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This review presents a summary of the influences of floods on river ecology, both instream and on the adjacent
floodplain, mostly in a Canadian context. It emphasizes that ecological impacts and benefits can be highly dependent
on flood-generation processes and their magnitude and timing. In Canada, floods can occur under open-water or
ice-influenced river conditions. The ecological impacts of floods generated from ice jamming are particularly relevant in
Canadian ecosystems due to the potentially higher water levels produced and suspended sediment concentrations that
can be detrimental to instream aquatic habitat, but beneficial to floodplains. Large floods provide a major source of
physical disturbance. Moderate floods with shorter return periods can be beneficial to aquatic habitats by providing
woody debris that contributes to habitat complexity and diversity, by flushing fine sediments and by providing important
food sources from terrestrial origins. Floods also influence water-quality variables such as sediment loads, metals and
pH, which further influence river ecology. This review points out important links between floods and habitat connectivity
and refugia, and the ability of aquatic resources to recover from flood disturbances. The floodplain vegetation also influ-
ences bank erosion and channel configuration, as well as many processes contributing to the river ecology, such as
allochthonous inputs of carbon, preventing bank erosion, food-web dynamics and other effects. Many species of riparian
trees are dependent on floods for reproduction, and floods can limit competitive encroachment of upland vegetation.
Floods play a critical role in deltaic environments where high flows provide nutrient supplies and overflows maintain
water balances within these environments. Two substantial factors that will likely influence future flood regimes in
Canada are climate change and flow regulation. Future research should focus on enhancing our understanding of how
floods affect river ecology, including under winter conditions, to better manage important natural resources.

Cette revue présente un sommaire des impacts des crues sur I’écologie des riviéres, tant au niveau du cours d’eau que
dans la plaine inondable, et ce dans un contexte canadien. L’emphase est mise sur le fait que les impacts négatifs et posi-
tifs des crues dépendent des processus qui les générent, de méme que de ’amplitude et de ’occurrence de ces événe-
ments. Au Canada, les crues peuvent se produire en eau libre ou en présence de glace. Les impacts écologiques des
crues générées par des embacles sont particuliérement importants et leur compréhension dans un contexte écologique est
pertinente, étant donnés les hauts niveaux d’eau et les concentrations de sédiments élevées produits durant de tels événe-
ments. Ces conditions peuvent étres nuisibles aux habitats aquatiques, mais bénéfiques pour les plaines inondables. Les
grandes crues sont une cause primordiale de la perturbation du milieu physique. Les crues modérées, avec des périodes
de retour plus petites, peuvent étre bénéfiques aux habitats aquatiques puisqu’elles peuvent amener des débris d’arbres
dans le cours d’eau, ce qui contribue a la diversité et la complexité des habitats. De plus, ce type de crue permet d’évac-
uer des sédiments fins et peuvent faire une contribution importante de nourriture d’origine terrestre. Les crues influencent
aussi la qualité de 1’eau, incluant des variables comme les charges sédimentaires, les métaux, le pH, qui modulent
I’écologie lotique. Cette revue identifie les liens entre les crues et la connectivité des habitats et des refuges, de méme
que la capacité des ressources aquatiques a se rétablir suite aux perturbations associées aux débits extrémes. La forét
située dans la plaine inondable joue un rdle dans la morphométrie du chenal et dans plusieurs processus qui contribuent
a I’écologie de la riviére, tels que les intrants allochtones de carbone, la minimisation de 1’érosion des berges, la dynami-
que de la chaine trophique, etc. Plusieurs essences d’arbres de la zone riparienne dépendent des crues pour leur repro-
duction et ces mémes crues peuvent limiter la propagation d’autres végétaux qui poussent habituellement sur les terres
plus hautes. Les crues jouent un rdle critique dans les environnements des deltas, aux embouchures de certains cours
d’eau. Dans ces milieux, les crues et les débordements sont des éléments qui font en sorte que 1’équilibre hydrologique
est maintenu et que les apports en nutriments sont suffisants. Deux facteurs majeurs vont fort probablement influencer le
régime des crues au Canada: les changements climatiques et la régularisation des débits par la présence de barrage. Dans
I’avenir, les chercheurs devraient se pencher sur I’amélioration de notre compréhension des aspects écologiques des
crues, surtout durant les embacles, afin de mieux informer les gestionnaires et les intervenants en conservation des
ressources naturelles.
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Introduction

Flood dynamics in Canada are governed by several
hydrometeorological factors that include rainfall events,
snowmelt and a combination of rain on snow that gener-
ally results in high water levels (Watt 1990). Floods can
also be associated with river ice-breakup processes to
produce extremely high waters. As such, floods can have
a significantly different effect on the environment when
generated under open-water versus ice-jamming condi-
tions (Prowse and Culp 2003). An in-depth review of
physical processes and regional aspects of floods in
Canada is also presented in Buttle et al. (this issue).
Streamflow has a key role in driving the structure
and function of riparian and aquatic communities, includ-
ing connectivity to floodplain habitats (Hynes 1970).
This is especially evident during extreme events where
flood and low flows are often identified as the primary
sources of ecological disturbance (Poff and Ward 1989).
Accordingly, floods have played a major role in the
structuring of stream ecosystems by modifying many
physical, chemical and biological processes in rivers
across Canada. Flood processes have direct and indirect
effects on aquatic organisms (i.e. fish and invertebrates)
and riverine vegetation as a result of erosion, sedimenta-
tion, bedload movement, etc. (Waters 1995). Seasonal
flooding events bring important nutrients, carbon and
material to the stream channel (e.g. woody debris and
additional allochthonous material), essential in the over-
all function of riverine ecosystems. Occasional floods are
equally important to the maintenance of a diverse and
vibrant riparian ecosystem (Tabacchi et al. 1998).
However, floods have been observed to be detrimen-
tal in some cases (e.g. survival of juvenile fishes,
invertebrates, etc.). For instance, a study by Cunjak et al.
(1998) demonstrated that mid-winter floods can
adversely impact the survival of juvenile Atlantic sal-
mon. A study by Milner et al. (2013) showed that a
major flood significantly impacted pink salmon popula-
tions of Wolf Point Creek (Alaska). For example, the
number of spawners dropped from over 14,000 (pre-
flood) to less than 500 (post-flood), and juveniles were
equally affected. That study also showed that both
spawners and juveniles recovered to pre-flood densities
and returns within two generations (i.e. 4 years). Fausch
et al. (2001) showed that the timing of floods and the
emergence of rainbow trout had a significant influence
on the invasion success of some fish species. For
instance, in regions where the timing of floods did not
coincide with the native fish emergence, invasion success
was high, whereas in regions where the floods coincided
with the emergence of the native fish, invasion success
was low (Fausch et al. 2001). Conversely, Peters et al.
(2006) demonstrated the importance of ice-jam flooding
to recharging desiccated wetland basins of the

Peace—Athabasca Delta (Alberta), a system that is
influenced by climate and flow regulation effects. Addi-
tionally, Cordes et al. (1997) used dendrochronological
data to show that poplar and cotton wood regeneration
in riparian zones of the Red Deer River (Alberta) was
strongly associated with major floods.

This paper provides an overview of the ecological
aspects of floods in Canada (e.g. water quality, habitat
connectivity, ice jams, etc.), a vast region (~10 million
km?) of North America that covers eight ecozones and
five major physiographic regions. More specifically, the
key objectives are to: (1) synthesize the state of knowl-
edge of the role of open-water and ice-jam flooding on
river and floodplain ecology; and (2) identify threats and
knowledge gaps for future ecological flood studies in
Canada. This information will ultimately provide valu-
able knowledge for both water and fisheries managers
that will contribute to better protection and management
of these important natural resources.

