouped together and
natural sites grouped together on the CCA biplot (Figure 3.3a). This relationship was still
true when the dam/no dam dummy variable was removed (Figure 3.3b-d) and all 7
predictors explained a significant proportion of the variance (p<0.05, ANOVA
permutation test, Table 3.3). With the "dam" variable removed, 81% of the variation was
explained by the first 3 axes.

Invertebrates in the center of the plot (Athericidae, Baetidae, Tipuliidae,
Leptophlebiidae, Heptageneiidae, Perlidae, Sphaeridae, Ceratopogonidae) were common
to most sites. Simuliidae, Caenidae, Ephydridae, Hydropsychiidae, and Chironomidae
were correlated to upper regulated sites as well as the lower regulated site MC8
(Michipicoten River, Site 8) and high values of periphyton biomass, drift density,
authochthonous CPOM, and substrate size. Ephemerellidae, Limnephillidae, Physidae,
Dytiscidae, Elmidae, and Planorbidae were correlated to mid to lower reach regulated
sites. Chloroperlidae, Pteronarcyiidae, Perlodidae, Perlidae, Isonychiidae, Gomphidae,
and Glossosstomatiidae were correlated to natural sites and allochthonous CPOM (Figure

3.3a).
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Figure 3.3. Canonical correspondence analysis (CCA) ordination biplots separated by (I)
benthic invertebrate families and (I1) sites. Symbols represent sample scores for benthic

invertebrates at each

site.

Environmental variables are represented by arrows.

ALL_CPOM refers to allochthonous CPOM (terrestrial input) and AUT_CPOM refers to
autochthonous CPOM (primary productivity sources). a) CCA including all predictors.
Eigenvalues for the first 3 axis are 0.216, 0.082, and 0.068 respectively explaining 78.5%
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of the variation (Table 3.2a). b) CCA with "dam" predictor removed. Eigenvalues for the
first 3 axis are 0.163, 0.075, and 0.045 respectively explaining 81% of the variation
(Table 3.2b). c) CCA with "distance™ variable removed. Eigenvalues for the first 3 axis
are 0.151, 0.068, and 0.054 respectively explaining 77.4% of the variation (Table 3.2c).
d) CCA with "dam" and "distance™ variable removed. Eigenvalues for the first 3 axis are
0.146, 0.071, and 0.042 respectively explaining 84.4% of the variation (Table 3.2d).
Ather = athericidae, baet = baetidae, Caen = Caenidae, Cerato = Ceratopogonidae, Chiro
= Chironomidae, Chloro = Chloroperlidae, Dyt = Dytiscidae, EIm = Elmidae, Ephem =
Ephemerellidae, Emp = Empididae, Ephyd = Ephydridae, Gloss = Glossosstomatidae,
Gomph = Gomphidae, Hepta = Heptageniidae, Hpsych = Hydropsychiidae, Hdropt =
Hydroptilidae, Isony = Isonychiidae, Lepto = Leptoceridae, Limn = Limnephilidae, Perl
= Perlidae, Perlo = Perlodidae, Philo = Philopotamidae, Plan = Planorbidae, Ptero =
Pteronarcyiidae, Simu = Simuliidae, Sphaer = Sphaeridae, Tip = Tipulidae.

Table 3.2. Eigenvalues and cumulative proportion of variance explained for 4 separate
canonical correspondence analyses on community and environmental data from all four
study rivers. CCA's include a) all predictors, b) dam predictor removed, c¢) distance
predictor removed, and d) distance and dam predictors removed to explain how their
presence/absence affected interpretation. Species are scaled proportional to eigenvalues
and sites are unscaled (ie, weighted dispersion is equal on all dimensions). See Figure
3.3a-d.

Predictor | CCAl CCA2 CCA3 SUM of
S Eigenvalu Cum % Eigenvalu Cum % Eigenvalu Cum % Eigenvalue
e Explaine | e Explaine | e Explaine | s
d d d
a) ALL 0.216 0.464 0.082 0.639 0.068 0.785 0.466
b) - DAM 0.163 0.466 0.075 0.680 0.045 0.81 0.350
c) - DIST 0.151 0.428 0.068 0.621 0.054 0.774 0.353
d) - DAM,- 0.146 0.475 0.071 0.707 0.042 0.844 0.308
DIST

Table 3.3. ANOVA permutation test for CCA to assess the significance of the constraints
of all predictors included.

