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Bidirectional connectivity in rivers and implications for
watershed stability and management1

Jonathan W. Moore

Abstract: River networks are connected in both upstream and downstream directions on large spatial scales by movement of
water, materials, and animals. Here I examine the implications of these linkages for the stability, productivity, and management
of watersheds and their migratory fishes. I use simple simulations of watershed alteration to illustrate that degradation can
erode the productivity and stability of both upstream and downstream fisheries. Through analysis of an existing global dataset
on rivers, I found that larger rivers tend to be more fragmented than smaller rivers. I offer three challenges and opportunities
for the future management of watersheds. First, given that human impacts can spread up and down rivers, there is a need to
align the scales of impact assessments with the natural scale of river systems. Second, free-flowing rivers naturally dampen
variability; thus, the conservation of connectivity, habitat, and biodiversity represents a key opportunity to sustain the processes
that confer stability. Third, watersheds represent natural units of social–ecological systems; watershed governance would
facilitate reciprocal feedbacks between people and ecosystems and enable more social–ecological resilience.

Résumé : Les réseaux hydrographiques sont connectés tant vers l’amont que vers l’aval à de grandes échelles spatiales par le
déplacement de l’eau, de matières et d’animaux. J’examine les conséquences de ces liens sur la stabilité, la productivité et la
gestion des bassins versants et de leurs poissons migrateurs. J’emploie des simulations simples de l’altération des bassins
versants pour illustrer le fait que la dégradation peut éroder la productivité et la stabilité des ressources halieutiques tant vers
l’amont que vers l’aval. En analysant un ensemble existant de données planétaires sur les rivières, j’ai constaté que les grandes
rivières ont tendance à être plus fragmentées que les rivières plus petites. Je propose trois défis et occasions à saisir pour la
gestion future des bassins versants. D’abord, étant donné que les impacts humains peuvent se propager vers l’amont et l’aval des
rivières, il est nécessaire que l’échelle d’évaluation des impacts coïncide avec l’échelle naturelle du réseau hydrographique.
Deuxièmement, les rivières au libre cours atténuent naturellement la variabilité, de sorte que la conservation de la connectivité,
des habitats et de la biodiversité représente une occasion clé pour soutenir des processus qui confèrent de la stabilité. Troisième-
ment, les bassins versants constituent des unités naturelles de systèmes socioécologiques; la gouvernance des bassins versants
faciliterait des rétroactions réciproques entre les humains et les écosystèmes et permettrait une plus grande résilience socio-
écologique. [Traduit par la Rédaction]

Introduction
Given our economic and cultural reliance on river systems and

the services they provide (Postel et al. 1996), the degradation of
freshwater habitats is increasingly a genuine threat to the supply
of key ecosystem services such as clean water, energy generation,
and food production (Dudgeon et al. 2006; Milly et al. 2008;
Vörösmarty et al. 2010). Fish represent a key example of a natural
resource that is supported by river systems. Fisheries provide im-
portant economic and cultural resources globally as well as in
Canada; many of these fisheries target migratory fishes such as
anadromous salmon (Lapointe et al. 2014). Recreational fisheries
contributed a total of $8.3 billion to the economy of Canada in
2010 through buying supplies, equipment, and costs of fishing
trips (Fisheries and Oceans Canada 2012). There were an estimated
3.29 million people in Canada who participated in recreational
fishing in 2010, fishing for an annual cumulative total of 40 million
days (angler-days), and catching approximately 190 million fish in
that year (Fisheries and Oceans Canada 2012). Furthermore, fish-
eries are a critical part of First Nations economies — salmon fish-
eries in British Columbia have existed for at least 5000 years
(Harris 2001; Ames 2003; Lepofsky et al. 2005). While some com-

mercial salmon fisheries are likely among the most sustainable
commercial fisheries in the world (e.g., Bristol Bay, Alaska, sock-
eye salmon (Oncorhynchus nerka); Hilborn et al. 2003), other salmon
populations are imperiled or have been extirpated (Gustafson
et al. 2007). The state of freshwater biodiversity and ecosystems
continues to erode because of a variety of cumulative human
activities (Schindler 2001; Dudgeon et al. 2006; Strayer and Dudgeon
2010; Vörösmarty et al. 2010). Given these increasing pressures
upon river systems and the goods and services they produce, there
is an ever-growing need for science to inform management of
river systems. These challenges apply globally, as well as within
specific regions such as western Canada, which is the focus of this
perspective.

In this manuscript, I posit that bidirectional linkages in river
networks influence their dynamics, conservation, and manage-
ment. I focus on upstream–downstream (longitudinal) linkages.
First, I discuss scales of connectivity in river systems and the
consequences of this connectivity. Second, I use simulations to
explore how scenarios of watershed alterations impact the stabil-
ity and productivity of upstream and downstream fisheries. Third,
I analyze the extent of flow modification and fragmentation of
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Canadian and global rivers to reveal that larger rivers are also
more likely to have disrupted connectivity. Last, I overview key
opportunities and challenges for watershed science and manage-
ment, identifying mismatches among policy, application, and the
natural scales of river systems. I focus on fisheries and salmon as
key intersections of river ecosystems and natural resource man-
agement and use large British Columbian rivers as illustrative
examples. However, many of the concepts examined in this man-
uscript apply to other processes and components of rivers, as well
as other regions of Canada and the world. This paper illustrates
how the bidirectional connectivity of large free-flowing rivers can
confer stability to rivers and fisheries, yet also means that anthro-
pogenic impacts can spread upstream and downstream river sys-
tems and suggests that there are opportunities to better incorporate
these linkages into current watershed management approaches.

Scales of connection in river networks
Connectivity is one of the fundamental properties of rivers, yet

this connectivity poses challenges for science and management.
Gravity moves water and the materials it carries downstream
from headwaters towards the ocean. Migratory fishes such as ana-
dromous salmon can connect downstream habitats and upstream
habitats. These bidirectional linkages make river networks one
interconnected unit. However, the potentially enormous scale of
connections in free-flowing river systems challenges our ability to
quantify, perceive, and conceptualize these linkages. Indeed, scale is
one of the foremost challenges in ecology (Levin 1992; Schneider
1994).

Metaphors can allow people to apply understanding from one
system to another system to gain potentially useful insights. To
help conceptualize the vast connections and network structures
that are occurring in rivers, I offer a metaphor: rivers as trees (Fig. 1).

A river network, like a tree, has dendritic branching form and is
connected by flows of water and movements of migratory fishes.
Instead of sap moving water and nutrients throughout the branching
network from trunk to leaves and back, salmon and other migratory
fishes swim upstream and downstream, and water carries its prop-
erties and materials downstream through river networks, from
headwaters to the ocean. What happens to the trunk of the tree will
affect the branches. What happens in the branches can influence the
trunk. Free-flowing rivers are, in essence, a large tree-like network.
But instead of being 10s of metres tall, they can be 100s of kilometres
long.

In considering several of the vast river systems in western Can-
ada, they represent truly enormous “trees” that, if tipped on end,
would extend past the atmosphere (Fig. 1). For instance, the length
of the Fraser, Skeena, Stikine, and Nass rivers are 1375, 570, 539,
and 380 km, respectively. These distances are substantial on a
global scale; the radius of the Earth is approximately 6378 km,
and the boundary between the atmosphere and space is around
100 km above the Earth’s surface. These vast spatial networks are
the scale at which connections potentially operate in these and
other rivers.

The similarities between trees and river networks have been
appreciated for many years (Horton 1945; Leopold 1971; Rodríguez-
Iturbe and Rinaldo 2001). Branching structures such as those
found in trees, rivers, and veins are efficient structures for the
distribution of fluids (Leopold 1971; Horsfield 1990; Rodríguez-Iturbe
and Rinaldo 2001) and naturally emerge through the evolution of
both landscapes and organisms. These dendritic networks repre-
sent the potential paths of bidirectional connections for the biotic
and abiotic components of river ecosystems (Campbell Grant et al.
2007). Of course, like any simplifying metaphor, considering riv-
ers as trees does not capture some dimensions and properties of

Fig. 1. Rivers as trees on Earth. This visual portrays several major rivers from western Canada, if they were tipped up on end, like trees, on
Earth. The proportional heights of the rivers are approximately accurate to each other and to the relative size and curvature of the earth. For
instance, the Fraser River is 1375 km long and the Earth’s radius is 6378 km; thus, the Fraser River is portrayed as being 21% of the Earth’s
radius. For reference, all rivers would reach well into space, which begins at 100 km above the Earth’s surface. The Nass, Stikine, and Skeena
rivers are classified as having “pristine” flow regimes (Nilsson et al. 2005), while the Fraser River has no dams on its main stem but does have
dams on major tributaries. River branching structures are drawn to approximate the real river network structure of each river system.
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river systems. For example, while anadromous salmon provide a
net movement of materials upstream (Moore and Schindler 2004),
the majority of riverine flux is downstream driven by water flow;
in contrast, trees predominantly bring water up from their roots.
Furthermore, the tree metaphor does not capture river properties
such as their connections to riparian habitats (Gregory et al. 1991;
Baxter et al. 2005), dynamic habitat and channel structure (Stanford
et al. 2005), and expansion and contraction with flow regimes
(Bayley 1995). Perhaps rivers could be envisioned as blurry and
pulsing trees that are swaying through geologic time, but this
image admittedly sounds a bit psychedelic.