Floods and river ecology

Floods occur when the river flow exceeds the bankfull
discharge (Qbf), which also represents the effective or
channel-forming discharge (Leopold 1994), and spills
water onto the adjacent floodplains (Gurnell 1997). For
American rivers, the Qbf commonly approximates the
QT2, where QT2 is a flood of a 2-year recurrence inter-
val or the maximum flow that is reached on average
every 2 years (Leopold 1994). For some Canadian rivers
the channels are proportionally larger, with channel
widening that may be due to ice scour. Subsequently,
Qbf can be higher and around the QTS5 for some rivers
(Smith 1979; Kellerhals and Church 1980; Polzin and
Rood 2006), but there have been limited field assess-
ments of the impacts of ice on channel forms (Morse
and Hicks 2005). The bankfull recurrence interval is
dependent on geographic location and the flood fre-
quency characteristics of the stream (Watt 1990). Under
open-water conditions, the areas of riparian inundation
increase with increasing magnitude and duration of flood
flows, and the floodplain is typically fully inundated with
the QT100, or 1-in-100-year flood (Gurnell 1997;
Kalischuk et al. 2000).

In cold regions of the world, such as Canada,
floodwaters can be generated under ice-influenced and
open-water conditions. Although not as widely studied
as the open-water period, the literature suggests that
floating ice/ice breakup is a key component in freshwater
systems that creates and controls aquatic habitats
(Prowse and Culp 2003; Peters et al. 2014a). River ice
breakups can occur under mild air temperature condi-
tions where the ice generally decays in place and does
not cause jamming, termed a thermal breakup. In
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contrast, when a breakup is caused by a sudden increase
in flow/water level and occurs under thick and still hard
ice conditions, the breakup is called a mechanical
breakup and the potential for ice jamming is high. The
jamming of ice may present significant resistance and
obstruction to the intense freshet flow, leading to extre-
mely high river stage at considerably less discharge than
under open-water conditions (Figure 1) (see Beltaos
2014 for more details on river ice breakup). In general,
the study of river ice processes and hydraulics is a rela-
tively young field of research (Hicks 2008), as is the
study of winter dynamics of stream ecosystems (Huusko
et al. 2007). For instance, it is only recently that the
effects of ice have been explicitly incorporated in the
development of sustainable ecological flow needs
approaches in Canada (Peters et al. 2014a).

The relative importance of flood mechanisms across
Canada was recently investigated by von de Wall (2011).
His study demonstrated that under the present climate
regime, ~32% of the rivers were dominated by annual
extreme peak water levels generated under river ice
breakup, ~45% open-water and ~23% mixed conditions.
These results are consistent with a report that an
estimated 40% of the floods in Canada over the years
1983-1987 were caused by ice-jam events (see Peters
et al. 2014a). As will be demonstrated in the present
study, ice jamming in combination with large spring
freshet snowmelt runoff is often the only mechanism
capable of inundating elevated portions in a floodplain,
particularly in northern deltaic environments (Peters
et al. 2006; Lesack and Marsh 2010).

222

Role of habitat connectivity and ecological recovery
during floods

It has been suggested in the literature that the ecological
integrity of river ecosystems depends on their natural
dynamic character (Richter et al. 1996), as well as habi-
tat connectivity (Altermatt et al. 2011). A seminal paper
by Poff et al. (1997) synthesized the scientific knowledge
to derive the “natural flow paradigm,” which emphasizes
the critical role of intra- and inter-annual variations in
flow characteristics in sustaining and protecting native
biodiversity and ecosystem integrity in river systems.
The authors identified five ecologically relevant compo-
nents of the hydrological regime, namely the magnitude,
frequency, duration, timing and rate of change of hydro-
logical events. These components of the hydrograph, pre-
sented in Figure 2, can be used to characterize the range
of flows and specific hydrologic occurrences, such as
flood events. Notably, the magnitude, frequency, duration
and timing of floods are of particular importance in river
ecosystems (e.g. productivity, response to habitat avail-
ability, etc.) (Poff et al. 1997). Some aspects of floods
can be beneficial (e.g. removing fine sediments) whereas
other may present an impact (e.g. scouring of redds). In
fact, the physical structure and habitats are largely
defined by flood processes within the channel and
between the channel and floodplain.

Floods play an important role in the delivery of food
and energy to streams, especially to small streams where
the amount of sunlight is limited. For example, much of
the energy in large rivers comes from sunlight, thus con-
tributing to the photosynthetic and biological activity;
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Figure 1. Annual peak water level vs. discharge under breakup conditions in the lower Peace River at Peace Point hydrometric
station 70 km upstream of Peace Delta, headwaters of the Mackenzie River Basin, northern Alberta (updated from Peters et al. 2006).
Data are presented for the pre-regulation (1962-1967), filling of Williston Reservoir (1968-1971), and post-regulation (1972-2008)
periods. Dashed line depicts the magnitude of the historical peak open-water flow event (modified from Peters et al. 2014a). masl:

metres above sea level.
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Figure 2. Hydrograph showing open-water and ice-influenced streamflow conditions observed on the lower Athabasca River just
below Fort McMurray in the headwaters of the Mackenzie River Basin over the 2008 water year. Also shown on the figure are key
hydrograph variables: (1) fall freeze-up magnitude and timing, (2) ice-influenced season, (3) spring freshet initiation date and
magnitude, (4) spring breakup magnitude and timing, (5) hydrograph rise rate, (6) peak flow magnitude and timing, (7) hydrograph
fall rate, (8) open-water season, (9) low-flow magnitude and timing, (10) number of times the hydrograph reverses direction, and (11)

baseflow (source of hydrometric data, Environment Canada 2013; modified from Peters et al. 2014a).

however, much of the energy in small streams come
from external, or allochthonous, sources (i.e. nutrients,
terrestrial plant debris composed of leaves, needles, and
twigs, etc.) from the nearby floodplain/riparian habitat
during high-water events (Hynes 1975). This energy
source coming from the drainage basin is critical for
aquatic invertebrates and fungal populations, which in
turn provide the basic diet for many species of fish.
Accordingly, floods are crucial to the food web dynamics
of small streams and large rivers. In recognition of this,
Junk et al. (1989) put forward the “flood pulse concept,”
a conceptual framework that highlights the importance of
annual floods in shaping ecosystem structure and con-
tributing to a healthy river ecosystem. This concept,
extended by Tockner et al. (2000), is considered to be
one of the most important aspects influencing the bio-
logical productivity of riverine ecosystems. In the flood
pulse concept, floods are seen as important attributes
linking terrestrial sources to stream productivity. As
flooding occurs, water levels increase within the flood-
plain area and provide nutrients and organic matter that
tend to increase the stream primary production.