DF Chi- F N P
sq Permutations
Model 7 0.466 2.259 199 0.005

Residual 26 0.765
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Longitudinal Trends and the Serial Discontinuity Concept

Longitudinal Trends in Resource and Habitat
The regulated Magpie and Michipicoten rivers followed SDC predictions,

demonstrating strong longitudinal gradients in benthic invertebrate resource (daily
temperature range, periphyton, planktonic drift) and habitat (substrate) compared to the
natural Batchawana and Wolf rivers (Figure 3.4, 3.5). Periphyton biomass, planktonic
drift density, and substrate size peaked at the first site below the dam in both regulated
rivers (MC1, Michipicoten; MG1, Magpie). Periphyton decreased to natural levels at
approximately 5 km below the dam in both regulated rivers. Drift density recovered at
approximately 4 km below the dam. Substrate size seemed to show recovery around 5 km
below the dam in both regulated rivers. The best fit for periphyton and substrate in the
Magpie river were non-least squares negative exponential regression models (R*=0.90,
p<0.01; R*=0.48, p<0.05 respectively), fitting with the functional form described by the
SDC. While drift did not fit a negative exponential or any other negative regression
models (Figure 3.7), the data still followed the general pattern of peak levels directly
below the dam and decreasing sharply downstream. The best fit for periphyton, drift and
substrate in the Michipicoten river were also negative exponential regressions (Table

3.4).
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Figure 3.4. Longitudinal recovery of mean temperature (Mean T) and diel temperature
range (Diel T) in the regulated Michipicoten and Magpie rivers during the month of
August, 2011. Dashed lines represent SDC predictions and solid lines represent best fit
regression models
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(AUT_CPOM), and fine particulate organic matter (FPOM). Units are scaled by the mean
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and standard deviations. Dashed lines represent SDC predictions and solid lines represent
best fit regression models. Refer to Table 3.4. for summary statistics.

Table 3.4. Regression summary statistics for best model fit of biotic and abiotic variables
pertaining to Serial Discontinuity Concept predictions in the regulated Magpie and
Michipicoten River, Ontario. Bolded values (Substrate, Drift, Periphyton, Diel T Range)
indicate variables meeting SDC expectations (See Figure 3.5 and 3.6 for SDC
predictions; Model codes: -Linear = negative linear regression, + Linear = positive linear
regression, -Exp = negative exponential regression, Quad = quadratic regression, Exp rise
= exponential rise with max regression).

TP Substrate  Drift Periphyto CPO FPOM Richness Mean Diel T

n M T Range
Magpie  Model - - Exp - Exp - Exp Quad + Exprise - Linear Exp
Linear Linear rise
R? 0.73 0.48 NA 0.9 0.63 0.05 0.61 0.44 0.89
P 0.0016 <0.05 NA <0.001 0.03 0.55 <0.01 0.22 0.01

Michipi Model  Quad - Exp - Exp -Exp  +Linear + Quad + +Linear

coten Linear Linear

R2 0.34 0.89 0.7 0.96 0.05 0.64 0.74 0.75 0.98
P 0.36 <0.001 <0.01 <0.001 0.59 0.02 <0.05 0.06 0.09

The response of total phosphorus, fine particulate organic matter and mean
temperature were variable and did not meet SDC predictions (Table 3.4). Total
phosphorus concentrations were highest near the dam and continually decreased with
distance from the dam in the regulated rivers. In the lake outlet Wolf River, similar trends
were seen; however in the natural Batchawana River, no longitudinal trends were
observed. Allochthonous sources of coarse particulate organic matter were highest in the
Batchawana river with peak levels upstream, nearest to the headwaters. In the Wolf river,
allochthonous CPOM remained in low quantities until 14 km downstream from the lake
outlet. Low quantities of allochthonous CPOM were found throughout the regulated
rivers, with the Magpie River having slightly more than the Michipicoten. Highest levels

of autochthonous CPOM were found in the upper Magpie river site, 2.55 km below the
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dam, which was 70 times greater than the remaining sites downstream. In the
Michipicoten river, peak levels of autochthonous CPOM were found at the third sampling
site below the dam, 1.15 km below the dam and 20 times greater than the remaining sites
downstream. Autochthonous sources of CPOM remained relatively low in natural rivers
compared to allochthonous sources. FPOM did not exhibit any clear patterns with

distance in the Magpie river and increased downstream in the Michipicoten river.

