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Habitat connectivity and fish stranding algorithm

Abstract

Riverine fish stranding is of significant concern due to its potentially devastating
impacts on fish populations already at risk. Because stranding is dependent on a
wide range of biotic and abiotic factors, it is difficult to accurately identify and
parameterize fish stranding risks for various river topographies, fish
species/lifestages, and flow ramping scenarios. This article presents a literature
review, new concepts, and a novel Python3 algorithm for post-processing two-
dimensional hydrodynamic numerical model results to identify spatially explicit
locations where fish stranding is likely, such as but not limited to downstream of
hydropeaking facilities. Compared to previous stranding algorithms, this one is
novel in its use of graph theory to find optimal fish escape routes and for its
embedding in the free, open-source river analysis software River Architect. Guided
by biological parameter selection‘and supplied with two-dimensional hydrodynamic
model rasters, River Architect’s Stranding Risk module is suitable for
characterization of existing pool stranding risks, alternative flow regime and
topographic design evaluation, and post-project assessment of rivers during flow

recessions.

Keywords: fish stranding, hydraulic connectivity, hydrodynamic modeling,

ecohydraulics, fish modeling, hydropeaking

Larrieu et al. (2020)
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1. Introduction

In river science, connectivity is a term used to characterize the ability of water,
sediment, nutrients, energy and biota to move freely throughout a river in both space
and time (Ward, 1989; Girill et al., 2019). Lateral, longitudinal, and vertical river«channel
connectivity plays a vital role in determining the ecologic success of river restoration,
habitat enhancement, and management efforts, yet the importance of lateral habitat
connectivity is often overlooked in the design of habitat enhancement projects (Casas-
Mulet et al. 2015). One reason for this oversight is an excessive focus on quantifying
metrics such as habitat abundance for a single species and lifestage without
considering how fish move between different locations within and between their
lifestages (Parasiewicz, 2007; Lancaster and Downes, 2010; Shenton et al., 2012).
However, if channel connectivity is not adequately addressed, fish can become
separated from the river mainstem due to a decrease in discharge; a phenomenon

referred to as stranding.

Stranding is a natural process as part of a river’s disturbance regime. It often leads
to fish mortality caused by dewatering, hypoxia, temperature stress, or predation, while
sublethal effects can range from temporary metabolic stress to chronic hypoxia
(Cushman, 1985; Sabo et al., 1999; Quinn and Buck, 2001; Flodmark et al., 2002;
Evans, 2007). Single stranding events have been observed to affect thousands of fish
(Higgins and Bradford, 1996). Stranded fish serve as an important resource input to the

terrestrial ecosystem (Quinn et al., 2009).

In addition to naturally caused stranding, artificially caused fish stranding is
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prevalent in regulated rivers, especially those influenced by hydropeaking operations
(Nagrodski et al., 2012). For rivers already degraded by cumulative anthropogenic
impacts, stranding mitigation can be financially costly to river managers and repeated
stranding events may have devastating effects on fish populations (Bauersfeld, 1978;
Saltveit et al., 2001; Sauterleute, et al., 2016). However, it is difficult to predict when,
where, and to what degree stranding risks may be present (Nagrodski et al., 2012;
Golder Associated Ltd., 2013; Harby and Noack, 2013). Stranding is_.not.only an
important aspect of river degradation, but also a potential side effect of river restoration
projects seeking improved environmental conditions. As noted by both field (Hunter,
1992; Auer et al., 2017) and model investigations (Tuhtan et al., 2012; Hauer et al.,
2014; Vanzo et al., 2016b), the presence of heterogeneous river morphology provides
habitat benefit in degraded rivers, but the same areas are also subject to increased
stranding risks during hydropeaking. Consequently, successful river restoration efforts
should consider these competing effects when introducing heterogeneous structures in

rivers.

This article reviews. the state of the science of fish stranding relevant for predictive
modeling and summarizes pre-existing ecohydraulic modeling of fish stranding risk
before presenting the theory and methods for a novel algorithm for fish stranding risk
assessment. This work offers new basic and applied science contributions to ecology
and ecohydraulics compared to pre-existing ones on several fronts, including the use of
graph theory to find optimal fish escape routes. Also, this algorithm has been made
highly accessible for widespread use through incorporation into the free, open-source

River Architect software (Schwindt et al., 2020; https://riverarchitect.github.io/). Detailed
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explanation of the literature and new method sufficient for reader understanding
precludes inclusion of an application and vetting; those elements are supplied in the

subsequent companion article (Larrieu and Pasternack, submitted).