Consequences of connectivity
There is a rich history and a rejuvenated appreciation of the

importance of whole-system perspectives on river systems (Hynes
1975; Vannote et al. 1980; Fausch et al. 2002; Wiens 2002; Stanford
et al. 2005; McCluney et al. 2014). From a physical science perspec-
tive, transport of water and sediments leads to generalizable lon-
gitudinal patterns of sediment distribution within a drainage
basin (Church 2002). One of the classic paradigms of stream ecol-
ogy, the river continuum concept (Vannote et al. 1980), outlined
how carbon flow and community structure predictably change
from headwaters to outlets in rivers. Moving beyond the linear
perspective of rivers, Benda et al. (2004) described how tributaries
can deposit sediments and create areas of physical heterogeneity
of sediments in the main river channel. These tributary junctions
represent hotspots of both physical, chemical, and biological vari-
ability (Kiffney et al. 2006). Similarly, there is increasing appreci-
ation of the importance of both upstream and downstream
connections in the dynamics of rivers and their biota (Ward 1989;
Gomi et al. 2002). The network structure and connectivity of rivers
strongly influences the persistence and diversity of lotic metapo-
pulations and metacommunities (Fagan 2002; Lowe et al. 2006;
Muneepeerakul et al. 2008; Carrara et al. 2012; Mari et al. 2014;
Yeakel et al. 2014). Indeed, whole-system approaches to river sci-
ence that consider the connectivity and dendritic structure of
river systems can provide insights into the dynamics of these
important ecosystems (Fausch et al. 2002; Wiens 2002; McCluney
et al. 2014; Moore et al. 2015).

Upstream and downstream impacts of anthropogenic
activities

The bidirectional connectivity of river systems also means that
human impacts in one part of the watershed could impact other
parts of the watershed (Pringle 1997; Stanford and Ward 2001;
Meyer et al. 2007; McCluney et al. 2014). Most obviously, upstream
anthropogenic land use activities can impact downstream habi-
tats (Meyer et al. 2007). For instance, chemical spills will be prop-
agated downstream by water flows, such as a catastrophic spill of
contaminants from a timber yard in the Thames River that spread
from the spill site downstream 80 km to the estuary, exterminat-
ing most of the downstream fish and invertebrates (Dowson
et al. 1996). A controversial Canadian example is the emerging
evidence that oil sands development leads to downstream con-
tamination in the water of the Athabasca River from cadmium,
copper, lead, mercury, nickel, silver, and zinc (Kelly et al. 2010)
and is potentially associated with contamination of fish and ele-
vated cancer rates of people living downstream (Schindler 2010).

Downstream human activities can also impact upstream habi-
tats and populations. For instance, dams that block animal migra-
tions will impact upstream habitats (Pringle 1997; Greathouse
et al. 2006). In the United States, salmon have been extirpated
from much of the upstream habitat of their historic range because
of the construction of impassable dams, extirpating an estimated
29% of historical populations (Gustafson et al. 2007). Furthermore,
for species that depend on downstream habitats for different
parts of their life history, degradation of downstream habitat
could have impacts that reach far upstream. For example, estuary

degradation has decreased Chinook salmon survival by threefold
(Magnusson and Hilborn 2003) and potentially impacted stream
communities and ecosystems as well as fisheries as far upstream
as salmon spawn. While salmon provide an archetype of the im-
portance of riverine connectivity, there are many other migratory
riverine species that have received less attention. For instance,
potamodromous species migrate between freshwater habitats,
ranging from bull trout (Salvelinus confluentus) that move in and out
of lakes and can make spawning migrations that are greater than
100 km (Dunham and Rieman 1999) to northern pike (Esox lucius)
and yellow perch (Perca flavescens) that migrate in and out of lakes
(Chapman et al. 2012). Thus, owing to the bidirectional connectiv-
ity in rivers with migratory animals, human impacts can spread
both upstream and downstream.

Rivers as Nature’s portfolios
The bidirectional connectivity and dendritic structure of free-

flowing rivers with migratory fishes likely drives emergent prop-
erties of stability and resistance (McCluney et al. 2014; Moore et al.
2015). While some dimensions of river variability are key to main-
taining key processes and productivity, such as annual floods
(Bayley 1995), other aspects of river variability are associated with
impaired supply of good and services, such as volatile fisheries
catches. Because of their integration of asynchronous dynamics,
rivers should act as a natural portfolio, resulting in more stable
(less variable) downstream processes (Moore et al. 2015). Recently,
this was termed the “watershed stability hypothesis” (Moore et al.
2015). All things being equal, there should be higher stability in
more downstream locations of bigger river systems that integrate
more diversity. The mathematics that underpins portfolio theory
suggests that the dampening of fluctuations will depend on the
richness that is integrated (number of units of biodiversity) as well
as their asynchrony or response diversity (Doak et al. 1998; Yeakel
et al. 2014; Anderson et al. 2015). The more asynchronous the
diversity, the more aggregates will stabilize dynamics. Portfolio
theory suggests that this stabilization should apply to both ran-
dom variability as well as specific perturbations, thereby provid-
ing resistance and resilience to both known and unknown
perturbations (Doak et al. 1998; Elmqvist et al. 2003; Anderson
et al. 2015). Furthermore, in river systems, stability will depend on
the strength of downstream and upstream connections and the
relevant spatial scale for the process or ecosystem service in ques-
tion. Thus, if local processes govern dynamics more so than up-
stream processes, then portfolio stabilization will contract to the
corresponding spatial scale (Yeakel et al. 2014). Thus, free-flowing
river systems may dampen variability and increase predictability
of a variety of processes that occur in river systems (Moore et al.
2015).

First Nations fisheries for anadromous salmon in large water-
sheds provide an important system to illustrate and explore the
predictions from the watershed stability hypothesis (Nesbitt 2014;
Fig. 2). Migratory salmon return to numerous locations within a
watershed to spawn, and because of their local adaptations, dif-
ferent life histories, and spatially heterogeneous environmental
forcing, they can have asynchronous population dynamics (Mueter
et al. 2002; Hilborn et al. 2003; Rogers and Schindler 2008; Moore
et al. 2014). Fisheries that aggregate across these asynchronous
dynamics can be more stable through time (Schindler et al. 2010;
Nesbitt 2014; Moore et al. 2015). If we consider First Nations fish-
eries that occur in different locations within the Fraser River wa-
tershed, fisheries that are located high in the watershed have a
relatively simple portfolio while fisheries at the base of the water-
shed draw from a highly diversified portfolio (Fig. 2). Following
the predictions, food fisheries in the lower Fraser River that inte-
grated greater salmon biodiversity have had more stable catches
through time than upriver First Nations fisheries that integrated
less diversity (Nesbitt 2014; Moore et al. 2015).
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River network disassembly: simulations of fisheries
and watershed alteration

The stability that can naturally arise from river structure and
connectivity may be sensitive to degradation (Fagan 2002; McCluney
et al. 2014). First of all, human activities that fragment river net-
works alter the patterns of connectivity that underpin stability
(Yeakel et al. 2014). In fact, the dendritic structure of river net-
works may be particularly vulnerable to fragmentation; fragmen-
tation of dendritic networks leads to smaller average fragment
size than comparable linear systems (Fagan 2002). Furthermore,
general conceptual and mathematical theory indicates that the
stability of river networks could be impacted by upstream or
downstream human alteration of specific habitats, their variabil-
ity, and patterns of connectivity (McCluney et al. 2014; Yeakel et al.
2014). Given these unique properties of river networks, one poten-

tially promising research frontier is the use of mathematical models
of metapopulations in river networks to evaluate the system-wide
consequences of different scenarios of anthropogenic activities
(Mari et al. 2014; Yeakel et al. 2014; Anderson et al. 2015).

To illustrate and examine the potential upstream and down-
stream impacts of degradation, I used simple simulations of
salmon fisheries within river networks. These simulations ex-
plored the stability of First Nations fisheries for anadromous
salmon in a hypothetical watershed illustrated in Fig. 2. The re-
sults of these simulations illustrate how potential impacts of hab-
itat alteration may alter the stability and productivity of First
Nations fisheries. In this simulation, there are four salmon popu-
lations in the four headwater tributaries of the river network and
four fisheries locations ranging from near the ocean, thereby tar-
geting all populations, to an upstream fishery that targets one

Fig. 2. Predicted fisheries stability in a river network, according to the watershed stability hypothesis. The left panel portrays a diagram of a
hypothetical river network with salmon populations and fisheries that harvest different nested levels of salmon biodiversity. Fisheries are
labeled with a letter according to the panels on the right. The right panels show the predicted catch of the upstream (a), intermediate (b), and
downstream (c) fisheries. The thick black line is the predicted catch of the fishery, and the thin grey lines are the relative returns of the
different salmon populations. The dynamics of the salmon populations show one representative set of iterations for the stochastic density-
dependent model described in the text.
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population. Thus, from upstream to downstream, the four fisher-
ies integrate one, two, three, or four salmon populations. Salmon
populations were simulated with a density-dependent population
growth, nonoverlapping generations, and variability that had
both shared as well as independent components. Specifically, pop-
ulations followed a Beverton–Holt relationship:

(1) Ri(t�1) � (aikiSi(t)) / (ki � aiSi(t)) � �i(t)

where i represents a population, t is a generation time, S is the
number of spawning salmon, R is the number of returns, ai is the
productivity of the population (ai = 7 unless otherwise noted), and
ki is related to the density dependence of the system (ki = 500
unless otherwise noted). �i is the error and is defined by �i = rt +
qi(t), the sum of the shared (rt) and independent (qi(t)) error. These
errors were normally distributed errors with standard deviations
of 10 and 150, respectively, unless otherwise specified (see “ho-
mogenization” scenario). These error parameters lead to mean
correlation coefficients among the harvested populations of ap-
proximately 0.22. Spawners in the next generation were equal to
the recruits minus the fishery catch. Each fishery harvested 10% of
the fish that swam by their location (Peterman 1980) with no
allocation uncertainty. Simulations were run for 20 years, and
there were 500 iterations. The median catch and the median co-
efficient of variation (CV) of annual catch were calculated for each
fishery in each scenario. While the specific values of the results
are of less importance, the relative patterns and changes in these
patterns with scenarios of degradation are revealing. I examined
four different scenarios, one base scenario and then three other
scenarios of watershed degradation:

1. Base (intact watershed). This is the base scenario where there
are four fisheries that integrate between one and four salmon
populations, with the integrated diversity a function of loca-
tion in the watershed.