Longitudinal Trends in Benthic Invertebrates
In both the Magpie and Michipicoten rivers, richness followed the functional

form: exponential rise with max (R?=0.61, p<0.01; R?=0.68, p<0.05); contrary to a
positive linear pattern originally predicted by the SDC. Invertebrate richness was lowest
near the dam, increasing with distance and leveling out 5-7 km in regulated rivers.
Richness in natural rivers varied throughout the continuum and did not exhibit any
distinct gradients. When invertebrates were examined by taxa, the strongest gradients
were seen in Perlidae, Perlodidae, Pteronarcyiidae, Chloroperlidae (Stoneflies),
Gomphidae (Dragonflies), and Simuliidae (Blackflies; Figure 3.6). Relative to natural
rivers, regulated rivers had lower abundances of the above mentioned stonefly families
throughout the river length, and significantly reduced in numbers directly below the
impoundment. In particular, no stoneflies were found in the Magpie river until 5 km
downstream of the dam. Differences were even more pronounced in the Gomphidae
family (Dragonflies), with very low numbers found in regulated rivers while they were
abundant along the longitudinal gradient in natural rivers. The opposite was true for
Simuliidae, which were enhanced below impoundments and sharply decreasing in
abundance 5 km downstream in regulated rivers while virtually none were found in

natural rivers (Figure 3.6).
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Figure 3.6. Longitudinal recovery of benthic invertebrate richness (standardized by the
mean), Plecoptera, Gomphidae, and Diptera in regulated and natural study rivers. The y-
axis in the Plecopera, Gomphidae, and Simuliidae plots are measured in abundances.
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Discussion

It is widely acknowledged that impoundments alter the aquatic community and
habitat through changes in temperature and flow (Dewson et al., 2007; Murchie et al.,
2008; Haxton and Findlay, 2008). The SDC predicts specific changes downstream from
these impoundments and are generally referenced in regulated river studies (see Chapter
2). However, few studies attempt to test and refine this influential concept to enable
further understanding of regulated river ecology. As a result, the recovery of
environmental and biological gradients below dams are rarely examined in detail (Ward
and Stanford, 1993; Jones, 2012). This is the first formal test of Ward and Stanford's
(1983) Serial Discontinuity Concept and provides new insight on the longitudinal effects
of impoundments on benthic invertebrates in regulated rivers. In the following I discuss
1) the downstream changes in community and environmental relationships using direct
gradient analysis, 2) specific patterns of recovery of biotic and abiotic variables in
relation to the SDC, and 3) specific changes in the benthic invertebrate community

composition.

Community and Environmental Relationships, Direct Gradient Analysis

Direct gradient analysis revealed that increases in periphyton, planktonic drift,
primary production, water temperature, and substrate size at near-dam sites are driving
the community composition. Ward and Stanford (1983) similarly noted that changes in
sediment size, water temperature, and reservoir plankton (seston) output are the primary
factors influencing longitudinal zonation. The dam/no-dam dummy variable was inserted
in the CCA to provide a visual separation on the biplot between natural and regulated

rivers and sites. With the dummy variable removed, the natural and regulated sites are
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still separated on the biplot with different community types responding to the
environmental changes, corroborating that the dams are influential at structuring the
community.

Benthic invertebrate response below regulated rivers indicates two community
types. Near-dam sites are characteristic of low taxa richness and composed of filter
feeding invertebrates (Caenidae, Simuliidae, Hydropsychiidae) and invertebrates
originating from the reservoir upstream (Ephydridae). The near-dam benthic community
is responding to changes from a suite of environmental conditions that include increases
in periphyton biomass, drift, authochthonous CPOM, and substrate (Figure 3.3a). The
large standing crop of periphyton can especially cause changes to abiotic factors such as
water clarity and substrate stability and biotic factors such as the lack of grazers (Voelz
and Ward 1991). Dense algal growth limits attachment sites, inhibits mobility and
reduces the local micro-velocity.

The lower reaches of the regulated rivers (second community type) respond to
decreases in periphyton, drift, substrate size, and authochthonous CPOM as well as
increases in allochthonous CPOM and distance from the dam. Mid to lower regulated
sites have higher taxa richness and are generally indicative of resilient invertebrates able
to withstand fluctuating water and temperature levels common to regulated rivers
(Elmidae,  Dytiscidae, = Ephemerellidae,  Physidae,  Athericidae,  Baetidae,
Lepidostomatiidae; Figure 3.3a; McCafferty, 1981). Voelz and Ward (1991) found three
different community types in the Colorado River. Similar to this study, the near-dam