2. Fish stranding science

While fish stranding occurs in both natural and regulated flow regimes and.in-natural
and structurally degraded rivers, the majority of available literature on‘the topic focuses
on anthropogenically impacted systems. Most studies investigating the effects of
environmental variables on stranding are concerned with the occurrence of stranding in
river reaches downstream of hydropeaking power plants (Nagrodski et al., 2012). In
such locations, hydropower operations induce rapid and high-magnitude flow
fluctuations to meet electricity demands. Hydropeaking practices in such rivers can
regularly induce changes of water surface elevation (WSE) at rates in excess of 1 m/hr
(Vanzo et al., 2016a; Hauer et al;; 2017)."As a result, significant fish stranding can occur
during rapid flow decreases."Even modest fluctuations can yield stranding risks

(Bauersfeld, 1978; Higgins and Bradford, 1996).

2.1. Stranding terminology

Stranding is often categorized in the scientific literature as interstitial stranding (also
called bar stranding or beaching) or pool stranding (also called off-channel stranding,
isolation, or trapping). Interstitial stranding entails fish becoming stuck in substrate
interstices (typically gravel) either on the surface or below the substrate’s surface layer.
Pool stranding entails a morphology in which a topographic saddle point separates a

wetted area from the river mainstem, trapping fish in a disconnected feature (Hunter,
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1992). Pool stranding has been predominantly understood and explored at the
morphological unit scale (e.g., scour pools, side channels, swales, and flood runners).
Both types have been investigated separately in various studies (e.g. Bradford et al.,
1995; Saltveit et al., 2001; Halleraker et al., 2003; Irvine et al. 2014), though distinctions

between the two are not always clearly made, especially in field experiments.

As topographic mapping and hydrodynamic modeling progress, submeter-to-meter
topographic depressions on an otherwise smooth side slope can be resolved and
identified as causing isolation preventing fish from returning to the mainstem. Thus,
technological progress yields a grey area between the two stranding types. For any
given study, if the technology used can resolve disconnecting areas at a finer scale,
then the resulting stranding is termed pool stranding because it is still the result of an
isolation on the bed surface, not a result of interstitial dynamics. Consequently, the term
“pool stranding” encompasses stranding resulting from disconnecting areas of any
resolvable size, not just pools-at the morphological unit scale. This study addresses
identification and assessment of pool stranding risks for isolating topographic
depressions at the resolution of the applied topographic data (typically at a meter-
scale), though factors relevant to both stranding types (e.g., ramping rate) are

considered.

2.2.Factors influencing fish stranding

In situ and flume studies have identified a broad range of physical factors that exert
significant impacts on fish behavior and stranding rates during flow reductions. Factors
relevant to fish stranding include topography, ramping rate (rate of water surface

elevation change), water temperature, time of day, and wetted history (length of time at
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130 sustained high discharge before flow reduction occurs). Based on studies of these

131 factors, guidelines have been proposed for management of flow releases from dams to
132 mitigate stranding (Halleraker et al., 2003). While some general considerations have
133 also been suggested for morphological designs that mitigate stranding, more work is

134 needed to determine and guide best practices (Harby and Noack, 2013).

135 2.2.1. Topography

136 Topography is a critical factor controlling the presence of stranding risks. Local
137  topographic depressions enable formation of pools that disconnect from the main

138 channel, a prerequisite for the occurrence of pool stranding. Hunter (1992) noted from
139 field observations that long side channels with intermittent flows are notorious for

140 trapping fish, killing some or all. Artificially constructed side channels can be

141  morphodynamically unstable, leadingto loss of side channel connectivity associated
142 with stranding risks (Riquier et al., 2017; van Denderen et al., 2019a,b). In situ

143  experiments by Irvine et al. (2014) also found that physically re-contouring topography
144  to remove pool-like depressions significantly lowered observed stranding rates. Flume
145  experiments with juvenile.salmonids observed that lateral bank slopes influence

146 interstitial stranding rates, with generally less stranding occurring on steeper banks

147  (Bradford et al., 1995).