2. Headwater extirpation. This scenario consists of setting the
returning abundance to the uppermost salmon population to
zero. This would represent the catastrophic extermination of a
headwater population, such as due to the construction of a
nonpassable dam or extreme habitat degradation (Gustafson
et al. 2007).

3. Estuary degradation. Estuary habitat degradation was mod-
eled to decrease both the habitat productivity and capacity.
The initial ocean entry period is increasingly recognized as a
critical period in the salmon life history (Parker 1968; Welch
et al. 2009; Duffy and Beauchamp 2011), and estuary degrada-
tion is associated with decreased salmon marine survival rates
(Magnusson and Hilborn 2003; Meador 2014). Given that all
salmon populations move through the estuary, ai and ki were
reduced by 20% for all populations, which represent conserva-
tive decreases in population productivity given previous stud-
ies on estuaries and salmon survival (Magnusson and Hilborn
2003; Meador 2014).

4. Homogenization. Salmon population dynamics were homog-
enized in this scenario, decreasing the response diversity
within the watershed. Homogenization of salmon population
dynamics has been observed in heavily altered salmon water-
sheds (Moore et al. 2010; Carlson and Satterthwaite 2011; Griffiths
et al. 2014), potentially driven by erosion of population diver-
sity through hatchery propagation (Pearse et al. 2010), anthro-
pogenic homogenization of habitats, or a shift from local to
shared environmental forcing. These changes were modeled
by specifying the standard deviation of the error from inde-
pendent (q) and shared (r) sources to be 10 and 150, respec-
tively. These parameters were set to decrease the asynchrony
among populations; correlation coefficients among popula-
tions were approximately 0.99.

Model results
Simulations revealed that fisheries integrating more salmon

populations were associated with higher average catches as well
as more stable catches (Fig. 3; scenario intact watershed). The
result that more downstream fisheries had higher catches (Fig. 3a)
was obvious and is due to the model design, where each fishery
harvests 10% of fish that swim by. Perhaps more importantly,
downstream fisheries that integrate greater biodiversity also had
more stable catches (Fig. 3b). Specifically, the CV in the headwater
fishery was higher (CV = 0.36), while the CV in the most down-
stream fishery was lower (CV = 0.22), representing a 1/3 decrease in

Fig. 3. Scenarios of loss of salmon habitat capacity and fisheries
catches, examined through density-dependent stochastic population
models. Data portray median values across simulation runs of
annual catches (a) and the coefficient of variation (CV) of catches (b).
A lower CV indicates lower variation and higher stability of fishery
catches. Catch and catch stability are portrayed as a function of
watershed location. Simulations examined four scenarios: a base
scenario with intact salmon populations, headwater extirpation
scenario where the headwater salmon population was extirpated,
estuary degradation scenario where loss of estuary habitat has
decreased the productivity and carrying capacity of all salmon
populations, and a homogenization scenario where the dynamics of
salmon populations within the watershed were synchronized. More
information about these simulations can be found in the text.
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variability due to the portfolio effect. These results mesh with
empirical observations that First Nations fisheries lower in water-
sheds have more stable catches (Nesbitt 2014; Moore et al. 2015).

The effects of extirpation in a headwater salmon population
decreased catches and eroded catch stability down through the
simulated river system (Fig. 3; scenario headwater extirpation).
The proportional decrease in average annual fishery catch relative
to the base case was directly related to the fishery location in the
watershed, as the most upstream fishery completely lost their
catch, while the most downstream fishery had a 25% decrease in
average annual catch. Extirpation of the headwater population
also increased fishery variability throughout the watershed. The
CV of all fisheries increased as the diversity of their portfolio was
reduced; downstream fisheries were more buffered from this loss,
as they had greater initial diversity.

Degradation of estuary habitat decreased catches and increased
volatility throughout the watershed (Fig. 3; scenario estuary deg-
radation). The proportional change in fishery catches relative to
the base scenario remained relatively constant across all catches.
Intriguingly, fisheries all became more variable with degraded
estuary habitat owing to shifts in the relative importance of den-
sity dependence, external variability, and fisheries. It should be
noted that this increase is somewhat sensitive to model parame-
ters (data not shown). This scenario suggests that estuary degra-
dation can spread up through watersheds, potentially increasing
volatility and decreasing catch.

Homogenization of salmon population dynamics led to no sub-
stantial changes in average annual catches but the loss of fishery
stability (Fig. 3; scenario homogenization). Specifically, the CV of
fisheries in this homogenization scenario was consistent across
watershed locations and equal to the variability of the most up-
stream fishery. This represents an increase in CV (decreased sta-
bility) in the downstream fisheries relative to the base scenario.
With the homogenization of salmon population dynamics, no
longer does portfolio diversity and watershed location confer sta-
bility. The magnitude of this result is dependent on the relative
magnitude of shared versus independent error. As asynchrony
decreases with the erosion of the response diversity in population
portfolios, portfolios will become more volatile (Markowitz 1952;
Doak et al. 1998; Moore et al. 2010; Yeakel et al. 2014; Griffiths et al.
2014).

Collectively these simulations reveal that habitat degradation
can spread both upstream and downstream, eroding the produc-
tivity and stability of fisheries. These simulations undoubtedly
represent simplifications of real systems; for instance, simula-
tions did not include temporal autocorrelation in error, salmon
populations were set to have the same productivity and density-
dependent parameters, and fisheries catches were allocated sim-
plistically. Thus, these scenarios represent predicted patterns, but
will be governed by the realities of the natural history, fisheries,
and policies of any system. For example, in large watersheds such
as in the Skeena River or Fraser River, First Nations fisheries may
integrate several salmon species and dozens of salmon popula-
tions, leading to even stronger portfolio stabilization of down-
stream fisheries. Regardless, these simulations provide a framework
for conceptualizing how anthropogenic degradation of water-
sheds can compromise upstream and downstream fishery produc-
tivity and stability.

Status of free-flowing rivers in Canada and the world
Human activities such as dam-building can sever the connectiv-

ity that underpins the resistance and stability of river systems.
One of the major global alterations of river systems is the con-
struction of dams (Nilsson et al. 2005). Dams provide benefits to
society by storing water for consumption and agriculture and
producing energy, but obstruct the movement of fish, water, and
materials such as sediment (Pringle 1997; Nilsson et al. 2005). I

examined the status of large rivers in Canada and globally using a
previously compiled assessment of the anthropogenic fragmenta-
tion status of large rivers from across the world (Nilsson et al.
2005). I aimed to quantify the overall probability of fragmentation
of rivers and whether this was a function of river size.

Globally, most large rivers have major dams on them (Nilsson
et al. 2005). Specifically, 152 out of 245 (62%) large rivers outside of
Canada are characterized as fragmented. In contrast, Canadian
large rivers have lower probabilities of fragmentation; 20 out of
45 (44%) of large river systems are characterized as fragmented.
Overall, Canada contains 13% of the world’s large unfragmented
rivers, a major component of these globally rare systems.

For both Canada and the entire world, larger rivers are more
likely to be fragmented by large dams (Fig. 4). Specifically, for
non-Canadian rivers, watershed size tended to be associated with
an increase in the likelihood of fragmentation (logistic regression
coefficient ± SE = 0.253 ± 0.134, P = .059). This pattern was stronger
in Canadian rivers, where larger rivers were significantly more
likely to be fragmented (logistic regression coefficient ± SE =
1.584 ± 0.58, P = 0.007). The Skeena River was the largest river in
Canada classified as free-flowing. There are only 19 other rivers in
the world that are larger than the Skeena River that are similarly
unfragmented. Because these analyses are based on fragmenta-
tion and connectivity in terms of barriers of water flows and flow
regimes, it is likely that similar patterns apply for the fragmentation
of migratory fish movements in river systems. It is perhaps not
surprising that larger rivers are more likely to be fragmented —
with more watershed area there are likely more geographic
opportunities to dam. Regardless, these data provide additional
motivation for understanding the processes and dynamics of the
remaining free-flowing rivers, as each remaining large free-flowing
river is globally important.

Weakened watershed protection
Watershed protection is governed by a complicated policy, reg-

ulation, and implementation landscape that is rapidly changing.
Canada’s environmental legislation that protects aquatic habitats
and fish has recently been revised, decreasing the scope of envi-
ronmental protection of river systems (Favaro et al. 2012; Hutchings
and Post 2013). Large projects can require federal or provincial
environmental assessments; in 2012, environmental assessment
was considerably expedited, with decreased period for public
comment (Gibson 2012). Furthermore, consideration of multiple
potential large projects that are reviewed for environmental as-
sessments, or cumulative effects assessments, have been deemed
as being “impotent” in Canada (Duinker and Greig 2006), only
pursued if the environmental assessment deems that there will be
a substantial net negative effect. The Fisheries Act can also protect
fish and fisheries from activities that occur in or near aquatic
habitats, but this Act was recently “gutted” (Hutchings and Post
2013). In addition, authorization of these projects can hinge on
habitat compensation, yet audits of habitat compensation proj-
ects in Canada revealed that the majority of projects fail to
achieve “no net loss” of productive fish habitat (Harper and
Quigley 2005; Quigley and Harper 2006). Lastly, incremental
changes from land uses such as forestry and urbanization have
contributed substantially to watershed alteration (Slaney et al.
1996), and these land uses are governed by different regulations. It
is increasingly argued that Canada is not protecting its biodiver-
sity and aquatic resources (Favaro et al. 2012; Hutchings and Post
2013; Palen et al. 2014). Canada currently lacks an effective policy
framework to consider the cumulative alteration of intercon-
nected habitats (Palen et al. 2014).