Habitat connectivity under different flow regimes,
including extreme flows, is critical to the overall ecologi-
cal integrity and subsequent management and restoration
of river corridor ecosystems (Pringle 2001; Reich and
Lake 2014). In fact, the structure and function of com-
munities and their ability to recover from disturbances
are directly associated with their dispersal ability and the
degree of connectivity with other habitats (Altermatt
et al. 2011; Gallardo et al. 2014). The spatial and

temporal variability in connectivity between the main
channel and the floodplain is highly complex (Pringle
2001; Amoros and Bornette 2002). To support the
development of directed management strategies (see the
section on potential threats to flood regimes, with eco-
logical implications for more discussion), the approach
of Gallardo et al. (2014) could be applied, where they
identified groupings of hydrological connectivity for
streams and rivers along a gradient from low connectiv-
ity (i.e. only connected under extreme flood events) to
intermediate connectivity (i.e. connected during high
flows) to high connectivity (i.e. connected during low-
return flood events such as bankfull). This connectivity
gradient is related to the spatial availability of water,
nutrients and sediment within the floodplain ecosystem
(e.g. Trigg et al. 2013; Larsen et al. 2015) In addition,
using variables that quantify hydrological variability (e.g.
stability of flows, flashiness of flows), connectivity and
flow predictability, researchers have applied classification
approaches to identify groups of rivers to allow direct
comparison of ecological patterns and responses to
hydrological variability across large and diverse
geographical areas (Poff and Ward 1989; Kennard et al.
2010; Monk et al. 2011).

Flow wvariability shapes ecological communities
through taxon-specific responses and associated adaptation
of key biological traits to flow variability along the hydro-
logical connectivity gradient (Poff 1997; Lake 2000)
(Table 1). For example, in the case of invertebrates, overall
community-level taxon richness often peaks at intermedi-
ate hydrological connectivity and disturbance where
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generalist and specialist taxa coexist (Ward and Stanford
1983; Tockner et al. 2000). More specifically, the taxon
richness of Ephemeroptera and Plecoptera often peaks at
sites with high hydrological connectivity because of their
high dissolved oxygen requirements (Usseglio-Polatera
and Tachet 1994). This knowledge allows for the develop-
ment of diagnostic indices to assess flow impacts for eco-
logical flow strategies using the structure of the benthic
macroinvertebrate community to understand antecedent
flow conditions (Armanini et al. 2011; Peters et al. 2012).
Flow variability within the river system can result in
a naturally shifting mosaic of available habitat patches
and variable patterns/timing of connectivity (lateral,
vertical and longitudinal) with adjacent habitats, such as
floodplain wetlands and oxbow lakes (Stanford et al.
2005; Whited et al. 2007) (Figure 3). The timing, dura-
tion and extent of ice in northern rivers affect the degree
of aquatic habitat isolation and potential refugia avail-
ability, leading to shifts in community assemblages fol-
lowing flood disturbance events. For instance, in their
seminal paper describing the riverscape concept, Fausch
et al. (2002) explained that reduced winter freezing in
pools, associated with higher flow conditions, results in
greater habitat connectivity that allow for recolonization
of previously disconnected habitats. Hydrological con-
nectivity is especially relevant in deltaic environments
which largely depend on flood flows and occasional
major floods associated with ice jams to provide waters
to important habitats (see below for further discussion).
High-flow events can cause high hydraulic stress fol-
lowed by habitat restructuring and resulting in increased
mortality to the benthic communities (Death 2010;
McMullen and Lytle 2012; Robinson 2012). However,

Groundwater

Figure 3. The four-dimensional nature of the riverine ecosys-
tem (Ward 1989; Ward and Standford 1989): longitudinal
connectivity along the entire length of a stream; periodic lateral
connectivity to the floodplain and/or riparian zone (terms often
used for the same streamside areas), and the resulting exchange
of water, sediment, organic matter, nutrients and organisms;
vertical connectivity between the atmosphere, streamflow and
groundwater; temporal connectivity of continuous physical,
chemical and biological interactions over time. As outlined in
the text, the floodplain provides a mosaic of aquatic habitats,
such as oxbow lakes and wetlands, and potential floodwater
storage areas.

flow refugia patches, characterised by low hydraulic
stress during a high flow event (e.g. backwaters, side
channels and woody debris; Hax and Golladay 1998;
Matthaei et al. 1999; Schwartz and Herricks 2005), are
often maintained during high flows and allow for the
persistence of aquatic communities (Palmer et al. 1995;
Sueyoshi et al. 2014).

Aquatic taxa demonstrate resistance to hydrological
disturbance events, for example the ability to move
(actively or passively) among habitat patches to flow

Table 1. Examples of habitat and biological response under increasing hydrological disturbance.
Habitat response Biological response
Extreme Can reset channel system and its hydrological connectivity ~Avoidance behaviour of high flows/ice events (Poff and
high (Junk et al. 1989; Tockner et al. 2000; Milner et al. 2013)  Ward 1989; Prowse 2001b)
floods Can reduce the consistency of biotic interactions by Can deplete community assemblage but recovery can be
frequently disrupting the microhabitat distributions (Poff rapid from local species pool depending on connectivity to
and Ward 1989; Benke 2001; Thomaz et al. 2007) flow refugia (Lake 2000; Robinson 2012)
Accentuate downstream and lateral transport links (Lake Taxa can be physically removed from the stream bed
2000; Roach 2013) during disturbance, and epilithic layers can be soured
(Death 1996, 2008, 2010; Zimmermann and Death 2002;
Lorang and Hauer 2003)
Floods Provide disturbances for the channel system but provides  If flooding is predictable, leads to increased development
important resources (water, sediment and nutrients) for the synchrony with life histories temporarily cued to floods
riparian and floodplain systems and access to floodplain ecosystems (Poff and Ward 1989;
Scharbert and Borcherding 2013)
Provide important seasonal connectivity between the Maintain ecosystem productivity and diversity (Lake 2000)
channel and floodplain habitats
Moderate Sustain aquatic and riparian habitat, allow floodplain Recovery of biological community following disturbance
flows drainage to support the seasonal terrestrial system assuming connectivity to local refugia (Poff et al. 1997;

Matthews et al. 2013)
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refugia, or resilience through dispersal of new recruits
from adjacent refugia (Lancaster 2000). The ability to
recolonize at the local scale following a flood disturbance
can be rapid depending on connectivity to refugia and the
local species pool (Mackay 1992; Lake 2000; Rice et al.
2010; Bertrand et al. 2013), via different mechanisms
including longitudinal (i.e. drift, crawling; e.g. Layzer
et al. 1989; Downes et al. 2005; Rios-Touma et al. 2012),
lateral (i.e. from floodplain habitats) and vertical (i.e.
from the hyporheic zone) (Olsen and Townsend 2005)
pathways, or from adult dispersal and ovipositing
(Tronstad et al. 2007).

Redd scouring can be associated with adverse flood
conditions. Lapointe et al. (1999) suggested that a 15%
increase in Atlantic salmon egg pocket scouring occurs
as floods increase from frequent recurrence to more
extreme values, i.e. with return periods over 100 years.
Fish are vulnerable not only at the egg or larval stage
but also during the emergence period, i.e. when they
come out of the gravel and their swimming ability is still
limited. During the period of emergence, fry (0+) can be
washed away by high flows during the first few weeks
before their swimming ability improves and they start
feeding. Flood timing in conjunction with the intragravel
temperature (which will determine the timing of emer-
gence) is important. Studies have shown that high spring
floods have generally resulted in lower population den-
sity of some non-native fishes (e.g. brown trout) in
southern Hokkaido, Japan (Kawai et al. 2013). In fact,
the study showed that emerging brown trout were most
negatively affected by floods.