community was composed of filter-feeding invertebrates (Simuliidae, Hydropsychiidae),
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the second community type was more diverse and taxonomically even and transitioned
into the third community type where predators (stoneflies) appeared, 12 km downstream.
The natural Batchawana River did not exhibit any distinct gradients, a typical
headwater river continuum as described by Vannote et al. (1980). No distinct gradients
were expected in the Batchawana due to our relatively small sampling resolution (20 km).
The River Continuum Concept predicts changes that occur over several orders while the
context of this study was only within one order. In hindsight, it would have been more
informative to sample the Batchawana beginning from the headwaters to the lower
reaches to determine if the impounded rivers were analagous to compressed headwater to
middle reach segments of free flowing rivers (1st to 6th order). However, our reference
river clearly indicates that over similar distances, the Steephills Falls and Scotts Falls
dams are indeed inducing strong gradients compared to natural rivers, and these changes
are occurring quickly, within the first 5 km below impoundments. River continuum
predictions allow us to speculate that conditions do not mimic those expected in a
headwater stream and then rapidly change downstream to resemble a 6th order river. For
example, the RCC predicts shifts in the relative abundance of benthic invertebrate
functional feeding groups in relation to longitudinal changes in food resources. Shredders
are found in the headwaters, collectors (filter feeders and gatherers) are found in all
reaches, but dominant in lower reaches, and predators maintain a low abundance along
the entire stream (Vannote et al., 1980). In the regulated study rivers, filter feeder
abundance peaked directly below the dam (did not dominate in lower reaches) and
primary productivity was high. This was also found by Voelz and Ward (1991) in the

Colorado River (US).
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In contrast, the natural lake-outlet stream demonstrated changes in community
type and environmental conditions near the lake outlet (W1) similar to sites immediately
below the dam in regulated rivers. This was largely due to warmer surface waters from
the lake, inputs of seston and organic matter from the lake upstream creating a similar

reservoir effect (Jones, 2010).

Longitudinal Trends and the Serial Discontinuity Concept

This study compares the downstream recovery of important biotic and abiotic
variables with respect to distance as well as the specific pattern of recovery to what is
predicted by the Serial Discontinuity Concept. For example, Ward and Stanford (1983)
predict the rapid attenuation of substrate size with distance from the dam. The
downstream recovery of substrate resembles a negative exponential functional form. By
comparing the expected functional forms with the experimental forms, we can gain
insight on not only distance to recovery but also the rate of change. While these predicted
functional forms are implied in the original predictions, previous longitudinal studies, and
there are few, only note the recovery distance and largely ignore the patterns or rate of

change of recovery.

Longitudinal Trends in Resource and Habitat
Overall, the gradients observed in key biophysical variables pertaining to SDC

predictions are met (diel temperature range, periphyton, drift, substrate). According to the
Serial Discontinuity Concept, impoundment suppresses the mean temperature and diel
temperature range with a gradual increasing trend downstream (Ward and Stanford
1983). No clear longitudinal trend or recovery in mean temperature was observed in the

Magpie and Michipicoten rivers, likely due to the limited temperature data analyzed
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(mean summer temperature). In addition, the longitudinal recovery of mean temperature
can require up to several hundred kilometers (Paller and Saul, 1996; Preece and Jones,
2002). However, the daily range increased moving downstream (Figure 3.4) and
recovered 12 km downstream. The model that best fit with the recovery of the diel
temperature range was an exponential rise with a horizontal asymptote (Table 3.4, Figure
3.4), following SDC predictions. In addition, the variability in mean temperature
(standard deviation) increased downstream (Figure 3.4). The recovery in daily range and
in mean temperature variability indicate a higher thermal diversity with distance
downstream. The thermal diversity or variability of a stream (duration of maximum and
minimum temperatures, seasonal rates of change, and diel fluctuations) can influence the
life history traits of benthic invertebrates (Ward and Stanford 1982) effecting egg
development, fecundity, dormancy, growth and maturation, voltinism, and emergence
(Rader et al. 2007). Wide seasonal variations in temperature favour high biotic diversity
(Ward and Stanford 1979), while cold hypolimnetic releases of oxygen-deficient water
can reduce diversity by modifying day-length cues and disrupt emergence patterns,
growth rates, and population success (Ward 1982; Raddum 1985; Byren and Davies
1989).

The recovery of allochthonous organic matter and nutrients are highly variable
across regulated and natural rivers and do not follow Serial Discontinuity Concept
predictions. The SDC predicts organic matter to be reduced at near-dam sites and
increasing linearly downstream from riparian vegetation. At near-dam sites,
allochthonous organic matter is clearly reduced in the Magpie River. The variation in

organic matter and nutrients was largely due to confounding changes in seasonality,
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peaking effects, climate, tributary and runoff influences. Nutrients are especially sensitive
to the daily variability in flow. Previous studies have noted the recovery of nutrients is
highly dependent on the size of the dam and flow volumes. O'Keeffe et al. (1990) noted
that the physicochemical conditions downstream of small headwater dams recovered
within 3 km while conditions persisted up to 30 km downstream of larger dams in the
middle to lower reaches. Palmer and O'Keeffe (1990) found nitrates, SRP, and
chlorophyll a recovered further downstream during high flow events than during low
flow events (Palmer and O'keeffe 1990).