Implications for watershed management
The bidirectional connectivity of river systems has several im-

plications and opportunities for management (McCluney et al.
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2014). Building off the ideas outlined in this manuscript and pre-
vious insights from holistic perspectives on watershed science
and management (Fausch et al. 2002; Gomi et al. 2002; Schindler
et al. 2008; Lertzman and Mackinnon 2014; McCluney et al. 2014;
Moore et al. 2015), below I offer several observations regarding the
nature of river systems. For each observation, I discuss a corre-
sponding challenge for the policy and management of these
systems and the opportunity to more effectively consider the
connected nature of rivers.

1. Align scales of connection and impact assessment

Observation: Degradation of watersheds will spread up and down
river networks

The bidirectional connectivity of river networks means that
anthropogenic impacts can spread up and down river networks.
Somewhat paradoxically, the same connectivity that buffers
downstream systems means that the human impacts will have
larger zones of influence (Pringle 1997). Degradation can spread
upstream and downstream. For example, a chemical spill can
disperse downstream to kill biota. Furthermore, by changing the
diversity integrated by the river, human impacts can also erode
the downstream or upstream stability of river systems. For exam-
ple, headwater or estuary habitat degradation can erode both the
productivity and the stability of fisheries throughout the water-
shed (Fig. 3). Thus, the connectivity of free-flowing river networks
means that anthropogenic impacts can be dispersed widely. Given
the enormous spatial scales of connectivity that can operate in
river systems (Fig. 1), the vastness of potential consequences poses
a fundamental challenge for the proper accounting of impacts.

Opportunity and challenge: Matching scales of assessments to
scales of potential impacts in river systems

Given the multiple and potentially expansive scales of connec-
tions that occur in river systems, there is a need to broaden the

scales of specific environmental assessments (Therivel and Ross
2007; Seitz et al. 2011). Canadian legislation mandates conserva-
tion of fish, fish habitat, and fisheries. While the Minister can
grant exceptions, according to the Fisheries Act, “No person shall
carry on any work, undertaking or activity that results in serious harm to
fish that are part of a commercial, recreational, or Aboriginal fisheries, or
to fish that support such a fishery.” Section 35 of the Constitution Act
protects the rights of First Nations people to fish for food, social,
and ceremonial purposes. Thus, from a simplistic perspective, it
appears that potential projects that will degrade the habitats that
sustain the stability and productivity of fish and fisheries, even if
those fisheries are a 1000 km away from the development and
connected to the proposed alteration of habitat by the migrations
of fishes, challenge the Fisheries Act and the Canadian Constitu-
tion. However, environmental assessments for large projects in
Canada may focus primarily on local impacts. For example, the
environmental assessment application of a recently proposed
pipeline defined the zone of downstream influence as 100 m up-
stream and 300 m downstream of the project and the regional
assessment area as extending at least 1 km downstream (Prince
Rupert Gas Transmission 2013). This contrasts with the known
potential downstream impacts of chemical spills (e.g., >80 km
downstream; Dowson et al. 1996). Thus, cumulative effects frame-
works are challenged to consider multiple impacts that could be
linked over vast spatial scales. Cumulative effects analyses should
be aligned to the proper spatial and temporal scale of the ecolog-
ically and culturally relevant processes (Therivel and Ross 2007). A
watershed scale is the intuitive scale for environmental assess-
ments and cumulative effects assessments (Zedler 2003), espe-
cially for salmon-bearing watersheds. Indeed, recently there have
been several watershed-level cumulative effects efforts across
Canada, but it is uncertain whether these frameworks will be
incorporated into decision-making and policy (Dubé et al. 2013).

Fig. 4. Size and fragmentation of global (a) and Canadian (b) rivers. Data were extracted from the supplemental materials of (Nilsson et al.
2005) and then analyzed. I classified river systems as being “Canadian” if the majority of the system occurred within the country. Rivers were
classified as free-flowing if they were assigned a “pristine” flow regime and as being fragmented if they were assessed as being “severely” or
“moderately” regulated by dams according to (Nilsson et al. 2005). Classification was based on the proportion of the main channel that was
left without dams and the number of dams in major tributaries (Nilsson et al. 2005). Curves show the best-fit logistic regression with river size
(mean annual discharge, on a loge scale) as the predictor variability and the fragmentation status as the response variable. The “Skeena” and
“Stikine” rivers are labeled, following their reference in Fig. 1. Note that the two panels have different x-axis scales.
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2. Conserve natural resilience of free-flowing rivers

Observation: Free-flowing rivers provide a natural defense system
against variability and environmental perturbations

Emerging research suggests that the diversity integrated by riv-
ers naturally dampens fluctuations and buffers against localized
change for a variety of critical processes, ranging from fisheries
catches to water flows (Moore et al. 2015). Specifically, down-
stream locations in rivers have dampened variability compared
with upstream habitats (e.g., flood in a small catchment or salmon
population crash) through statistical averaging of their upstream
portfolio. This portfolio effect should also dampen the response to
known perturbations such as local climate change, thereby con-
tributing to resilience. On the other hand, rivers will not absorb
variation that is shared throughout a watershed (Moore et al.
2015), such as the seasonal pattern of precipitation and snowmelt,
thereby preserving the large-scale flood-pulse that maintains riv-
erine productivity (Bayley 1995). While there is uncertainty in
regards to the ubiquity of this dampening, these findings indicate
that free-flowing rivers may provide a natural defense system
against perturbations. This stabilization, from flows to fisheries,
likely represents an ecosystem service that provides enormous
economic benefits to humankind. There is growing appreciation
for the ability of various earth systems to absorb perturbations
and that human activities can undermine these natural defense
systems (Arkema et al. 2013).

Opportunity and challenge: Managing for watershed resilience
Management of natural resources is being increasingly challenged

by ongoing global change and increasing climate variability (Milly
et al. 2008). While enormous investment goes into engineering
infrastructure to try to cope with variability (e.g., dams, levees,
water-treatment facilities), conserving the natural systems that
confer stability represents an opportunity for proactive manage-
ment (Schindler et al. 2008; Bisson et al. 2009; Healey 2009;
Lapointe et al. 2014). For salmon and the fisheries targeting them
in particular, practices that degrade resilience include allowing
extirpation of small populations, reducing life history and genetic
diversity, and degradation of habitat (Healey 2009). Practices that
facilitate resilience include protecting small populations, main-
taining habitat, diversified fisheries, and managing for commu-
nity resilience (Healey 2009). Indeed, policies that protect habitats
and fish populations will preserve the existing portfolios of
salmon biodiversity that enable stability and resilience (Ruckelshaus
et al. 2002; Schindler et al. 2008, 2010; Healey 2009; Moore et al.
2010; Lapointe et al. 2014; Anderson et al. 2015). While there have
been frameworks developed to achieve these goals (i.e., Wild
Salmon Policy; Fisheries and Oceans Canada 2005), these frame-
works arguably lack strong implementation or accountability.
There remains a disconnect between these suggested principles
and policies, and the management of salmon watersheds in prac-
tice. Habitat degradation continues, incidental overfishing of less-
productive stocks is a continued challenge, and hatchery propagation
remains a widespread and arguably failing prescription for sup-
porting fisheries (Meffe 1992; Slaney et al. 1996). As a result, many
salmon populations are threatened or extirpated, especially to-
wards the southern part of their range (Gustafson et al. 2007), and
many fisheries have correspondingly impaired resilience (Augerot
and Smith 2010; Griffiths et al. 2014).

Managing for resilience also entails moving beyond static man-
agement goals to also incorporate more dynamic perspectives on
natural resources. River systems and their salmon are naturally
variable (Bayley 1995; Rogers et al. 2013), responding differently to
perturbations, and this response diversity is what underpins their
stability and resilience (Elmqvist et al. 2003; Schindler et al. 2008,
2010; Moore et al. 2015; Anderson et al. 2015). For example, north-
facing catchments may respond differently to climate warming
than south-facing catchments, and some salmon life histories

may thrive with climate warming while others may struggle. Man-
agement and policies have the opportunity to set benchmarks and
objectives that incorporate dynamics and response diversity. For
instance, it has recently been argued that watershed restoration
should move from static goals and approaches towards process-
based approaches (e.g., instead of bank-armoring to restrict river
erosion, restoration could reduce sediment supply by reestablish-
ing riparian vegetation; Beechie et al. 2010). Alternatively, salmon
management strategies such as setting harvest levels could be
designed to be robust to natural fluctuations in abundance
(Schindler et al. 2008), and recovery strategies for salmon meta-
populations can incorporate aspects of their diversity (McElhany
et al. 2000).

3. Watershed governance for social–ecological resilience

Observation: Watersheds represent natural social–ecological units
Given the connectivity of watersheds and river networks, hu-

man decisions within watersheds can impact the whole ecological
unit. Watershed dynamics also influence the people and cultures
that inhabit them, such as through the supply of water, energy, or
fish. Thus, there are reciprocal feedbacks from the watershed to
people, and it follows that watersheds represent a natural social–
ecological unit (Yaffee 1999; Parkes et al. 2010).

Opportunity and challenge: Watershed governance and
conservation

Watershed governance would enable the integration of human
and natural components of watersheds (Parkes et al. 2010). Specif-
ically, watershed governance would link decision-makers with
citizens at the watershed scale, with decisions being informed by
the state of its natural resources. Given the connectivity that de-
fines a watershed, watersheds represent an obvious scale at which
to align the scale of management with the scales of processes that
are being managed. Despite these potential benefits, local water-
shed governance is still relatively rare (Blomquist and Schlager
2005).