Floods and water quality

High flows may affect the natural dynamic character of
rivers and habitat connectivity, as well as streamflow
water quality. Floods can modify the chemical composi-
tion of the water column, the relative surface to
groundwater contributions, erosional processes and the
suspended sediment load (Glover and Johnson 1974;
Vegas-Vilarrubia and Herrera 1993), potentially leading
to shifts in the structure and function of the aquatic com-
munities (e.g. Thomaz et al. 2007). High-flow events
also influence sediment processes, sediment delivery
(and corresponding loads), particulate organic matter,
nutrients, potentially increasing the resistance of aquatic
ecosystems to future disturbances (Amoros and Bornette
2002; Leigh and Sheldon 2008; McMullen and Lytle
2012; Gallardo et al. 2014).

During flood events, the sediment load and transport
can lead to important geomorphological changes to the
river environment and impact on aquatic organisms (i.e.
fish and invertebrates) (e.g. Milner et al. 2013). The sus-
pended sediment load (sediment within the water col-
umn) tends to have a greater direct impact on fish by

reducing their capacity to process oxygen through gill
abrasion, as well as impacting the capacity of fish to
capture their prey (Waters 1995). In many instances,
flood events are associated with suspended sediment con-
centrations (SSC) that exceed 80 mg/L, which is consid-
ered a threshold above which aquatic resources are likely
impacted (Hynes 1973). In addition, the Canadian Coun-
cil of Environment Ministers’ guidelines stipulate that an
SSC increase of 25 mg/L above the background level
may be detrimental to aquatic life. SSCs in rivers are
characterized by a hysteresis effect, i.e. different SSCs
during the rising and falling limbs of the flood hydro-
graphs for a given flow value (e.g. Sawada and Johnson
2000). Consequently, the range of SSCs that fish and
invertebrates are exposed to and must withstand differs
greatly even within a specific flood event. Robertson
et al. (2006) conducted an extensive review of the
impacts of sediments on fish and fish habitat in Canada.
Among others, they noted physiological impacts of high
SSCs on fish that included elevated blood sugar, gill flar-
ing, increased cardiac output and decreased resistance to
disease. The concentration thresholds that trigger such
physiological impacts vary with fish species.

Floodwaters can also mobilize fine sediment deliv-
ered from the catchment, washload, bank erosion and
instream resuspension. For example, sand and debris
deposited in pools and riffles by winter and spring floods
can have an impact on fish populations because of the
destruction of their habitat (Saunders and Smith 1965;
Elwood and Waters 1969; Pearsons et al. 1992; Curry
and MacNeill 2004; Wohl et al. 2015). When floodwa-
ters recede, settling of fine sediments will occur in river
reaches with low gradient and velocity. Under such
conditions, fine sediments (material < 2 mm) will gener-
ally deposit within the stream channel environment. If
the fine sediment exceeds 15-20% of the total substrate
matrix, then both the eggs and the emergence of fry
(young of the year fish) are negatively impacted
(Peterson and Metcalfe 1981).

In addition to the sediment load (suspended and
within the stream substrate), other water-quality variables
of importance to the river ecology vary in concentration
during floods. Certain chemical constituents tend to
become diluted during high-flow events, while others
increase in concentration or load as material is flushed
from the surrounding basin to the river (Kurtenbach
et al. 2006). For instance, most dissolved ions tend to
dilute during high flows (e.g. calcium (Ca®"), specific
conductance, etc.) whereas other variables such as sus-
pended sediment (see above), dissolved organic carbon
and some metal concentrations tend to increase with dis-
charge (Feller and Kimmins 1979; Caissie et al. 1996).
Water-quality variability associated with floods is, to a
certain extent, a normal occurrence, and aquatic organ-
isms have adapted to withstand such natural variability.
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However, the chemical composition of flood flows that
influence aquatic organisms can also be a function of
land use (e.g. forested vs. agricultural), especially for
nutrient loading (Poor and McDonnell 2007). High flows
lower than bankfull discharge can also impact aquatic
resources, particularly in urban and agricultural areas
during high summer precipitation events. In the absence
of beneficial management practices, both sediments and
chemicals (nitrogen-rich fertilizer, pesticides, etc.) are
flushed from the landscape to the stream during precip-
itation events. Such events have been found to cause fish
kills in highly agricultural areas (e.g. Prince Edward
Island), and these events are often associated with rivers
reaching anoxic levels due to the high influx of nutrients.
These events have resulted in increased primary produc-
tion and high oxygen demand, thus resulting in anoxic
events.

pH also demonstrates high variability during flood
events. The timing and severity of the pH depression
and concentration of metals (e.g. aluminum) during the
spring freshet can adversely affect salmonid populations
(Campbell et al. 1992; Dennis and Clair 2012). The
impact of pH depression is more pronounced in low-
buffering-capacity (low-alkalinity) environments. For
instance, studies have shown the Atlantic salmon is
particularly vulnerable to spring pH depression which
has limited salmonid production in rivers of southwest
Nova Scotia (Watt 1987).

Floods influenced by river ice breakup/ice jamming
can also directly affect water quality. The role of ice
breakup and ice-jam floods is addressed separately below
because water quality under ice-breakup processes can
be different than under open-water conditions. The
ecological impact of river ice breakup-induced floods is
relatively poorly understood compared to the open-water
floods. Nevertheless, the reader is referred to Prowse
(2001a, 2001b) and Prowse and Culp (2003) for more
in-depth syntheses of the biological, hydrologic, geomor-
phic and water-quality aspects of river ice ecology.

Role of ice breakup and ice-jam floods

In general, the high flow and rapid changes in water
stage, velocities, temperature, SSCs and mechanical
action of ice (intense scouring) can combine to make
breakup events an erosive cause of change for river
channels, banks and adjacent riparian zones (Scrimgeour
et al. 1994; Prowse and Culp 2003). Similar to open-
water situations, sediment concentrations have been
reported to increase; however, the increase is generally
higher by an order of magnitude during river ice breakup
periods (Beltaos et al. 1994; Milburn and Prowse 1998).
Repeated deposition of sediment-laden floodwater at
elevations higher than the open-water maximum stage
can stabilize and elevate floodplains (e.g. Stewart-

Schumm 1985). Under extremely high water conditions,
flow can be redirected into ancillary channels (MacKay
et al. 1974), make a diversion channel the principal
channel (King and Martini 1984) or create an entirely
new channel; distributary channel systems in rivers deltas
are particularly prone to shifting (Dupre and Thompson
1979; Timoney 2013).

The severity and frequency of ice-breakup floods can
affect the riparian and aquatic vegetation communities
found in and along the channels, including extensive
floodplain areas (Prowse and Culp 2003). A demarcation
line can often be seen between mature trees along
the upper banks and less permanent vegetation below.
Localized damage to vegetation can occur from ice push/
scour and, in extreme cases, denudation of vegetation.
Depending on site exposure, scour damage, severity of
and frequency of ice jamming, re-colonization can result
from the re-introduction of species from adjacent undis-
turbed riparian zones and/or via regrowth from the pene-
trating organs of plants with a widespread root structure
(e.g. willows). As outlined in Prowse and Culp (2003),
the greatest diversity of vegetation in the riparian zone
should occur in cases where moderate-severity events or a
mix of events of varying severity occur, whereas sites
affected only by thermal breakup events will experience a
more biologically mediated ecological succession of plant
communities down the river banks. As the vegetation
community moves towards dominance by the mature sere,
species diversity and biological productivity decrease. As
will be shown later, river-ice breakup can also affect
vegetation type and structure on floodplains well away
from the upper limit of ice scour via the spread of
overbank flooding over extensive lowland areas.