148  2.2.2. Ramping rate

149 In many experiments, a positive trend exists between ramping rate and stranding
150 rate for both interstitial and pool stranding (Bradford et al., 1995; Bradford, 1997;

151  Halleraker et al., 2003). For example, flume experiments conducted by Bradford et al.

152  (199%5) investigated juvenile coho salmon and rainbow trout stranding on an artificial



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

Habitat connectivity and fish stranding algorithm Larrieu et al. (2020)

gravel bar. In these experiments, higher ramping rates were associated with more
stranding. Similar experiments indicated a significant positive relationship between
ramping rates and side channel trapping of Chinook and coho salmon juveniles
(Bradford, 1997). Halleraker et al. (2003) also found that ramping rate had a significant

effect on interstitial stranding of brown trout in cold water (6-7 °C).

However, the degree to which ramping rates drive stranding is dependent upon
several other physical factors such as water temperature and time ©of day, and in some
cases ramping rate has negligible effect on stranding. While Bradford et al. (1995)
identified a positive trend between ramping rates and stranding rates (for both interstitial
and pool stranding), time of day had a much more significant effect than ramping rate.
In addition, for relatively steep lateral slopes (~6%) there was less stranding observed
at a ramping rate of 60 cm/hr than at 6 and 30 cm/hr. This may be caused by a stronger
escape response elicited by a combination of fast ramping and dramatic lateral
differences in water depth. Bradford (1997) also noted a statistically insignificant effect
of ramping rate on interstitial stranding of Chinook salmon fry. Field experiments
investigating stranding for a broader variety of fish species by Irvine et al. (2014) found
that ramping rate did not influence overall stranding rates either. Substantial stranding
has been observed even at the lowest achievable ramping rates, especially pool
stranding (Higgins and Bradford, 1996; Bradford, 1997). Nonetheless, it has been
proposed as a general guideline that ramping slower than 10-15 cm/hr may mitigate
stranding of salmonids in circumstances where it has a significant effect (e.g. in cold

water or during the day for juvenile salmonids) (Halleraker et al., 2003, 2007).
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2.2.3. Water temperature

Water temperature plays a critical role in stranding. Both field and flume experiments
have shown that for a fixed topography, water temperature is the dominant factor
influencing stranding rates, especially for interstitial stranding of juvenile salmonids.
Temperatures below 10°C are associated with higher stranding rates (Bradford,;1997;
Saltveit et al., 2001; Halleraker et al., 2003). For example, Bradford (1997) found that
for newly emerged Chinook salmon in an artificial channel, interstitial stranding rates
were six times greater at a temperature of 6°C compared to 12°C. Halleraker et al.
(2003) also identified temperature as the most important factor explaining variation in
interstitial stranding of juvenile brown trout, with significantly more stranding occurring

for 6-7 °C water temperature compared to 10-12°C.

Increased stranding rates at low water temperatures have been linked to lower fish
activity, substrate-seeking behavior, and concealment exhibited by juvenile salmonids,
especially during daytime (Bradford et al., 1995; Saltveit et al., 2001; Halleraker et al.,
2003; Scruton et al., 2008). Concealment behavior leads to a higher degree of
interstitial stranding, potentially due to substrate isolating fish from cues to leave a

dewatering area.

2.2.4. Time of day

In addition to being less active in cold water, juvenile salmonids are also known to
be less active in daylight (Heggenes et al., 1993, Scruton et al., 2008). Bradford et al.
(1995) found time of day to be the most significant driver of juvenile salmonid stranding
and associated this effect with observed daytime concealment behavior. Moreover,

Saltveit et al. (2001) noted that among Atlantic salmon wild and hatchery fish stranded
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less and more at night, respectively. This observation emphasizes that significant
differences in behavioral responses to environmental conditions may be present
between wild and hatchery fish, driving differences in stranding rates. However, Irvine et

al. (2009) found no influence of time of day on pool stranding.