Building resilience into management frameworks is a key chal-
lenge (Gunderson and Holling 2002; Elmqvist et al. 2003; Olsson
et al. 2004). Characteristics of resilient management systems in-
clude responsiveness to ecological dynamics and flexibility in the
management process (Olsson et al. 2004). Different management
practices can either enhance or degrade the resilience of fisheries
and salmon populations (Healey 2009; Augerot and Smith 2010).
Insight can perhaps be gained into more resilient management
systems by looking at historical salmon watershed management
systems. Prior to European colonization, the many coastal aborig-
inal groups (i.e., First Nations) had well-established fisheries man-
agement systems, operating on a local scale (Harris 2001) and
fostering tighter feedbacks between natural resources and man-
agement decisions. These fisheries and the cultures they sup-
ported operated for thousands of years, persisting through
periods of major climate shifts (Lepofsky et al. 2005). Today,
salmon fisheries management has shifted toward centralized
management systems, with a single government department in
charge of management decisions across Canada (Harris 2001). This
shift in management systems from local to centralized likely has
led to a decrease in the resilience of the salmon management
system, making it less responsive to the local socioeconomic con-
ditions (Healey 2009). There is an opportunity to learn from the
past and to move towards watershed governance, such as the
example of co-management of salmon resources in the Skeena
River watershed by First Nations and Fisheries and Oceans Canada
(Gottesfeld et al. 2009).

The large river systems of British Columbia represent key ex-
amples of systems that still have substantial connectivity, intact
habitats, and diverse salmon populations. Many river systems to
the south have lost much of their salmon biodiversity and riverine
connectivity (Gustafson et al. 2007), and their portfolios of salmon

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

8 Can. J. Fish. Aquat. Sci. Vol. 72, 2015

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
03

/2
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



biodiversity perform more poorly (Griffiths et al. 2014). As such,
these more degraded river systems necessitate enormous eco-
nomic inputs and engineering and management interventions
(e.g., hatchery propagation) with arguably mixed results (Meffe
1992; Lichatowich 1999). The scientific appreciation of the resil-
ience of large river systems comes at a critical time. First, given
climate variability and change, resilience in social–ecological sys-
tems is increasingly important. Second, there are pressures from
extractive industries that could alter the biodiversity, habitat in-
tegrity, and connectivity that underpins the underappreciated
stability and resilience of large river systems. There is an oppor-
tunity to more fully consider the potential upstream and down-
stream impacts of potential land use activities, enabling a more
balanced consideration of short-term resource extraction and
long-term socioecological resilience. While resource extraction is
often driven by perceived economic benefits, it is important to
remember that healthy salmon populations sustain economies
and have done so for thousands of years. Management systems
that incorporate and account for the connectedness and diversity
of vast tree-like river networks represent a critical advance to
manage for resilient and productive ecosystems in the face of
ongoing environmental change.

Acknowledgements
I thank the editorial board of the Canadian Journal of Fisheries

and Aquatic Sciences for the honour and opportunity to present
this paper for the J.C. Stevenson Lecture Award at the Canadian
Conference for Fisheries Research meeting in Yellowknife, North-
west Territories, in January 2014. This paper especially benefitted
from insights and assistance from two anonymous reviewers, Al-
len Gottesfeld, Dave Peacock, Justin Yeakel, Holly Nesbitt, Rolf
Vinebrooke, Samantha Wilson, and Will Atlas.

References
Ames, K.M. 2003. The northwest coast. Evol. Anthropol. 12(1): 19–33. doi:10.1002/

evan.10102.
Anderson, S.C., Moore, J.W., Mcclure, M.M., Dulvy, N.K., and Cooper, A.B. 2015.

Portfolio conservation of metapopulations under climate change. Ecol. Appl.
25: 559–572. doi:10.1890/14-0266.1..

Arkema, K.K., Guannel, G., Verutes, G., Wood, S.A., Guerry, A., Ruckelshaus, M.,
Kareiva, P., Lacayo, M., and Silver, J.M. 2013. Coastal habitats shield people
and property from sea-level rise and storms. Nat. Clim. Change, 3(7): 1–6.
doi:10.1038/nclimate1944.

Augerot, X., and Smith, C.L. 2010. Comparative resilience in five North Pacific
regional salmon fisheries. Ecol. Soc. 15(2).

Baxter, C.V., Fausch, K.D., and Carl Saunders, W. 2005. Tangled webs: reciprocal
flows of invertebrate prey link streams and riparian zones. Freshw. Biol.
50(2): 201–220. doi:10.1111/j.1365-2427.2004.01328.x.

Bayley, P.B. 1995. Understanding large river: floodplain ecosystems. Bioscience,
45: 153–158. doi:10.2307/1312554.

Beechie, T.J., Sear, D.A., Olden, J.D., Pess, G.R., Buffington, J.M., Moir, H., Roni, P.,
and Pollock, M.M. 2010. Process-based principles for restoring river ecosys-
tems. Bioscience, 60(3): 209–222. doi:10.1525/bio.2010.60.3.7.

Benda, L., Poff, N.L., Miller, D., Dunne, T., Reeves, G., Pess, G., and Pollock, M.
2004. The network dynamics hypothesis: how channel networks structure
riverine habitats. Bioscience, 54(5): 413–427. doi:10.1641/0006-3568(2004)054
[0413:TNDHHC]2.0.CO;2.

Bisson, P.A., Dunham, J.B., and Reeves, G.H. 2009. Freshwater ecosystems and
resilience of Pacific salmon: habitat management based on natural variabil-
ity. Ecol. Soc. 14(1): 45.

Blomquist, W., and Schlager, E. 2005. Political pitfalls of integrated watershed man-
agement. Soc. Nat. Resour. 18(2): 101–117. doi:10.1080/08941920590894435.

Campbell Grant, E.H., Lowe, W.H., and Fagan, W.F. 2007. Living in the branches:
population dynamics and ecological processes in dendritic networks. Ecol.
Lett. 10(2): 165–175. doi:10.1111/j.1461-0248.2006.01007.x. PMID:17257104.

Carlson, S.M., and Satterthwaite, W.H. 2011. Weakened portfolio effect in a
collapsed salmon population complex. Can. J. Fish. Aquat. Sci. 68(9): 1579–
1589. doi:10.1139/f2011-084.

Carrara, F., Altermatt, F., Rodriguez-Iturbe, I., and Rinaldo, A. 2012. Dendritic
connectivity controls biodiversity patterns in experimental metacommuni-
ties. Proc. Natl. Acad. Sci. U.S.A. 109(15): 5761–5766. doi:10.1073/pnas.
1119651109. PMID:22460788.

Chapman, B.B., Skov, C., Hulthén, K., Brodersen, J., Nilsson, P.A., Hansson, L.-A.,
and Brönmark, C. 2012. Partial migration in fishes: definitions, methodolo-

gies and taxonomic distribution. J. Fish Biol. 81(2): 479–499. doi:10.1111/j.1095-
8649.2012.03349.x. PMID:22803721.

Church, M. 2002. Geomorphic thresholds in riverine landscapes. Freshw. Biol.
47(4): 541–557. doi:10.1046/j.1365-2427.2002.00919.x.

Doak, D.F., Bigger, D., Harding, E.K., Marvier, M.A., O’Malley, R.E., and
Thomson, D. 1998. The statistical inevitability of stability–diversity relation-
ships in community ecology. Am. Nat. 151(3): 264–276. doi:10.1086/286117.
PMID:18811357.

Dowson, P., Scrimshaw, M.D., Nasir, J.M., Bubb, J.N., and Lester, J.N. 1996. The
environmental impact of a chemical spill from a timber-treatment works on
a lowland river system. Water Environ. J. 10(4): 235–245. doi:10.1111/j.1747-
6593.1996.tb00041.x.

Dubé, M.G., Duinker, P., Greig, L., Carver, M., Servos, M., McMaster, M., Noble, B.,
Schreier, H., Jackson, L., and Munkittrick, K.R. 2013. A framework for assess-
ing cumulative effects in watersheds: an introduction to Canadian case stud-
ies. Integr. Environ. Assess. Manage. 9(3): 363–369. doi:10.1002/ieam.1418.

Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.-I., Knowler, D.J.,
Lévêque, C., Naiman, R.J., Prieur-Richard, A.-H., Soto, D., Stiassny, M.L.J.,
and Sullivan, C.A. 2006. Freshwater biodiversity: importance, threats, sta-
tus and conservation challenges. Biol. Rev. 81(2): 163–82. doi:10.1017/
S1464793105006950. PMID:16336747.

Duffy, E.J., and Beauchamp, D.A. 2011. Rapid growth in the early marine period
improves the marine survival of Chinook salmon (Oncorhynchus tshawytscha)
in Puget Sound, Washington. Can. J. Fish. Aquat. Sci. 68(2): 232–240. doi:10.
1139/F10-144.

Duinker, P.N., and Greig, L.A. 2006. The impotence of cumulative effects assess-
ment in Canada: ailments and ideas for redeployment. Environ. Manage.
37(2): 153–161. doi:10.1007/s00267-004-0240-5. PMID:16362488.

Dunham, J.B., and Rieman, B.E. 1999. Metapopulation structure of bull trout:
influences of physical, biotic, and geometrical landscape characteristics.
Ecol. Appl. 9(2): 642–655. doi:10.1890/1051-0761(1999)009[0642:MSOBTI]2.0.
CO;2.

Elmqvist, T., Folke, C., Nyström, M., Peterson, G., Bengtsson, J., Walker, B., and
Norberg, J. 2003. Response diversity, ecosystem change, and resilience. Front.
Ecol. Environ. 1(9): 488–494. doi:10.1890/1540-9295(2003)001[0488:RDECAR]2.
0.CO;2.

Fagan, W.F. 2002. Connectivity, fragmentation, and extinction risk in dendritic
metapopulations. Ecology, 83(12): 3243–3249. doi:10.1890/0012-9658(2002)
083[3243:CFAERI]2.0.CO;2.

Fausch, K.D., Torgersen, C.E., Baxter, C.V., and Li, H.W. 2002. Landscapes to river-
scapes: bridging the gap between research and conservation of stream fishes.
Bioscience, 52(6): 483–498. doi:10.1641/0006-3568(2002)052[0483:LTRBTG]2.0.
CO;2.

Favaro, B., Reynolds, J.D., and Côté, I.M. 2012. Canada’s weakening aquatic pro-
tection. Science, 337(6091): 1225523. doi:10.1126/science.1225523.

Fisheries and Oceans Canada. 2005. Canada’s policy for conservation of wild
Pacific salmon.