The distinct recovery gradient of substrate, periphyton, and drift are apparent and
corroborate SDC predictions (Table 3.7). The patterns of recovery for all three variables
can be described as a negative exponential model (high values at near-dam sites and
rapidly reducing downstream, Table 3.4) and recovery distances were noted at
approximately 5 km downstream. Near-dam sites were characteristic of large substrate
size (cobble), which is common under hydropeaking conditions (Kraft and Mundahl
1988; Cortes et al. 2002; Storey et al. 1991; Gore et al. 1989, Katano et al. 2009) and
recovered 5 km downstream. In hydropeaking rivers, flow in the outlet stream can
become sediment starved and erode the streambed and banks, armouring bed material
(Kondolf 1997; Jones 2010). Near-dam sites were also characteristic of high planktonic
drift released from the reservoir and higher primary productivity (periphyton,
autochthonous CPOM); with both attenuating quickly downstream (<5 km). Primary
productivity in the Magpie River is especially high from extensive macrophyte and
periphyton growth in the attenuation pond directly below the dam. Others have noted a

spike in primary productivity (high chlorophyll-a values or biomass) and drift density
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(Ward 1975; Layzer et al. 1989; Storey et al. 1991; Katano et al. 2009) located directly
below impoundments and rapidly decreasing with distance from the dam (1-4 km; Gore
1977; Voelz and Ward 1991; Valentin et al. 1995; Munn and Brusven 2004; Morley et al.

2008; Katano et al. 2009; Rehn 2009).

Longitudinal Trends in Benthic Invertebrates
In this study, total richness is defined as the number of different taxa per site.

Corroborating previous studies, benthic invertebrate richness increased with distance
downstream (Gore 1977; Ward and Stanford 1983; Rader and Ward 1988; Voelz and
Ward 1991; Munn and Brusven 1991; Stevens et al. 1997; Cortes et al. 2002), but this
study suggests it may recover more rapidly than previously predicted by Ward and
Stanford (1983). In general, biodiversity increases linearly with distance downstream of
the dam over two river orders according to the SDC. This study demonstrates that
richness is increasing relatively quickly, with the greatest change occurring in the first 5
km. Richness recovered approximately 10 km downstream in the Magpie. Richness
peaked at 10 km in the Michipicoten but began to drop again further downstream (Figure
3.6). In the Colorado River, Voelz and Ward (1991) found benthic richness to double
within 1.4 km dowstream of the impoundment. The narrow thermal regime at near-dam
sites eliminate benthic invertebrates relying on thermal heterogeneity to complete their
life cycles (Voelz and Ward, 1991). High periphyton biomass at these sites additionally
exclude invertebrates relying on an autochthonous resource base and are physically
excluded from dense periphyton growth (Voelz and Ward, 1991). Following the recovery
of temperature, habitat, and food resources, benthic richness increased. The overall
abundance and diversity of benthic invertebrates provides a useful first step in examining

benthic community alterations in regulated rivers. However, an increase in the overall
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diversity may not be an indicator of community recovery. Depending on specific resource
and habitat changes and life history traits of invertebrates, certain taxa respond differently
to impoundment.

Plecoptera are sensitive to changes in temperature, substratum, and food resources
altered by regulation (Ward and Stanford 1979) and are largely reduced in the regulated
study rivers (Figure 3.6). Warmer winter and cooler summer temperature and depression
of the annual thermal amplitude can prevent the successful emergence and hatching of
native stoneflies (Ward and Stanford 1982). For instance, Stanford and Ward (1989)
observed a classic serial discontinuity in response to hypolimnetic release in the
Gunnison River where the stonefly community recovered 68 km downstream from the
dam in response to the resetting of the thermal regime, substrate size, water quality, and
filamentous algae. More recently, Jones (2011) found approximately 10 times more
Plecoptera in the natural rivers compared with the regulated Magpie River where they
were absent in many samples with a lack of any longitudinal trend. A plausible
explanation is their crawling habit and metamorphoses that take place in dry riparian
areas where individuals and their eggs may be stranded in the varial zone where predation
and desiccation are limiting (Jones 2011); although a strong thermal peaking pattern
could not be ruled out.