2.2.5. Other considerations

Observations of fish behavior in response to flow reductions and environmental
conditions provide valuable insight regarding the process of stranding. In net pen
experiments on Atlantic salmon, Saltveit et al. (2001) observed that.during flow
reductions fish would arrive late to the lower part of the enclosure just before it dried up.
Bradford et al. (1995) also observed that juvenile coho salmon and rainbow trout often
wait until their dorsal fin is dry before migrating to deeper water during a dewatering
event. Also, other studies have observed that fish concealed within substrate may wait
until their fins are no longer submerged before attempting to escape dewatering areas
(Bradford, 1997; Saltveit et al., 2001). In addition, Saltveit et al. (2001) noted that
snorkeling observations and unpublished laboratory experiments on brown trout by
Halleraker indicated that juveniles follow the water edge during flow fluctuations. This
behavior across a wide variety of salmonid species may partially explain their
susceptibility to stranding during rapid dewatering events, in large floodplain and side
channelfeatures, and in cold water temperatures or daylight conditions when substrate

seeking behavior occurs.

Juvenile salmonids have been observed to exhibit fidelity to habitat areas once
occupancy is established. In relation to stranding, multiple studies have shown that

stranding rates are higher the longer high flows are maintained prior to a flow reduction,

10
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suggesting that acquired fidelity to habitat areas leads to decreased movement during
flow reductions (Halleraker et al., 2003; Irvine et al., 2009; Irvine et al., 2014). Field
studies indicate that stranding rates increase with the acclimation time given to fish
upon entering an enclosure and prior to initiation of the flow reduction (Saltveit et al.,
2001). Site fidelity in salmonids may also be related to fish size and associated social
hierarchy, with more dominant fish exhibiting more fidelity to habitat sites while less

dominant fish move more readily during flow ramping (Scruton et al., 2008).

The size and age of juveniles largely determines their susceptibility to stranding as
well. Young, small juveniles are most prone to interstitial stranding. Risk is significantly
reduced once they exceed 50 mm in length (Hunter, 1992). Consequently, juveniles

larger than 50 mm are primarily at risk of pool stranding.

Most stranding studies address juvenile salmonids, though some have investigated
stranding of European grayling (Tuhtan-et al., 2012; Auer et al., 2017) and a variety of
species (Irvine et al., 2009; Irvine et al., 2014). The influence of physical factors on
stranding may vary significantly between species and life stages, so further research
into stranding of other species would facilitate deeper understanding. Moreover,
because the vast majority of stranding studies are concerned with regulated
hydropeaking (mountain) rivers, the significance of stranding under natural flow regimes
and in lowland rivers is less understood (Nagrodski et al., 2012). Future research into
the role that stranding plays in unregulated rivers and how stranding affects population

dynamics and ecosystems could lead to new insights regarding the phenomenon.

11
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2.3. Stranding consequences

Documented consequences of stranding for individual fish are numerous and wide-
ranging, from temporary stress response to mortality (Bauersfeld, 1978; Quinn and
Buck, 2001; Flodmark et al., 2002). In contrast, there have been no empirical studies
conducted investigating the long-term dynamics of fish populations in response to
repeated stranding events. However, existing evidence suggests that repeated
stranding induced by hydropeaking may lead to declines in fish populations, and single
stranding events can kill large numbers of fish (Bauersfeld, 1978; Higgins and Bradford,
1996). On a river in Washington State, Bauersfeld (1978) estimated that stranding
induced by a single flow reduction event resulted in the loss of 1.5% of the river’s native
fall-run Chinook salmon population, corresponding to a potential loss of 59% of the
native Chinook fry population in a single rearing season. Saltveit et al. (2001) noted that
several Norwegian rivers experienced-declines in juvenile Atlantic salmon density
following the initiation of hydropeaking practices. The most dramatic declines in fish
density were observed in the uppermost reaches (where ramping rates are typically
greatest and temperatures typically lowest), in conjunction with observations of
stranded fish following flow reductions. The decline of juvenile fish abundance in
regulated Norwegian rivers is primarily attributed to stranding induced by rapid flow
fluctuations (Saltveit et al., 2001; Ugedal et al., 2008). Sauterleute et al. (2016) applied
a population dynamics model to investigate population responses to repeated fish
stranding events, also suggesting that frequent and rapid flow fluctuations may lead to

significant reduction in fish populations.