There is some evidence that aquatic macrophytes are
not always affected by ice-breakup disturbance. For
example, an unusual ice jam on the St. Claire River in
eastern Canada in April 1984 was observed to delay the
growth of submerged macrophytes, which was attributed
to the attenuation of light by the packed ice; yet by
September the total biomass, abundance of taxa and their
frequency were similar to those observed in the previous
year (Nichols et al. 1989). Moreover, the action of
dynamic breakups has a greater potential to deplete algal
biomass in the rivers compared to thermal breakups that
would largely leave algal communities undisturbed dur-
ing the spring (Scrimgeour et al. 1994). This study also
stated that it is reasonable to assume that severity of
breakup could affect the timing of peak algal biomass,
abundances of individual species and taxonomic commu-
nity composition.

In contrast to the open-water period, the effects of
ice-jam flooding on benthic invertebrates and fish have
not been widely studied in Canada or internationally,
which is likely partly due to the difficulty in undertaking
observations in very difficult conditions and often remote
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locations. The information available from the literature
regarding benthic organisms suggests that the trauma
induced by river ice breakup is temporary (Bradt and
Wieland 1981). Avoidance behaviour is one possible rea-
son for the apparent resilience of some invertebrates,
which can use the within-substrate interstitial spaces and
hyporheic habitats (Clifford 1969; Miiller et al. 1976;
Harper 1981). Notably, the movement of fish (white
sucker, carp and brown trout) during flooding and ice
breakup was observed in the Grand River (Ontario)
(Brown et al. 2001). These authors also tracked fish to
backwater habitats and stated that ice breakup and
accompanying flooding resulted in several fish being
stranded on the floodplain. The stranding of fish in
dewatered floodplain areas, following ice-jam release and
the rapid decline in water levels, was also noted by
Needham and Jones (1959). A study by Cunjak et al.
(1998) in eastern Canada revealed that a mid-winter
breakup event caused a major decline in survival of
Atlantic salmon, especially egg and juvenile. Overall,
ice-jam flood events have the potential to negatively
affect fish communities. For example, under ice-jamming
conditions, some rivers have shown poorer overwinter
survival of juvenile fishes. This was observed in the Lit-
tle Southwest Miramichi River after a significant ice jam
in April of 1994, and where Atlantic Salmon parr densi-
ties were lower than the previous years following the
ice-jamming event (D. Caissie, unpublished data).
Similar to open-water floods (see above), ice-jam
flood events are also known to affect a number of water-
quality parameters, such as water temperature, dissolved
oxygen (DO), nutrients and movement of sediments
(Prowse and Culp 2003). For instance, turbulent mixing
can cause DO levels to temporarily rise to supersatura-
tion levels (Tilsworth and Bateman 1982; Milburn and
Prowse 2000). Large amounts of dissolved/particulate
organic material are entrained by floodwaters from the
river banks and floodplain into the channel (a major
source of energy to lotic food webs), and can rapidly
metabolize with increased water temperatures and lead to
an important decrease in DO (Hynes 1970; Brunskill
et al. 1973; Hou and Li 1987). Large input of organic
material and sediment deposited in the channel after an
ice-jam flood event can also impair primary production,
reduce habitat and create difficulties in feeding and
filtering for benthic organisms (Prowse and Culp 2003).

Floods and floodplain ecology
Ecological links to floodplain habitats

Many floodplain zones throughout North America and
around the Northern Hemisphere naturally support ripar-
ian woodlands where cottonwoods and riparian-adapted
poplar trees were often dominant species (Figure 4)
(Cooke and Rood 2007). Across Canada, three

cottonwoods are widely distributed, with the black
cottonwood (Populus trichocarpa) in Pacific drainages,
the closely related balsam poplar (P. balsamifera) in
boreal regions, and the prairie or eastern cottonwood
(P. deltoides) in the prairie and southeastern zones.
Riparian willows are also common, and these shrubs or
small trees are related to and share ecophysiological
characteristics with cottonwoods (Stromberg et al. 2007).

Cottonwoods are keystone species for the riparian
woodlands and provide the foundation for the floodplain
forest ecosystems (Naiman et al. 2005). The trees influ-
ence channel configuration by resisting bank erosion, and
contribute to the fishery and aquatic ecosystem with leaf
litter that enriches the aquatic food web, and woody debris
that provides aquatic habitat and further influences channel
patterns (Gurnell 1997; Rood et al. 2005). Cottonwood
groves provide rich habitats for birds and other wildlife,
and offer shade and shelter for livestock (Naiman et al.
2005). Riparian woodlands are preferred areas for human
recreation, and unfortunately also for homes and other
buildings that are subsequently vulnerable to the eventual
flood events.

The cottonwoods and willows are generally obligate
riparian plants, ecological specialists that are well
adapted to the physically dynamic floodplain zones
(Scott et al. 1997; Rood et al. 2007). The willows and
especially the cottonwoods are dependent upon dynamic
river flows, and particularly flood events, for sexual
reproduction that is essential for periodic woodland

Figure 4. The flooded floodplain forest along the Oldman
River in southwestern Alberta during a 10-year flood (QT10),
19 June 2014. Features include: (1) the river channel; (2) an
eroding cut-bank along the outside of a meander; (3) a
submerged meander lobe point bar with young cottonwood
saplings from the prior flood of 2005; (4) flooded groves of
narrowleaf and prairie cottonwoods and their hybrids; (5)
exposed terraces above the floodplain that are used for live-
stock pasture (lower right) or cultivated crops (upper; not
shown); and (6) the hillslopes that lack trees due to insufficient
local precipitation. In wetter regions, terraces and hillslopes are
wooded, generally by conifers in many Canadian ecoregions.
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replenishment and also required for genetic recombina-
tion for long-term adaptation (Scott et al. 1996; Cooke
and Rood 2007; Stromberg et al. 2007). The high flows
enable woodland reproduction by: (1) excluding the
competitive encroachment from flood-intolerant upland
vegetation; (2) driving the erosion, transport and deposi-
tion of alluvial sands, gravels and cobbles to create and
expand point and lateral bars that are the primary seed-
ling colonization sites; and (3) saturating the suitable
elevational bands and providing subsequent gradual post-
flood recession that is essential for seedling survival
(Figure 4) (Scott et al. 1996; Kalischuk et al. 2000;
Rood et al. 2007).

As adaptations to the dynamic floodplain environ-
ments, cottonwoods have evolved a specialized r-selec-
tion reproductive strategy. They produce vast numbers of
tiny seeds that have cottony enclosures for initial wind
dispersal and subsequent floating on the river surface
and deposition in bands along the saturated stream
banks, positions that are optimal for establishment
(Kalischuk et al. 2000; Polzin and Rood 2006). The
seeds are released over short intervals typically during
the late-spring post-peak flow recession, and with their
small size the seeds are viable for only a few weeks.
Thus, their life history is closely coordinated with the
natural river flow regime, and subsequently floodplain
forests are adapted to and dependent upon floods (Scott
et al. 1997; Auble and Scott 1998; Rood et al. 2007).

Dendrochronological studies assess cottonwood tree
age distributions and these have revealed pulses of
recruitment that followed major flood events, commonly
with a recurrence interval of 10 years or greater (Scott
et al. 1997; Samuelson and Rood 2004). Complementary
analysis has involved the direct observation of cotton-
wood and willow recruitment following major floods,
and this confirms the quantitative association whereby
larger floods typically enable more extensive bank and
floodplain disturbance and cottonwood recruitment
(Gurnell 1997; Kalischuk et al. 2000). The seedling
recruitment follows not only in the flood year but also in
the subsequent few years, until the barren colonization
sites that are formed by the erosion of vegetation and
sediments and sediment deposition are occupied by
native riparian plants or, unfortunately, invasive exotic
plants (Stromberg et al. 2007; Polzin and Rood 20006). It
is now understood that it is not only the flood magnitude
but also the post-flood pattern that is critical for the
essential occasional replenishment of floodplain forests
(Rood et al. 2005). The flood and post-flood sequences
thus naturally produce pulses of recruitment of riparian
woodlands, consistent with the broader flood pulse con-
cept for riverine ecosystems (Junk et al. 1989; Bovee
and Scott 2002).