In contrast, Simuliidae were abundant in near-dam sites and quickly replaced with
distance downstream from the dams. Reservoir derived seston is one of the main
contributors influencing the longitudinal zonation of benthic invertebrates, providing
downstream reaches with large amounts in a wide size spectrum (Ward 1975; Ward and

Stanford, 1983; Jones, 2011). Simuliidae play an important role in lotic food webs
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through their ingestion and release of these suspended particles downstream to
suspension feeders and gatherers (Wotton, Joicey & Malmqvist 1996; Wotton et al.
1998). As a result, blackfly larvae are often the dominant filter feeders in lotic
environments and are opportunistic colonizers (Harrison 1966; Ulfstrand, Nilsson &
Stergar 1974; McAuliffe 1984; Rader and Ward, 1988; Malmqvist et al. 1991; Jones,
2011). Studies have shown that simuliids prefer disturbed substrates (Downes and Lake,
1991) and are resistant to local disturbances (Rosser and Pearson, 1995). A combination
of morphological adaptations (small body size, silk hooks to anchor on the substratum),
behaviour (looping movements to find new substrate under high flow conditions) and
rapid recolonization allow simuliids to be positively affected by flow regulation at near
dam sites (Zhang et al., 1998). However, they are vulnerable to predation (Crosskey
1990; Hansen, Hart & Merz 1991; Malmqvist 1994) and inferior competitors to the net-
spinning caddisflies, Hydropsychiidae (Hemphill and Cooper, 1983; Hershey and Hiltner,
1988; Kohler, 1992). In the absence of disturbance or once flow and habitat conditions
recover, predation and competition are decisive factors influencing Simuliidae larvae.
Simuliids are often a feature of near-dam disturbed sites and would be a useful indicator
for evaluating impacts of flow regulation.

Pronounced differences between natural and regulated rivers can be seen in the
dragonfly family: Gomphidae which were missing in the regulated rivers while they were
in abundance in natural rivers. Reduced habitat diversity (from bed armouring), an altered
flow regime, and decreased availability of burrowing sediment can lead to declines in
abundance of Gomphidae (Mantel et al., 2010). Jones (2011; 2012) also noted this

difference in the Magpie River compared to surrounding natural streams. Troelstrup and
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Hergenrader (1990) only found gomphid odonates 21 km downstream of the dam where
flow effects were minimized. Predators are important in structuring the abundance and
diversity of prey, and dams alter the strength of this interaction from flow and
temperature changes and the resultant changes in habitat and water quality (Allan, 1995;
Power et al., 1996 from Mantel). Odonates are reliable indicators for evaluating habitat
heterogeneity and quality of land-water ecotones and hydrologic dynamics (Schmidt,
1985; Corbet, 1993; Samways, 1993; Chovanec and Raab, 1997; Chovanec, 2000). In
hindsight, riparian vegetation would be a better predictor of Gomphidae density (and total
odonate density) as Remsburg and Turner (2009) noted that Gomphidae increases with
the amount of riparian tall terrestrial herbaceous vegetation. The authors found a
correlation between adult site selection and larval densities at sites with riparian wetland
plants but further investigation on Gomphidae oviposition habits are required (Remsburg

and Turner, 2009) to understand the distributional gradient of this particular family.

Conclusions

This is the first study to explicitly test Serial Discontinuity Concept expectations
and provides recent evidence supporting the SDC. Regulated river studies still fail to
adequately capture the proper environmental context (dam characteristics, operating
conditions, lakes and tributary inputs) to assess the longitudinal recovery of resource,
habitat, and community parameters - information that is vital to the proper management
of rivers (Jones, 2012).

It is clear from this study that thermal diversity, substrate, seston release, and
primary productivity, are the key variables driving the aquatic community in regulated

rivers. The recovery of these critical variables and specific indicator taxa (e.g.,

78



Plectoptrea and Odonata) can perhaps provide river managers a more direct and focussed
target on assessing the impacts of hydroelectric impoundments on rivers. With the
growing demand of renewable energy, research and sampling efforts can target a few key
variables that are driving aquatic community alterations. Future studies can focus on
stoneflies, dragonflies, and blackflies and their specific environmental requirements to
determine indicator capability and predictive modelling. In particular, further study on
gomphid odonates would be especially useful as their presence is linked to riparian
vegetation, incorporating lateral floodplain connectivity into river management.