3. Stranding risk assessment methods

12
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A variety of methods have been presented in the literature for quantifying stranding
risks with hydrodynamic models. Richmond and Perkins (2009) applied a one-
dimensional (1D) steady-state hydrodynamic model and interpolated output WSEs
across topography to map dewatered areas and pools that became disconnected. While
their method does not incorporate biotic factors or two-dimensional (2D) dynamics, its
relative simplicity enables efficient mapping for large domains where little data is
available. Another method simulates specific downramping scenarios with 2D unsteady
hydrodynamic models, yielding dewatered areas and ramping rates as functions of
space and time (Vanzo et al., 2016a; Juarez et al., 2019). Though-this method has
significantly greater data needs and computational cost, directly simulating unsteady
hydraulics readily quantifies ramping rates between downramping scenarios. A third
approach by Noack and Schneider (2009) used the habitat-modeling software CASIMIR
to produce a habitat suitability index (HSI) as'a function of depth, velocity, and substrate
with fuzzy sets (Noack et al., 2013). Fuzzy sets were also used to establish a Stranding
Risk Index (SRI) as a function of HSI, depth, and ramping rate for each timestep and
computational cell in the 2D model domain. SRI is greatest when the HSI is high, depth
is less than 0.2 m, timestep downramping rate is critically high (>0.2 m/hr), and/or the
area considered becomes hydraulically disconnected from the mainstem. Application of
this approach to two boulder-cobble reaches of a regulated alpine river with differing
morphologies (a steep, incised gorge and a wide, moderately sloped reach) found the
magnitude of stranding risk to be affected most by initial habitat suitability and channel
side slope, with steep banks posing lower risk than flatter, more heterogeneous

morphologies (Tuhtan et al., 2012). Hauer et al. (2014) applied similar methods,

13
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combining 2D unsteady models with HSI and grain size distributions to form a

conceptual stranding risk model.

These methods are meaningful, but more work is needed. Existing methods either
do not account for important biotic variables that can drive stranding risks, or require
significant computational cost and technical development, encumbering reproducibility
and quick application. While further improvements could be made to the methods
presented herein, this study aimed to address some of the existing shortcomings by
developing a general framework for stranding risk assessment that leverages steady-
state model data often already available to restoration practitioners for other aspects of

habitat design and assessment.

4, Novel method

The new method presented herein characterizes fish stranding risks for a given
topography, target species/lifestage, and flow ramping scenario (Figure 1). The
concepts are explained in‘this section, while the source code is provided on GitHub,
implemented as part of a comprehensive, free, open-source software for river design
and ecohydraulic analysis called River Architect. Like other ecohydraulic analysis

software, such as CASIMIR (http://www.casimir-software.de/ENG/index_eng.html) or

HABBY (https://qgithub.com/Yannlrstea/habby), River Architect automates post-
processing and analyses of 2D hydrodynamic model outputs, combining them with
hydrologic data, topographic data, and biological data to assess habitat abundance,

quality, and spatial pattern.

14
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310 Figure 1. Conceptual diagram of the new model.
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4.1. Steady-state 2D hydrodynamic modeling

The method applied herein assumes that a downramping scenario can be
approximated with a series of successively decreasing steady-state flows.
Consequently, we use series of steady-state 2D hydrodynamic model outputs to
approximate the hydraulic effects of a given flow reduction (limitations of this
approximation are discussed in the supplementary materials). It does not matter what
2D model is used, as long as the digital elevation model (DEM), WSE, depth, velocity
magnitude, and velocity angle outputs for each flow are available as georeferenced
raster data. Angle is clockwise degrees from north, spanning [-180, 180]. This method
does not preclude the use of unstructured model domains, though such model outputs
must be converted to raster data for post-processing.in River Architect. The method
could be extended to work directly on vector data-for unstructured domains due to the
generality of the graph theory-based approach, but the raster-based approach has been
implemented herein due to the simpler and more memory-efficient representation of

raster data.