Fisheries and Oceans Canada. 2012. Survey of recreational fishing in Canada.
Gibson, R.B. 2012. In full retreat: the Canadian government’s new environmen-

tal assessment law undoes decades of progress. Impact Assess. Proj. Apprais.
30(3): 179–188. doi:10.1080/14615517.2012.720417.

Gomi, T., Sidle, R.C., and Richardson, J.S. 2002. Understanding processes and
downstream linkages of headwater systems. Bioscience, 52(10): 905–916. doi:
10.1641/0006-3568(2002)052[0905:UPADLO]2.0.CO;2.

Gottesfeld, A., Barnes, C., and Soto, C. 2009. Case history of the Skeena Fisheries
Commission: developing aboriginal fishery management capacity in north-
ern British Columbia. Am. Fish. Soc. Symp. 70: 921–939.

Greathouse, E.A., Pringle, C.M., McDowell, W.H., and Holmquist, J.G. 2006. Indi-
rect upstream effects of dams: Consequences of migratory consumer extir-
pation in Puerto Rico. Ecol. Appl. 16(1): 339–352. doi:10.1890/05-0243. PMID:
16705984.

Gregory, S.V., Swanson, F.J., McKee, W.A., and Cummins, K.W. 1991. An ecosys-
tem perspective of riparian zones. Bioscience, 41(8): 540–551. doi:10.2307/
1311607.

Griffiths, J.R., Schindler, D.E., Armstrong, J.B., Scheuerell, M.D., Whited, D.C.,
Clark, R.A., Hilborn, R., Holt, C.A., Lindley, S.T., Stanford, J.A., and Volk, E.C.
2014. Performance of salmon fishery portfolios across western North Amer-
ica. J. Appl. Ecol. 51: 1554–1563. doi:10.1111/1365-2664.12341. PMID:25552746.

Gunderson, L.H., and Holling, C.S. 2002. Panarchy: Understanding transforma-
tions in human and natural systems. Island Press, Washington, D.C.

Gustafson, R.G., Waples, R.S., Myers, J.M., Weitkamp, L.A., Bryant, G.J.,
Johnson, O.W., and Hard, J.J. 2007. Pacific salmon extinctions: quantifying
lost and remaining diversity. Conserv. Biol. 21(4): 1009–1020. doi:10.1111/j.1523-
1739.2007.00693.x. PMID:17650251.

Harper, D.J., and Quigley, J.T. 2005. No net loss of fish habitat: a review and
analysis of habitat compensation in Canada. Environ. Manage. 36(3): 343–
355. doi:10.1007/s00267-004-0114-x. PMID:16082569.

Harris, D.C. 2001. Fish, law, and colonialism. University of Toronto Press, To-
ronto, Ont.

Healey, M.C. 2009. Resilient salmon, resilient fisheries for British Columbia,
Canada. Ecol. Soc. 14(1): 2.

Hilborn, R., Quinn, T.P., Schindler, D.E., and Rogers, D.E. 2003. Biocomplexity

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Moore 9

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
03

/2
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1002/evan.10102
http://dx.doi.org/10.1002/evan.10102
http://dx.doi.org/10.1890/14-0266.1.
http://dx.doi.org/10.1038/nclimate1944
http://dx.doi.org/10.1111/j.1365-2427.2004.01328.x
http://dx.doi.org/10.2307/1312554
http://dx.doi.org/10.1525/bio.2010.60.3.7
http://dx.doi.org/10.1641/0006-3568(2004)054%5B0413%3ATNDHHC%5D2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2004)054%5B0413%3ATNDHHC%5D2.0.CO;2
http://dx.doi.org/10.1080/08941920590894435
http://dx.doi.org/10.1111/j.1461-0248.2006.01007.x
http://www.ncbi.nlm.nih.gov/pubmed/17257104
http://dx.doi.org/10.1139/f2011-084
http://dx.doi.org/10.1073/pnas.1119651109
http://dx.doi.org/10.1073/pnas.1119651109
http://www.ncbi.nlm.nih.gov/pubmed/22460788
http://dx.doi.org/10.1111/j.1095-8649.2012.03349.x
http://dx.doi.org/10.1111/j.1095-8649.2012.03349.x
http://www.ncbi.nlm.nih.gov/pubmed/22803721
http://dx.doi.org/10.1046/j.1365-2427.2002.00919.x
http://dx.doi.org/10.1086/286117
http://www.ncbi.nlm.nih.gov/pubmed/18811357
http://dx.doi.org/10.1111/j.1747-6593.1996.tb00041.x
http://dx.doi.org/10.1111/j.1747-6593.1996.tb00041.x
http://dx.doi.org/10.1002/ieam.1418
http://dx.doi.org/10.1017/S1464793105006950
http://dx.doi.org/10.1017/S1464793105006950
http://www.ncbi.nlm.nih.gov/pubmed/16336747
http://dx.doi.org/10.1139/F10-144
http://dx.doi.org/10.1139/F10-144
http://dx.doi.org/10.1007/s00267-004-0240-5
http://www.ncbi.nlm.nih.gov/pubmed/16362488
http://dx.doi.org/10.1890/1051-0761(1999)009%5B0642%3AMSOBTI%5D2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(1999)009%5B0642%3AMSOBTI%5D2.0.CO;2
http://dx.doi.org/10.1890/1540-9295(2003)001%5B0488%3ARDECAR%5D2.0.CO;2
http://dx.doi.org/10.1890/1540-9295(2003)001%5B0488%3ARDECAR%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083%5B3243%3ACFAERI%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083%5B3243%3ACFAERI%5D2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2002)052%5B0483%3ALTRBTG%5D2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2002)052%5B0483%3ALTRBTG%5D2.0.CO;2
http://dx.doi.org/10.1126/science.1225523
http://dx.doi.org/10.1080/14615517.2012.720417
http://dx.doi.org/10.1641/0006-3568(2002)052%5B0905%3AUPADLO%5D2.0.CO;2
http://dx.doi.org/10.1890/05-0243
http://www.ncbi.nlm.nih.gov/pubmed/16705984
http://dx.doi.org/10.2307/1311607
http://dx.doi.org/10.2307/1311607
http://dx.doi.org/10.1111/1365-2664.12341
http://www.ncbi.nlm.nih.gov/pubmed/25552746
http://dx.doi.org/10.1111/j.1523-1739.2007.00693.x
http://dx.doi.org/10.1111/j.1523-1739.2007.00693.x
http://www.ncbi.nlm.nih.gov/pubmed/17650251
http://dx.doi.org/10.1007/s00267-004-0114-x
http://www.ncbi.nlm.nih.gov/pubmed/16082569


and fisheries sustainability. Proc. Natl. Acad. Sci. 100(11): 6564–6568. doi:10.
1073/pnas.1037274100. PMID:12743372.

Horsfield, K. 1990. Diameters, generations, and orders of branches in the bron-
chial tree. J. Appl. Physiol. 68: 457–461. PMID:2318756.

Horton, R.E. 1945. Erosional development of streams and their drainage basins;
hydrophysical approach to quantitative morphology. Geol. Soc. Am. Bull. 56:
275–370. doi:10.1130/0016-7606(1945)56[275:EDOSAT]2.0.CO;2.

Hutchings, J.A., and Post, J.R. 2013. Gutting Canada’s Fisheries Act: No fishery, no
fish habitat protection. Fisheries, 38(1): 497–501. doi:10.1080/03632415.2013.
848345.

Hynes, H.B.N. 1975. The stream and its valley. Verh. Int. Verein. Limnol. 19: 1–15.
Kelly, E.N., Schindler, D.W., Hodson, P.V., Short, J.W., Radmanovich, R., and

Nielsen, C.C. 2010. Oil sands development contributes elements toxic at low
concentrations to the Athabasca River and its tributaries. Proc. Natl. Acad.
Sci. 107: 16178–16183. doi:10.1073/pnas.1008754107. PMID:20805486.

Kiffney, P.M., Greene, C.M., Hall, J.E., and Davies, J.R. 2006. Tributary streams
create spatial discontinuities in habitat, biological productivity, and diver-
sity in mainstem rivers. Can. J. Fish. Aquat. Sci. 63(11): 2518–2530. doi:10.1139/
f06-138.

Lapointe, N.W.R., Cooke, S.J., Imhof, J.G., Boisclair, D., Casselman, J.M.,
Curry, R.A., Langer, O.E., Mclaughlin, R.L., Minns, C.K., Post, J.R., Power, M.,
Rasmussen, J.B., Reynolds, J.D., Richardson, J.S., and Tonn, W.M. 2014. Prin-
ciples for ensuring healthy and productive freshwater ecosystems that sup-
port sustainable fisheries. Environ. Rev. 22(2): 110–134. doi:10.1139/er-2013-
0038.

Leopold, L.B. 1971. Trees and streams: the efficiency of branching patterns.
J. Theor. Biol. 31(2): 339–354. doi:10.1016/0022-5193(71)90192-5. PMID:5557082.

Lepofsky, D., Lertzman, K., Hallett, D., and Mathewes, R. 2005. Climate change
and culture change on the southern coast of British Columbia 2400–1200 Cal.
B.P.: an hypothesis. Am. Antiq. 70(2): 267–293. doi:10.2307/40035704.

Lertzman, K., and Mackinnon, A. 2014. Why watersheds: Evaluating the protec-
tion of undeveloped watersheds as a conservation strategy in Northwestern
North America. In Ecology and conservation of North Pacific rainforests.
Edited by G. Orians and J. Schoen. University of Washington Press, Seattle,
Wash.

Levin, S.A. 1992. The problem of pattern and scale in ecology: the Robert H.
MacArthur award lecture. Ecology, 73(6): 1943–1967. doi:10.2307/1941447.

Lichatowich, J.A. 1999. Salmon without rivers: a history of the Pacific Salmon
crisis. Island Press, Washinton, D.C.