This study further supports the Serial Discontinuity Concept in understanding the
biotic and abiotic changes occurring in regulated rivers as well as highlight research
needed to continually refine stream ecological concepts. Biotic changes are occurring
rapidly and information on smaller scale interactions are required to refine these
predictions. In addition, a second abiotic gradient (e.g. mean temperature) requires
several orders to recover and the distinction between these two gradients should be made
in future studies. While it was beyond the scope of this project, the SDC should be a
further expanded to include long-term temporal changes to regulation (Vinson 2001),
specific reservoir conditions (Baldwin et al., 2010), changes in specific taxa, and changes
below multiple impoundments. In addition, regulated rivers provide the opportunity to
test stream ecological theory and concepts through various flow and temperature
manipulations within the context of the natural environment (e.g., Robinson et al., 2004)
enabling further scientific understanding to properly conserve and manage our rivers

(Poff et al., 1997).
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Chapter 4. General Discussion

Introduction

The study of river dynamics has largely focused on the spatial organization of
organisms in a linear upstream-downstream schema. The highly influential River
Continuum Concept (hereafter, RCC) described a continual gradient of environmental
conditions affecting community patterns and distribution from the headwaters to
downstream reaches (Vannote et al. 1980). Much of this longitudinal thinking was
influenced by gradient analysis popularized by Whittaker (1967) in which species occur
within a limited range of habitats; and within their range, tend to be most abundant under
optimal environmental conditions (Ter Braak and Prentice 1988).

With increasing societal demands of renewable energy, few rivers currently remain
free-flowing. The adverse effects of dams are well known and related to changes in
geomorphology, water quality, temperature regime, and flow regime of lotic systems
influencing the resources and habitat of fish, benthic invertebrates and lower trophic
levels. The degree of alteration is believed to be directly related to the degree of flow
alteration (Poff and Zimmerman 2010; Poff et al. 2010) and nonlinearities in flow-biota
relationship makes prediction difficult.

Ward and Stanford (1983) recognized that most rivers experienced breaks or
discontinuities in the continuum from impoundment and proposed a modification to the
RCC known as the Serial Discontinuity Concept, providing another major step forward
with a theoretical framework.

Despite wide reference to the SDC, there are no formal tests of the concept that

specifically outline SDC expectations and whether or not they are met (but see Sabater et
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al. 1989; Voelz and Ward 1989; 1990; 1991). Ward and Stanford (1993) previously noted
a knowledge gap in the response of environmental and biological gradients below dams;

and this gap still exists today.

Summary of Findings

My research objectives were to test Serial Discontinuity Concept predictions with
a) what is found in the literature and b) a formal test of the SDC with two regulated study
rivers in northern Ontario. Specifically, the first objective of this study is to provide a
comprehensive review and synthesis of what is known about longitudinal trends in
benthic invertebrate communities below impoundments in relation to Serial Discontinuity
Concept predictions, emphasizing on physical, chemical, and biological recovery in
regulated rivers. The second objective was to formally test the Serial Discontinuity
Concept by first using direct gradient analysis to examine benthic invertebrate gradients
in two regulated study rivers in relation to changes in their resource and habitat
conditions and then examining the predicted recovery of particulate organic matter,
substrate, nutrients, temperature, periphyton, planktonic drift, and invertebrate richness in
relation to the Serial Discontinuity Concept predictions. Because pre-impoundment
conditions of the regulated rivers were not available, 1 used two undisturbed, natural
rivers in the same geographic region to establish patterns of natural variability to compare
to regulated rivers. In my review, | focused on longitudinal trends of resources, habitat,
and biotic recovery with respect to 'distance from the dam' or discontinuity distance as

proposed by Ward and Standford (1983).

The literature shows that two recovery gradients exist in regulated rivers: 1) a
longer, abiotic gradient related to largely to the attenuation of flow and thermal
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conditions taking up to 387 km downstream; and 2) a shorter, resource subsidy gradient
recovering within 1-4 km downstream of an impoundment. Benthic invertebrate response
to these gradients varies, with both increases and reductions in density and biomass
observed. Much of this variability stems from degree of flow variability and resource
subsidies from the upstream reservoir. However, irrespective of dam location and
operation benthic diversity is often reduced below dams with little recovery observed
downstream (but see Jones, 2012). Orthoclad chironomids, Hydropsychiidae, and
Simuliidae are frequently enhanced below dams, Ephemeroptera have varying responses
to regulation related to different habitat requirements, while Plecoptera density and
diversity are typically reduced below dams with little recovery found further downstream.
Despite a lack of formal testing, Serial Discontinuity Concept predictions are supported

in literature and still provides a useful theoretical framework for hypothesis testing.

| followed my review with a formal test of the Serial Discontinuity Concept using
two regulated Boreal rivers; and providing two natural rivers for reference. In agreement
with SDC predictions, | found resource and habitat gradients to recover quickly (within 5
km downstream of the impoundment). Contrary to SDC predictions, benthic invertebrate
richness recovered relatively quickly at 10 km downstream of the impoundments. This is
the first formal test of the Serial Discontinuity Concept and provides new insight to
smaller scale changes in an attempt to expand the SDC using empirical methods.