In River Architect, a ramping scenario is defined by an initial and final steady-state
modeled discharge (Qni,n and Q,,,,, respectively) and a time period over which linear
downramping occurs (used to estimate ramping rates). To facilitate use of already
generated data, stranding risk assessment is then conducted using all steady-state
model outputs within this range (i.e., at discharges Q,,, @2, Q3 , ... Qnign Where Q,,, <
Qi < Qnign and Q; is hereafter termed an “intermediate discharge”). To ensure

disconnection events are characterized as accurately as possible, it is suggested that

the increments between modeled discharges correspond to relatively modest changes

16
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in stage. If stage changes are too large between subsequent modeled discharges, then
the stranding risk assessment may fail to identify shallower depressions. However,
stage changes smaller than the vertical resolution of the DEM are unlikely to identify
additional meaningful depressions. Therefore, it is suggested that stage changes
between subsequent discharges are on the order of 2-10 times the vertical resolution of
the DEM,; e.g. for a DEM with centimeter-scale vertical resolution, stage change

increments should no greater than ~10 cm for optimal precision.

4.2.Interpolating peripheral wetted features

The analysis begins by iteratively analyzing the series of steady-state 2D model
output rasters (depth, velocity magnitude, velocity angle) from Qp;4p, to Q,,,,. To identify
ponded areas left behind after a flow reduction, the WSE at each modeled discharge is
interpolated and extrapolated across the wetted area at Q,,;4,. River Architect enables
user selection among four methods: nearest neighbor, inverse distance weighting,
ordinary kriging, and empirical Bayesian kriging. After interpolating WSE across the
wetted area of Q;,, to make a new WSE raster for each @Q;, then a corresponding new
depth raster is made for each Q; by differencing DEM and interpolated WSE rasters.

Finally, updated velocity rasters are created that assign values of zero velocity in ponds.

4.3. ldentifying disconnected areas

A wetted area is considered disconnected from the mainstem of the river channel
during a flow reduction from Q4 to Qy,,, if it is not possible for fish of the
species/lifestage of interest to reach the main channel from that area at one or more

discharge(s) Q;. This definition is applied to each raster cell, so the resolution of

17
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disconnected areas is dependent upon the resolution of the hydrodynamic model and
underlying DEM. An area may be considered disconnected not only in the case of
physically separate wetted areas, but also if hydraulic barriers are present preventing
individuals from moving into the main channel. Depth barriers occur where water is too
shallow to swim through. Velocity barriers occur where current (considering both speed
and direction) is too strong to overcome. For the purpose of identifying disconnected
areas, the main channel is defined as the largest continuous wetted area deeper than
the minimum swimming depth (d,,;,) threshold at the final discharge Q;s,,- To define the
hydraulic barrier limitations on fish travel for a species of interest.in a specific lifestage,
threshold values for d,,,;;, and maximum swimming speed (v;) are user-defined inputs
into River Architect that can be found in the literature (Bell, 1991; Katopodis and

Gervais, 2016).

Depth and velocity thresholds parameterize the ability of the target fish to travel
throughout the river corridor. The following three criteria are assumed for the possibility

of travel from cell A to adjacent cell B:

1. Domain-criterion: both cells A and B are wetted.
2. Depth criterion: depth at cell B is > d ;.
3. Velocity criterion: the fish can overcome the current at cell A to reach cell B

traveling at vy (Figure 2).

Because the velocity criterion is applied to depth- and time-averaged values, it
overestimates barrier conditions. In deep enough water, fish could potentially find a

sufficiently low velocity path along the bed. Their passage may also be facilitated by
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turbulent bursts. The use of a single vy is also an approximation, because fish
swimming speeds can be distinguished as sustained or burst, and these can vary with
individual fish morphology, physiology, and abiotic factors such as water temperature.
Thus, careful selection and sensitivity testing of v, is recommended to ensure it

sufficiently approximates local abilities of target fish species and lifestage.