Lowe, W.H., Likens, G.E., and Power, M.E. 2006. Linking scales in stream ecology.
Bioscience, 56(7): 591. doi:10.1641/0006-3568(2006)56[591:LSISE]2.0.CO;2.

Magnusson, A., and Hilborn, R. 2003. Estuarine influence on survival rates of
coho (Oncorhynchus kisutch) and Chinook Salmon (Oncorhynchus tshawytscha)
released from hatcheries on the U.S. Pacific Coast. Estuaries, 26(48): 1094–
1103.

Mari, L., Casagrandi, R., Bertuzzo, E., Rinaldo, A., and Gatto, M. 2014. Metapopu-
lation persistence and species spread in river networks. Ecol. Lett. 17: 426–
434. doi:10.1111/ele.12242. PMID:24460729.

Markowitz, H. 1952. Portfolio selection. J. Finance, 7(1): 77–91.
McCluney, K.E., Poff, N.L., Palmer, M.A., Thorp, J.H., Poole, G.C., Williams, B.S.,

Williams, M.R., and Baron, J.S. 2014. Riverine macrosystems ecology: sensi-
tivity, resistance, and resilience of whole river basins with human altera-
tions. Front. Ecol. Environ. 12(1): 48–58. doi:10.1890/120367.

McElhany, P., Ruckelshaus, M.H., Ford, M.J., Wainwright, T.C., and Bjorkstedt,
E.P. 2000. Viable salmonid populations and the recovery of evolutionarily
significant units [online]. Available from papers2://publication/uuid/
D0DBF8CF-5D3A-4332-964A-E4F201ED0A89.

Meador, J.P. 2014. Do chemically contaminated river estuaries in Puget Sound
(Washington, USA) affect the survival rate of hatchery-reared Chinook
salmon? Can. J. Fish. Aquat. Sci. 71(1): 162–180. doi:10.1139/cjfas-2013-0130.

Meffe, G.K. 1992. Techno-arrogance and halfway technologies: salmon hatcher-
ies on the Pacific Coast of North America. Conserv. Biol. 6: 350–354. doi:10.
1046/j.1523-1739.1992.06030350.x.

Meyer, J.L., Strayer, D.L., Wallace, J.B., Eggert, S.L., Helfman, G.S., and
Leonard, N.E. 2007. The contribution of headwater streams to biodiversity in
river networks. J. Am. Water Resour. Assoc. 43(1): 86–103. doi:10.1111/j.1752-
1688.2007.00008.x.

Milly, P.C.D., Betancourt, J., Falkenmark, M., Hirsch, R.M., Kundzewicz, Z.W.,
Lettenmaier, D.P., and Stouffer, R.J. 2008. Stationarity is dead: Whither
water management? Science, 319(5863): 573–574. doi:10.1126/science.
1151915. PMID:18239110.

Moore, J.W., and Schindler, D.E. 2004. Nutrient export from freshwater ecosys-
tems by anadromous sockeye salmon (Oncorhynchus nerka). Can. J. Fish. Aquat.
Sci. 61(9): 1582–1589. doi:10.1139/f04-103.

Moore, J.W., McClure, M., Rogers, L.A., and Schindler, D.E. 2010. Synchronization
and portfolio performance of threatened salmon. Conserv. Lett. 3(5): 340–
348. doi:10.1111/j.1755-263X.2010.00119.x.

Moore, J.W., Yeakel, J.D., Peard, D., Lough, J., and Beere, M. 2014. Life-history
diversity and its importance to population stability and persistence of a
migratory fish: steelhead in two large North American watersheds. J. Anim.
Ecol. 83: 1035–1046. doi:10.1111/1365-2656.12212.

Moore, J.W., Beakes, M.P., Nesbitt, H.K., Yeakel, J.D., Patterson, D.A.,
Thompson, L., Phillis, C.C., Braun, D., Favaro, C., Scott, D., Carr-Harris, C., and

Atlas, W. 2015. Emergent stability in a large free-flowing watershed. Ecology.
96: 340–347. doi:10.1890/14-0326.1.

Mueter, F.J., Ware, D.M., and Peterman, R.M. 2002. Spatial correlation patterns
in coastal environmental variables and survival rates of salmon in the north-
eastPacificOcean.Fish.Oceanogr.11(4): 205–218.doi:10.1046/j.1365-2419.2002.
00192.x.

Muneepeerakul, R., Bertuzzo, E., Lynch, H.J., Fagan, W.F., Rinaldo, A., and
Rodriguez-Iturbe, I. 2008. Neutral metacommunity models predict fish diver-
sity patterns in Mississippi–Missouri basin. Nature, 453(7192): 220–222. doi:
10.1038/nature06813. PMID:18464742.

Nesbitt, H.K. 2014. Diversity increases stability and opportunity in First Nations
salmon fisheries. Simon Fraser University, B.C.

Nilsson, C., Reidy, C.A., Dynesius, M., and Revenga, C. 2005. Fragmentation and
flow regulation of the world’s large river systems. Science, 308(5720): 405–
408. doi:10.1126/science.1107887. PMID:15831757.

Olsson, P., Folke, C., and Berkes, F. 2004. Adaptive comanagement for building
resilience in social–ecological systems. Environ. Manage. 34(1): 75–90. doi:10.
1007/s00267-003-0101-7. PMID:15383875.

Palen, W.J., Sisk, T.D., Ryan, M.E., Árvai, J.L., Jaccard, M., Salomon, A.K.,
Homer-Dixon, T., and Lertzman, K.P. 2014. Consider the global impacts of oil
pipelines. Nature, 510: 465–467. doi:10.1038/510465a. PMID:24971438.

Parker, R.R. 1968. Marine mortality schedules of pink salmon of the Bella Coola
River, central British Columbia. J. Fish. Res. Board Can. 25(4): 757–794. doi:
10.1139/f68-068.

Parkes, M.W., Morrison, K.E., Bunch, M.J., Hallström, L.K., Neudoerffer, R.C.,
Venema, H.D., and Waltner-Toews, D. 2010. Towards integrated governance
for water, health and social–ecological systems: the watershed governance
prism. Glob. Environ. Change, 20(4): 693–704. doi:10.1016/j.gloenvcha.2010.
06.001.

Pearse, D.E., Martinez, E., and Garza, J.C. 2010. Disruption of historical patterns
of isolation by distance in coastal steelhead. Conserv. Genet. 12(3): 691–700.
doi:10.1007/s10592-010-0175-8.

Peterman, R.M. 1980. Dynamics of native Indian food fisheries on salmon in
British Columbia. Can. J. Fish. Aquat. Sci. 37(4): 561–566. doi:10.1139/f80-071.

Postel, S., Daily, G., and Ehrlich, P. 1996. Human appropriation of renewable
fresh water. Science, 271: 785–788. doi:10.1126/science.271.5250.785.

Prince Rupert Gas Transmission. 2013. Prince Rupert Gas Transmission Project
Application to the Canadian Environmental Assessment Agency.

Pringle, C.M. 1997. Exploring how disturbance is transmitted upstream: going
against the flow. J. N. Am. Benthol. Soc. 16(2): 425–438. doi:10.2307/1468028.

Quigley, J.T., and Harper, D.J. 2006. Compliance with Canada’s Fisheries Act: a
field audit of habitat compensation projects. Environ. Manage. 37: 336–350.
doi:10.1007/s00267-004-0262-z. PMID:16456632.

Rodríguez-Iturbe, I., and Rinaldo, A. 2001. Fractal river basins: chance and self-
organization. Cambridge University Press.

Rogers, L.A., and Schindler, D.E. 2008. Asynchrony in population dynamics of
sockeye salmon in southwest Alaska. 117(10): 1578–1586. doi:10.1111/j.0030-
1299.2008.16758.x.

Rogers, L.A., Schindler, D.E., Lisi, P.J., Holtgrieve, G.W., Leavitt, P.R., Bunting, L.,
Finney, B.P., Selbie, D.T., Chen, G., Gregory-Eaves, I., Lisac, M.J., and
Walsh, P.B. 2013. Centennial-scale fluctuations and regional complexity char-
acterize Pacific salmon population dynamics over the past five centuries.
Proc. Natl. Acad. Sci. 110(5): 1750–1755. doi:10.1073/pnas.1212858110. PMID:
23322737.

Ruckelshaus, M.H., Levin, P., Johnson, J.B., Kareiva, P.M., and Johnson, B. 2002.
The Pacific Salmon wars: what science brings to the challenge of recovering
species. Annu. Rev. Ecol. Syst. 33: 665–706. doi:10.1146/annurev.ecolsys.33.
010802.150504.

Schindler, D.W. 2001. The cumulative effects of climate warming and other
human stresses on Canadian freshwaters in the new millennium. Can. J. Fish.
Aquat. Sci. 58(1): 18–29. doi:10.1139/f00-179.

Schindler, D. 2010. Tar sands need solid science. Nature, 468(7323): 499–501.
doi:10.1038/468499a. PMID:21107404.

Schindler, D.E., Augerot, X., Fleishman, E., Mantua, N.J., Riddell, B., Ruckelshaus, M.,
Seeb, J., and Webster, M. 2008. Climate change, ecosystem impacts, and man-
agement for Pacific salmon. Fisheries, 33: 502–506. doi:10.1577/1548-8446-33.
10.502.

Schindler, D.E., Hilborn, R., Chasco, B., Boatright, C.P., Quinn, T.P., Rogers, L.A.,
and Webster, M.S. 2010. Population diversity and the portfolio effect in an
exploited species. Nature, 465(7298): 609–612. doi:10.1038/nature09060.
PMID:20520713.

Schneider, D.C. 1994. Quantitative ecology: spatial and temporal scaling. Aca-
demic Press, San Diego, Calif.

Seitz, N.E., Westbrook, C.J., and Noble, B.F. 2011. Bringing science into river
systems cumulative effects assessment practice. Environ. Impact Assess. Rev.
31(3): 172–179. doi:10.1016/j.eiar.2010.08.001.