Emerging from this advancing understanding of the
coordination between river floods and floodplain forests,

a current focus in river science and restoration involves
the deliberate regulation of ecological flows to encourage
the replenishment of cottonwoods and other native
riparian plants. Following damming, flood flow attenua-
tion has reduced floodplain dynamics and woodland
replenishment along many rivers (Friedman et al. 1998;
Wilding et al. 2014), and while it would generally be
unacceptable to intentionally deliver flood flows, there
are attempts to restore more dynamic flow patterns with
seasonal variation that better resembles the natural flow
regime (Poff et al. 1997; Stromberg et al. 2007). Further,
when floods do occur, such as following exceptionally
heavy and widespread rain events, there can be efforts to
manage the post-flood flows to deliver gradual stage
recession (“flow ramping”) that allows the elongating
roots of the new cottonwood and willow seedlings to
track the receding moisture zone (Kalischuk et al. 2000).
Simultaneous land-use management is also essential, and
livestock or recreation use of the recruitment zones
should be limited during the colonization phase after
flood events to avoid seedling destruction. Following
from these principles, there have been some major
restoration successes along extensively regulated rivers
in semi-arid ecoregions, and this provides promise for
the conservation and restoration of other floodplain for-
ests across Canada and worldwide (Molles et al. 1998;
Rood et al. 2005; Stromberg et al. 2007).

The development and testing of ecological flow
guidelines to restore and maintain riverine and floodplain
ecosystems have become increasingly important in recent
decades (e.g. Caissic and El-Jabi 2003; Peters et al.
2012; Linnansaari et al. 2013). These studies have shown
the importance of ecological flows, and particularly high
flushing flow targets below dams. The objective of hav-
ing such short-duration floods (e.g. a few days to weeks)
is to maintain channel morphology as well as to flush
fine sediments. To help maintain a deltaic ecosystem in a
cold regions, the potential of enhancing the extent of
ice-jam flooding in a downstream deltaic floodplain envi-
ronment via a small reservoir release was demonstrated
in the Peace River Delta system during the spring of
1996 (Prowse et al. 2006).

Floods and deltaic environments

The importance of flooding for maintaining the health of
freshwater riparian ecosystems, specifically deltas, has
become widely studied over the last 30 years (e.g.
Mackenzie River Basin Committee [MRBC] 1981;
Marsh and Lesack 1996; Prowse and Conly 2002; Brock
et al. 2008; Lesack and Marsh 2010; Wiklund et al.
2012). Derived from river-borne sediments at the edge of
a lake or ocean, deltas are formed by a complex of aqua-
tic, semi-aquatic and terrestrial zones, such as estuaries,
beaches, dunes, distributary channels, levees, bays, lakes,
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Figure 5. Landsat satellite images of the Peace—Athabasca
Delta in northern Alberta: (a) early May 1974, showing the
extensive ice-jam generated overland flow (blue) and ice
(white); (b) late June 1990, following the all-time high open-
water flow event measured on the lower Peace River that
resulted in less than bankfull flow conditions (blue) and no
apparent flooding of perched basins (green areas in Zone 1).
As highlighted in Figure 1, the ice-jam event generated
backwater levels > 1.5 m higher with considerably less dis-
charge than the peak flow event that did not overflow the river
bank in Zone 1 (modified from Peters et al. 2014a).

wetlands, meadows and woods. For instance, the
Mackenzie River basin, the largest and longest river sys-
tem in Canada, includes two major freshwater flood-
plains, the climate- and flow regulation-influenced
Peace—Athabasca Delta (PAD) and Slave River Delta
(SRD), and the relatively pristine estuarine Mackenzie
River Delta (MRD) (MRBC 1981). Figure 5 presents an
example of the spatial extent of a very large spring ice-

jam flood of the PAD that occurred in 1974, versus the
historical extreme high flow (under open-water condi-
tions) on the Peace River in June 1990 that did not over-
flow into the delta (see Figure 1 for a difference
exceeding 1.5 m under the ice-jam flood of 1974).

A prominent feature of the deltas in the Mackenzie
River Basin is an abundance of shallow, productive,
macrophyte-dominated wetland and lake basins with low
to moderate phytoplankton abundance that experience
varying degrees of surface water connectivity to the main
flow system (Peters et al. 2006; Wolfe et al. 2007; Sokal
et al. 2008; Squires et al. 2009; Lesack and Marsh
2010). In general, low-elevation basins are potentially
flooded annually and for relatively long durations, while
basins perched at higher elevations are flooded infre-
quently and for relatively shorter durations (Lesack and
Marsh 2010). As discussed above for the riverine ecosys-
tem, the ecological integrity of deltaic floodplains
depends on their natural dynamic character, which
includes occasional surface water connectivity to the
main flow system. It is important to mention that in
more populated areas of southern Canada, there are
examples where human interventions to accommodate
urban, agricultural and industrial development (i.e. drai-
nage, flood protection works, channel confinement, and
dredging) have noticeably impacted lateral connectivity,
such as in the case of the Fraser River Delta (Barrie and
Currie 2000; Evans-Ogden et al. 2008).

In Canada and throughout the world, delta flood-
plains are recognized as ecologically and -culturally
important freshwater landscapes that are strongly regu-
lated by variations in river flow/level and floodwater
connectivity (e.g. Lesack and Marsh 2010). Seasonal and
periodic flood events have been shown to play an impor-
tant role in the water balance, light, environment, habitat
availability, nutrient supply, productivity and community
composition of the basin receiving water (van der Valk
and Bliss 1971; Squires and Lesack 2002, 2003; Squires
et al. 2002, 2009; Junk and Wantzen 2004; Wolfe et al.
2007; Brock et al. 2008; Wantzen et al. 2008; Sokal
et al. 2010). The dynamics of wetlands and lakes within
deltaic floodplains, in terms of their overall biological
structure and productivity, is dependent on occasional
floodwater input, deposition of material and flushing
during high-river-stage events.

For example in the PAD, river floodwaters that
entered delta wetland/lake basins were observed to
elevate concentrations of suspended sediments, total
phosphorus (TP), sulphate (SO,) and dissolved silica
(DSi), and reduce concentrations of total Kjeldahl nitro-
gen (TKN), dissolved organic carbon (DOC) and most
ions (Wiklund et al. 2012). Soon after an event, water
clarity increased as the suspended sediments and TP set-
tled out of the water column, with no appreciable change
to DOC, SO4, TKN and ions. After flood waters subside
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and lakes become disconnected from the river, limno-
logical conditions will diverge because of local basin dif-
ferences (Tockner et al. 2000; Junk and Wantzen 2004;
Thomaz et al. 2007). Over the years, generally semi-arid
climate conditions (evaporation greater than precipita-
tion) influencing the water balance of wetland/lake
basins leads to an increased concentration in most nutri-
ents and ions. In the SRD, phytoplankton standing crop,
measured as chlorophyll-a concentration (chl-a), was
highest in deltaic lake basins that did not flood because
water column nutrient concentrations were highest in
these lakes (Sokal et al. 2008, 2010). Wiklund et al.
(2012) concluded that the above results demonstrated
that regular flooding was not required to maintain high
nutrient concentrations.