It is clear from this study that thermal diversity, substrate, seston release, and
primary productivity, are the key variables driving the aquatic community in regulated
rivers. The recovery of these critical variables and specific indicator taxa can perhaps

provide river managers a more direct and focussed target on assessing the impacts of
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hydroelectric impoundments on rivers. With the growing demand of renewable energy,
research and sampling efforts can target a few key variables that are driving aquatic
community alterations. Future studies can focus on stoneflies, dragonflies, and blackflies
and their specific environmental requirements to determine indicator capability and
predictive modelling. In particular, further study on gomphid odonates would be
especially useful as their presence is linked to riparian vegetation, incorporating lateral

floodplain connectivity into river management.

Inferences for Stream Ecology and Future Recommendations

Understanding the distribution and abundance of organisms is a fundamental goal
of ecology. Ecologists tend to view biotic and abiotic changes below hydropower
facilities with respect to distance from the dam. This study has provided evidence for
expanding on recovery ‘distances' to include the pattern and rate of recovery. In addition,
moving beyond the ‘distance from dam' perspective, a mechanistic understanding of the
underlying causes of these spatial patterns is perhaps more applicable for prediction and
useful for resource managers. This type of relationship is required for forming predictive
models that can determine the presence of specific invertebrate taxa based on their
ecological requirements. Instead of focusing solely on the distance response for specific
rivers or case studies, the broad application of predictive models would allow resource
managers and operators of hydropower facilities for predicting the extent and severity of
impacts. In this light, regulated rivers are likely fertile systems to explore the ecological
niche of benthic invertebrates.

Building on this idea, resource selection functions (habitat suitability models)

provide a quantitative approach to understand the habitat needs and the opportunity to
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map the distributions of aquatic insects (Manly et al. 2002; Johnson et al. 2004).
Resource selection functions are a measure of a resource unit that is proportional to the
probability of the resource unit being used by the organism. In stream ecology studies,
researchers often investigate water velocity, depth, and substrate selected by fish (e.g.,
Jones and Tonn 2004) borrowing from in-stream flow incremental methods (Bovee 1982)
to determine habitat use and availability. Despite their importance, benthic invertebrates
received less attention relative to fish during the development of resource selection
models due to problems of collection, identification and curve generation (Gore et al.
2001). Benthic invertebrates, however, have a critical role in processing nutrients and
organic energy in lotic systems and are thus good indicators of ecosystem productivity
and health (Karr and Chu 1999). In addition, they are diverse, relatively sedentary and
highly responsive to environmental alteration. There is also a greater ability to predict
macroinvertebrate distribution and diversity without complex population models because
they are less mobile and have a narrow range of tolerances to changes in discharge (Gore
1977; 1978). In fluctuating flows, invertebrates lack the ability to return to their
previously inhabited area, thus forming patches of different community structure and
habitat loss may be up to two or three-fold larger than fish (Gore 1989). For
recommending minimum environmental flows, the use of benthic invertebrates for in-
stream incremental flow models are particularly useful, especially because they have
stricter flow requirements than fish (Jowett 2003). For the proper management of rivers,
predicting changes in invertebrate habitat in conjunction with flow requirements for fish

species is required (Gore et al. 2001). This study revealed that Simuliidae, Gomphiidae,

91



and Plecoptera may be potential candidates for predictive modelling and their
environmental and life history requirements should be explored in future studies.

This is the first thorough examination and evidence-based support for the Serial
Discontinuity Concept since its inception in 1983. Stream ecology has evolved into an
integrative study incorporating patch dynamics, hierarchical scaling and disturbance
dynamics emphasizing the relationship between pattern and process at multiple scales
(Melles et al. 2011). Future studies should refine the Serial Discontinuity Concept to
include empirical estimations of temporal changes to regulation (Vinson 2001), specific
reservoir conditions (Baldwin et al. 2010), changes in specific taxa, and changes below
multiple impoundments; all within the context of the landscape or riverscape (e.g.,
Fausch et al. 2002; Benda et al. 2004). Because humans alter landscapes at multiple
scales, it is important to take a landscape approach in studying patterns and processes of
lotic systems so that ecological consequences can be identified and predicted at these
scales (Fausch et al. 2002). While the SDC is 30 years old, little attention has been given
to explore its relevance, accuracy, and generality: in turn, there is still much to learn from

regulated river systems.
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