Slaney, T.L., Hyatt, K.D., Northcote, T.G., and Fielden, R.J. 1996. Status of anadro-
mous salmon and trout in British Columbia and Yukon. Fisheries, 21: 20–35.
doi:10.1577/1548-8446(1996)021<0020:SOASAT>2.0.CO;2.

Stanford, J.A., and Ward, J.V. 2001. Revisiting the serial discontinuity concept.
Regul. Rivers Res. Manage. 17(4–5): 303–310. doi:10.1002/rrr.659.

Stanford, J.A., Lorang, M.S., and Hauer, F.R. 2005. The shifting habitat mosaic of
river ecosystems. Verh. Int. Verein. Limnol. 29(March): 1–14.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

10 Can. J. Fish. Aquat. Sci. Vol. 72, 2015

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
03

/2
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1073/pnas.1037274100
http://dx.doi.org/10.1073/pnas.1037274100
http://www.ncbi.nlm.nih.gov/pubmed/12743372
http://www.ncbi.nlm.nih.gov/pubmed/2318756
http://dx.doi.org/10.1130/0016-7606(1945)56%5B275%3AEDOSAT%5D2.0.CO;2
http://dx.doi.org/10.1080/03632415.2013.848345
http://dx.doi.org/10.1080/03632415.2013.848345
http://dx.doi.org/10.1073/pnas.1008754107
http://www.ncbi.nlm.nih.gov/pubmed/20805486
http://dx.doi.org/10.1139/f06-138
http://dx.doi.org/10.1139/f06-138
http://dx.doi.org/10.1139/er-2013-0038
http://dx.doi.org/10.1139/er-2013-0038
http://dx.doi.org/10.1016/0022-5193(71)90192-5
http://www.ncbi.nlm.nih.gov/pubmed/5557082
http://dx.doi.org/10.2307/40035704
http://dx.doi.org/10.2307/1941447
http://dx.doi.org/10.1641/0006-3568(2006)56%5B591%3ALSISE%5D2.0.CO;2
http://dx.doi.org/10.1111/ele.12242
http://www.ncbi.nlm.nih.gov/pubmed/24460729
http://dx.doi.org/10.1890/120367
http://papers2://publication/uuid/D0DBF8CF-5D3A-4332-964A-E4F201ED0A89
http://papers2://publication/uuid/D0DBF8CF-5D3A-4332-964A-E4F201ED0A89
http://dx.doi.org/10.1139/cjfas-2013-0130
http://dx.doi.org/10.1046/j.1523-1739.1992.06030350.x
http://dx.doi.org/10.1046/j.1523-1739.1992.06030350.x
http://dx.doi.org/10.1111/j.1752-1688.2007.00008.x
http://dx.doi.org/10.1111/j.1752-1688.2007.00008.x
http://dx.doi.org/10.1126/science.1151915
http://dx.doi.org/10.1126/science.1151915
http://www.ncbi.nlm.nih.gov/pubmed/18239110
http://dx.doi.org/10.1139/f04-103
http://dx.doi.org/10.1111/j.1755-263X.2010.00119.x
http://dx.doi.org/10.1111/1365-2656.12212
http://dx.doi.org/10.1890/14-0326.1
http://dx.doi.org/10.1046/j.1365-2419.2002.00192.x
http://dx.doi.org/10.1046/j.1365-2419.2002.00192.x
http://dx.doi.org/10.1038/nature06813
http://www.ncbi.nlm.nih.gov/pubmed/18464742
http://dx.doi.org/10.1126/science.1107887
http://www.ncbi.nlm.nih.gov/pubmed/15831757
http://dx.doi.org/10.1007/s00267-003-0101-7
http://dx.doi.org/10.1007/s00267-003-0101-7
http://www.ncbi.nlm.nih.gov/pubmed/15383875
http://dx.doi.org/10.1038/510465a
http://www.ncbi.nlm.nih.gov/pubmed/24971438
http://dx.doi.org/10.1139/f68-068
http://dx.doi.org/10.1016/j.gloenvcha.2010.06.001
http://dx.doi.org/10.1016/j.gloenvcha.2010.06.001
http://dx.doi.org/10.1007/s10592-010-0175-8
http://dx.doi.org/10.1139/f80-071
http://dx.doi.org/10.1126/science.271.5250.785
http://dx.doi.org/10.2307/1468028
http://dx.doi.org/10.1007/s00267-004-0262-z
http://www.ncbi.nlm.nih.gov/pubmed/16456632
http://dx.doi.org/10.1111/j.0030-1299.2008.16758.x
http://dx.doi.org/10.1111/j.0030-1299.2008.16758.x
http://dx.doi.org/10.1073/pnas.1212858110
http://www.ncbi.nlm.nih.gov/pubmed/23322737
http://dx.doi.org/10.1146/annurev.ecolsys.33.010802.150504
http://dx.doi.org/10.1146/annurev.ecolsys.33.010802.150504
http://dx.doi.org/10.1139/f00-179
http://dx.doi.org/10.1038/468499a
http://www.ncbi.nlm.nih.gov/pubmed/21107404
http://dx.doi.org/10.1577/1548-8446-33.10.502
http://dx.doi.org/10.1577/1548-8446-33.10.502
http://dx.doi.org/10.1038/nature09060
http://www.ncbi.nlm.nih.gov/pubmed/20520713
http://dx.doi.org/10.1016/j.eiar.2010.08.001
http://dx.doi.org/10.1577/1548-8446(1996)021%3C0020%3ASOASAT%3E2.0.CO;2
http://dx.doi.org/10.1002/rrr.659


Strayer, D.L., and Dudgeon, D. 2010. Freshwater biodiversity conservation: re-
cent progress and future challenges. J. N. Am. Benthol. Soc. 29(1): 344–358.
doi:10.1899/08-171.1.

Therivel, R., and Ross, B. 2007. Cumulative effects assessment: Does scale mat-
ter? Environ. Impact Assess. Rev. 27(5): 365–385. doi:10.1016/j.eiar.2007.02.
001.

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., and Cushing, C.E.
1980. The river continuum concept. Can. J. Fish. Aquat. Sci. 37(1): 130–137.
doi:10.1139/f80-017.

Vörösmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A.,
Green, P., Glidden, S., Bunn, S.E., Sullivan, C.A., Liermann, C.R., and
Davies, P.M. 2010. Global threats to human water security and river biodiver-
sity. Nature, 467(7315): 555–561. doi:10.1038/nature09440. PMID:20882010.

Ward, J.V. 1989. The four-dimensional nature of lotic ecosystems. J. N. Am.
Benthol. Soc. 8(1): 2–8. doi:10.2307/1467397.

Welch, D.W., Melnychuk, M.C., Rechisky, E.R., Porter, A.D., Jacobs, M.C.,
Ladouceur, A., McKinley, R.S., and Jackson, G.D. 2009. Freshwater and marine
migration and survival of endangered Cultus Lake sockeye salmon
(Oncorhynchus nerka) smolts using POST, a large-scale acoustic telemetry array.
Can. J. Fish. Aquat. Sci. 66(5): 736–750. doi:10.1139/F09-032.

Wiens, J.A. 2002. Riverine landscapes: taking landscape ecology into the water.
Freshw. Biol. 47(4): 501–515. doi:10.1046/j.1365-2427.2002.00887.x.

Yaffee, S.L. 1999. Three faces of ecosystem management. Conserv. Biol. 13(4):
713–725. doi:10.1046/j.1523-1739.1999.98127.x.

Yeakel, J.D., Moore, J.W., Guimarães, P.R., and de Aguiar, M.A.M. 2014. Synchro-
nisation and stability in river metapopulation networks. Ecol. Lett. 17(3):
273–283. doi:10.1111/ele.12228. PMID:24304967.

Zedler, J.B. 2003. Wetlands at your service: reducing impacts of agriculture at
the watershed scale. Front. Ecol. Environ. 1: 65–72. doi:10.1890/1540-
9295(2003)001[0065:WAYSRI]2.0.CO;2.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Moore 11

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
03

/2
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1899/08-171.1
http://dx.doi.org/10.1016/j.eiar.2007.02.001
http://dx.doi.org/10.1016/j.eiar.2007.02.001
http://dx.doi.org/10.1139/f80-017
http://dx.doi.org/10.1038/nature09440
http://www.ncbi.nlm.nih.gov/pubmed/20882010
http://dx.doi.org/10.2307/1467397
http://dx.doi.org/10.1139/F09-032
http://dx.doi.org/10.1046/j.1365-2427.2002.00887.x
http://dx.doi.org/10.1046/j.1523-1739.1999.98127.x
http://dx.doi.org/10.1111/ele.12228
http://www.ncbi.nlm.nih.gov/pubmed/24304967
http://dx.doi.org/10.1890/1540-9295(2003)001%5B0065%3AWAYSRI%5D2.0.CO;2
http://dx.doi.org/10.1890/1540-9295(2003)001%5B0065%3AWAYSRI%5D2.0.CO;2

	Perspective
	Introduction
	Scales of connection in river networks

	Consequences of connectivity
	Upstream and downstream impacts of anthropogenic activities
	Rivers as Nature’s portfolios

	River network disassembly: simulations of fisheries and watershed alteration
	Model results

	Status of free-flowing rivers in Canada and the world
	Weakened watershed protection
	Implications for watershed management
	1. Align scales of connection and impact assessment
	Observation: Degradation of watersheds will spread up and down river networks
	Opportunity and challenge: Matching scales of assessments to scales of potential impacts in rive ...

	2. Conserve natural resilience of free-flowing rivers
	Observation: Free-flowing rivers provide a natural defense system against variability and enviro ...
	Opportunity and challenge: Managing for watershed resilience

	3. Watershed governance for social–ecological resilience
	Observation: Watersheds represent natural social–ecological units
	Opportunity and challenge: Watershed governance and conservation



	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /PageByPage
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Average
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