Farther to the north in the MRD, delta lake basins
with extended surface connection times to river water
with multiple water level resets per year to the spill
elevation yielded lakes with a high degree of similarity
(Lesack and Marsh 2010). These authors stated that the
combination of deltaic floodplain wetlands and lakes
arranged in an intermittently connected continuum may
be an important mechanism driving distinctive habitat
productivity and biodiversity of aquatic communities in
the MRD relative to the surrounding landscape. Similarly
to the semi-arid PAD, ponded water levels usually
decline until basins dry up or are reset to the spill eleva-
tion by floodwater input (Marsh and Lesack 1996; Peters
et al. 2006). Without floodwater inputs to inland lakes
and wetlands, deltaic environments desiccate and transi-
tion into terrestrial environments. Wetting and drying
cycles brought about by ranges in the magnitude and fre-
quency of ice-induced floods are important for overall
vegetation diversity and productivity (Lesack et al. 1991;
Prowse and Conly 2002). With the appropriate inunda-
tion and drawdown intervals, vegetation is maintained at
an early successional stage, forming some of the most
biologically productive habitat in the world (MRBC
1981).

The frequency, duration and depth of floodwaters
have been observed to influence vegetation community
composition in deltaic environments. For instance, the
interval of spring ice-jam flooding in the MRD was con-
sidered to be a major factor responsible for seed produc-
tion and germination of white spruce in elevated areas
(Pearce et al. 1988). In the PAD, drawdown after short
duration spring ice-jam and/or summer floods exposes a
moist mineral seedbed that facilitates willow establish-
ment and expansion, while persistent deep floodwater
might act to decrease willow cover (Timoney 2013).
Aquatics such as pondweeds, duckweeds and coontails
tended to rise with flooding and then decline with water
drawdown. The latter phase is usually necessary for seed
germination of marsh plants such as sedges, grasses,
bulrush, cattail, arrowhead and willows (Weller 1987).

Overall, the pulsing of water abundance drives
habitat cycles favoured by wildlife that inhabits and/or
seasonally visits deltas of the Mackenzie River Basin.
For instance, the dominant marsh sedge areas of the
PAD help support the largest free-ranging wood bison
herd in the world. The mixed marsh areas of sedge,
spangletop, cattail and bulrush provide ideal muskrat
habitat (Timoney 2013). The deltas are central to the
major waterfowl flyways of North America, with deltaic
wetland areas providing ideal habitat influenced by wet—
dry cycles. For instance, Butterworth et al. (2002) con-
cluded that the response of waterbirds to the 1996-1997
flood events and the subsequent decline of water levels
in the PAD supports the hypothesis that floods are cru-
cial to waterfowl use of the delta. Thus, it is important
to protect or restore the natural variability of discharge
and the lateral connectivity in deltaic environments.

Potential threats to flood regimes, with ecological
implications

One potential threat to flood regimes is climate change.
A national climate assessment revealed that Canada has
on average warmed by more than 1.3°C since 1948
(about twice the global average), and experienced gener-
ally wetter conditions, with mean precipitation across the
country increasing by about 12% (Warren and Egginton
2008). In particular, with winter and spring warming,
snowmelt has been observed to commence earlier in cer-
tain regions, especially in western Canada, leading to
advancement in the seasonal river flow regime (Rood
et al. 2008). Influences on overall river discharge have
been variable, following apparently increasing precipita-
tion that was countered by increased evaporation (Zhang
et al. 2000, Meehl et al. 2007).

With respect to floods, it had been anticipated that
global warming could intensify the water cycle, e.g.
more intense precipitation and potentially more
prolonged droughts (Meehl et al. 2007). More intense
precipitation could produce heavier and more extensive
rain events that could increase river flooding (Milly et al.
2002). This is the climate intensification hypothesis that
predicts more frequent and more severe floods, although
it is recognized there will always be substantial regional
variation (Mailhot et al. 2012). In contrast to this predic-
tion, analyses of the historic flood records have not
detected widespread increases in either flood magnitude
or frequency. This was the case for the contiguous
United States, for which the only regionally significant
pattern over the century-long historic records was a
decrease in flood magnitude in the American southwest
(Hirsch and Ryberg 2012).

For Canada, Cunderlik and Ouarda (2009) investi-
gated patterns over three decades (1974-2003) and found
decreasing magnitudes of spring snowmelt floods for
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some streams, and little evidence for change in rainfall
floods, which can occur in autumn or winter. Covering a
similar time period, a national assessment by Monk et al.
(2011) found only 3% of hydrometric stations
experienced increasing, vs. 11% significant declining
(p < 0.05), trends in peak runoff magnitude. Regarding
spring breakup flood conditions, von de Wall (2011)
observed a general advancement (earlier timing) and
declines in the magnitude of peak breakup water levels
since 1969 for available station data across Canada.
This lack of historical evidence for flood intensification
in Canada and the United States is consistent with
an analysis of the broader international literature by
Kundzewicz et al. (2013) that extended from the assess-
ment by the Intergovernmental Panel on Climate Change
(IPCC) (Field et al. 2012). Relative to ecological
impacts, there have been occasional major floods in the
recent past, and it is likely that generally similar patterns
of flood frequency and severity will persist at least into
the near future.

A potentially changing climate may bring about sig-
nificant shifts to a river’s dominant flood-generation
mechanism, such as a shift from an ice-breakup-
dominated flood regime to a mixed or to an open-water
peak flow-dominated flood regime. For instance, Beltaos
et al. (2006) estimated that under a warmer and wetter
climate projected for the 2080s, the Peace River ice sea-
son is likely to be reduced by 2 to 4 weeks, the ice
cover would be slightly thinner and mid-winter thaws
would deplete the snowpack, leading to a severe reduc-
tion in the frequency of spring ice-jam flooding in the
PAD. The ecological implications of less frequent
ice-induced recharge of highly perched deltaic basins are
a longer interval of drying and accelerated loss of aqua-
tic habitat because open-water flood levels will likely not
be capable of reaching these basins (see Figures 1 and 5)
(Peters et al. 2006). Conversely, in eastern Canada, the
available recent historical evidence suggests the Saint
John River is becoming subject to more frequent
mid-winter jams and higher April flows, both of which
augment the potential for major jamming (Beltaos 2002)
and associated ecological impacts (discussed above).
Note that flow regulation also has the potential to reduce
the occurrence of spring ice-jam floods as a result of
higher fall/winter flows to meet hydroelectric power
demands when combined with declining spring runoff
(e.g. Beltaos et al. 2006; Beltaos 2014).

Flow regulation is another important feature of many
Canadian rivers that can dramatically modify floods (e.g.
magnitude and duration) and corresponding flood pro-
cesses (e.g. flushing of fines), given that over 10,000
dams exist in the country. The ecological effects of dams
will potentially be very different depending on the size
of these dams and reservoirs, and their management pat-
terns. The ecological implications of maintaining floods

in rivers to conserve these important attributes have often
been overlooked in many dam construction and ecologi-
cal flow studies. Much of the Canadian research (as else-
where) on the impact of flow regulation on river
ecosystems has focused on developing methods to estab-
lish ecological flow guidelines for the protection and
conservation of aquatic species, including flushing flows
or floods, as mentioned above (e.g. Caissie and El-Jabi
2003; Linnansaari et al. 2013). Flushing flows are rela-
tively high flows that can range between 200% of mean
annual flow (Tennant 1976) to flows close to or exceed-
ing the bankfull discharge. Also, the duration of these
high flows is important. Short-duration high flows (a few
hours to a day) will generally flush away fine sediments,
and improve spawning as well as egg-incubation gravel
conditions and success, whereas longer duration high
flows (several days) are generally required when channel
maintenance is required (i.e. maintaining channel
morphology and characteristics).

In a review of the impact of flow regulation on fish,
Murchie et al. (2008) concluded that although there is
clear evidence that flow regulation modifies fish habitat,
fish response varies widely in amplitude and direction.
They also contributed a number of suggestions for
improving research related to the impact of flow regula-
tion on fish habitat, including an increase in studies
conducted on non-salmonid species, the inclusion of
different biological levels (from cellular to ecosystem)
and the need to document fish response during the
dynamic phases of flow increase. They also mentioned
that more research is required on the thermal impact of
flow regulation.

Research on the impacts of floods in a regulated con-
text has often focused on hydropeaking and fish, with a
clear emphasis on salmonids (Murchie et al. 2008). For
instance, Scruton et al. (2005) conducted experiments
during summer and winter and identified a number of
potential impacts of hydropeaking on salmonids, includ-
ing decreased home ranges, stranding, freezing and
depleted energy reserves. Murchie and Smokorosky
(2004) monitored movement of brook trout (Salvelinus
fontinalis) and walleye (Sander vitreus) in the Magpie
River (Ontario). They found that the peak in fish activity
corresponded to the peak in flows. Potential causes of
increased activity during flood periods include relocation
to refugia, increased energy expenditure to maintain
position in the water column or on the bottom, and
increased feeding associated with greater food availabil-
ity because of increased drift. In addition, Armanini
et al. (2014) demonstrated clear shifts in macroinverte-
brate community responses as quantified by the Canadian
Ecological Flow Index at hydropeaking sites as
compared to reference sites. These studies demonstrate
the importance of maintaining floods in order to protect
the natural character and dynamic of river systems.
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When designing ecological flow guidelines and flood
restoration projects, it is important that river scientists
and managers understand that fluvial systems have chan-
ged and will continue to change through time. For
instance, morphological changes to rivers and delta chan-
nels have been found to play a key role in flood level
recurrence. Studies of some American rivers revealed
that although the peak discharge had not changed with
time, the associated flood level was markedly increased
as a result of river bed adjustments from natural pro-
cesses and/or various human interventions (James 1999;
Stover and Montgomery 2001; Pinter and Heine 2005).
In the Athabasca Delta, Wolfe et al. (2008) inferred from
paleolimnological studies that an engineered meander
cut-off led to reduced flooding and a natural channel
bifurcation led to an increased flooding recurrence of
adjacent floodplain lakes.

Given the number, diversity and broadening scope of
stressors potentially affecting the magnitude and timing
of flood events across Canada, effective protection, con-
servation and restoration of flood processes in riverine
and connected floodplains will need to be accomplished
using an ecosystem-based management approach, which
in some cases involves a watershed scale and multiple
jurisdictions. For example, in recognition that rock-fill
weirs were not capable of raising water levels into the
more elevated floodplain areas of the PAD (Peters et al.
2006), hydroelectric reservoir flow releases to enhance
flooding in the downstream delta during ice breakup and
open-water season were proposed as management
options worthy of further assessment (Prowse et al.
2006; Peters et al. 2014b). Another example of a trans-
boundary, science-based management approach is in the
St Mary River system, where Rood et al. (2015) devel-
oped a novel twofold restoration strategy comprised of
modified dam operations to deliver functional flood flows
and direct seeding to enable cottonwood colonization.

The above studies highlight an international shift in
the last 20 years or so towards managing river systems
based on a better understanding of natural processes, e.g.
making space for water in England (Defra 2005), room
for the river in the Netherlands, the fluvial territory in
Spain (Ollero 2010), freedom space in France (Piegay
et al. 2005) and Quebec (Biron et al. 2014). Such man-
agement approaches promote river—floodplain connectiv-
ity and the concept of resilience of fluvial systems, and,
as such, move away from traditional engineering
approaches for flood protection. Trigg et al. (2013) high-
light the importance of a well-connected floodplain to
provide flood protection via flow storage, and the risk
created by engineered structures (e.g. dykes) which dis-
rupt surface water connectivity. For example, in western
Canada, the Okanagan River Restoration Initiative
(Okanagan Basin Water Board [OBWB] 2015) and
Mamquam River Floodplain Restoration Project

(MRFRP 2015) were initiated in the early 2000s to
connect portions of channelized and dyked rivers to their
historic floodplain via restoration of meanders, wetland
and pond habit, and riparian vegetation.

Conclusions

It is generally recognized in the literature that the eco-
logical integrity of river ecosystems is greatly influenced
by their natural dynamic hydrological character, and,
notably, extreme events play a role. This Canadian over-
view paper demonstrates the important roles of flood
flows and overflow events and how these potentially
influence ecological, geochemical and physical processes
of both in-channel and adjacent floodplain zones. In
Canada, floods can occur under open-water and ice-influ-
enced conditions. Floods generated from ice jamming
are particularly relevant due to the potentially higher
water levels produced and the erosive power, but the
ecological effects of these events remain poorly under-
stood relative to those occurring during the ice-free per-
iod. The ecological impacts and/or benefits of floods can
be highly dependent on the flood generation processes,
and on their magnitude and timing, which should be
considered when designing ecological restoration
projects, and remedial or adaptation strategies.

Large floods, such as those generated under ice-jam
conditions or those with high return periods (see Buttle
et al. 2015 in this issue for examples of major floods
across Canada since 1995), provide a major source of
physical disturbance and suspended sediment movement
that can be detrimental to instream aquatic habitat, but
beneficial to floodplain ecology. Moderate floods with
relatively low return periods can be particularly benefi-
cial to aquatic habitats by providing woody debris that
contributes to habitat complexity and diversity, by flush-
ing fine sediments and by providing important food
sources from terrestrial origins. In addition to sediment
concentration and loads, floods also influence water-qual-
ity parameters, such as metals and pH depression, which
further influence river ecology.

This overview paper also recognizes the importance
of linkages between floods and habitat connectivity and
refugia, and the ability of aquatic resources to recover
from flood disturbance. Additionally, the floodplain for-
est plays a role in channel configuration, as well as in
many other processes contributing to the river ecology,
such as allochthonous inputs of carbon, moderating bank
erosion, food-web dynamics and other influences. Sev-
eral species of trees are dependent on floods for repro-
duction, and floods can limit competitive encroachment
of upland vegetation. Floods play a critical role in deltaic
environments where high flows and overflow connect to
delta lakes and wetlands, which 1is important in
sustaining water balances (ponded water) and influencing
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nutrient supplies. Incorporating flood-ecology under-
standing into basin-scale management approaches is
advocated for maximizing the resiliency of riverine and
floodplain ecosystems to anthropogenic stressors (e.g.
Biron et al. 2014).

Significant factors that have already produced
changes and will likely influence future flood regimes in
Canada are river flow regulation, land-use change, urban
development and climate change. Following from the
potential changes to the magnitude and timing of floods
resulting from these environmental stressors, it is recom-
mended that future research efforts should focus on
enhancing our understanding of the ecological aspects of
floods, and especially under ice-jam conditions. This
new information will prove invaluable in preserving,
protecting and managing the natural resources provided
by riverine ecosystems.
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