The ability for a fish to travel throughout a river corridor at a given'discharge can be
represented by a (planar) weighted directed graph (Figure 3). Wetted raster cells are
represented as graph nodes, and a directed edge from node A to node B indicates that
travel is possible from A to B. Edges are created for all pairs of adjacent raster cells
satisfying the travel criteria. Weights can then be assigned to each edge based on user-

defined factors. For example, this method uses distance between corresponding

Figure 2: lllustration of the velocity criterion for fish travel. From a cell center, the
surrounding area is divided into eight octants corresponding to the eight neighboring
raster cells. If it is possible to add the water velocity vector v, to a fish velocity vector
v, to yield a vector V falling within a given octant, then the velocity criterion is satisfied
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for travel to the corresponding adjacent cell. Octants are colored blue or red based on
whether the criteria is or is not satisfied, respectively. Further details of the computation
are provided in supplementary materials.

Depth Velocity Weighted Digraph
(dmin=6cm) (vr=06mis) For Fish Travel
v Ay & Apply depthivelocity
thresholds and calculate costs |A
v\
N/
RN b

¥ | w] |\
N hJ

Find least-cost paths
(Dijkstra's algorithm)

Figure 3: An example of the process to create a digraph representation of possible fish
travel. Edges without arrows indicate possible travel in both directions. Gold nodes
indicate cells in the main channel. The shortest path from cell A back to the mainstem is
shown in blue.

raster cell centers for edge weighting. Another option given appropriate data could be

estimated metabolic cost of traveling from A to B, but this is not implemented.

Graph representation of river navigability enables characterization of fish movement
options via path-finding algorithms (McElroy et al., 2012; Etherington, 2016). Dijkstra’s
algorithm is a computationally efficient method for finding the shortest (or least-cost)
path between any two nodes of a positively weighted directed graph (Dijkstra, 1959). In
the context of this stranding risk assessment, Dijkstra’s algorithm was used to
determine whether a fish can move from any initial wetted cell to the main channel.
Dijkstra’s algorithm is applied by defining a starting "root" node, then iteratively
spanning the rest of the graph from the root node. The algorithm yields a shortest-path

tree, which identifies the shortest paths from the root node to all other reachable nodes.
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After the original directed graph (digraph) is produced, edge contraction is
performed to merge all nodes in the main channel, resulting in a single node
representative of the main channel. The goal of this path-finding application is to find
paths from many possible starting nodes (starting locations of a fish escaping stranding
areas) to a single main-channel node. However, Dijkstra’s algorithm works in a
converse fashion, finding paths from a single starting node to many possible target
nodes. Therefore, the novel algorithm first transposes the graph by reversing the
directions of its edges, such that Dijkstra’s algorithm can then be.applied to the main-
channel node. By transposing the graph, the main-channel node.can be treated as the
root node for application of Dijkstra’s algorithm, thus finding the shortest path to each
possible start node without the need for multiple-applications of the algorithm. This
yields the shortest path from any possible start node back into the main channel and is
one of the core routines that makes the novel algorithm highly efficient. Nodes for which
no path exists back into the main channel are then considered to be disconnected at the

corresponding discharge.

4.4.Disconnecting discharge and frequency

After iteratively calculating and mapping the disconnected area at each Q; between
Qrign.and @y, €ach raster cell is queried to determine the highest Q; at which it is
disconnected (Q; max, OF Quisconnect)s Yielding @ Qaisconnect raster. The discharge
precision of this raster hinges on how many and which Q; are modeled. Next, given the
river’s daily hydrologic record, the expected annual frequency of disconnection (f;) is
computed for each cell by calculating the average number of times per year that flows

drop below the Qg;sconnect Value. This analysis may be subset to a seasonal window to
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align with ecological timing, so disconnection events are only counted for periods
relevant to the target species/lifestage. In summary, for the specified downramping
scenario the algorithm produces disconnection presence/absence rasters for each Q; as
well as a disconnecting discharge (Qgisconnect) faster and disconnection frequency (f;)

raster.

4.5. Habitat suitability adjustment

Disconnection discharge and frequency rasters are helpful in identifying areas with
potential stranding risks, but actual stranding also necessitates fish-presence. While
large areas may disconnect frequently, associated stranding. may not have a substantial
impact if habitat quality in disconnected areas is poor and has little to no fish presence.
Conversely, areas of high habitat quality with high fish density may pose greater
stranding risks, even if they are relatively small or rarely disconnect. Habitat suitability
modeling commonly implemented in riverine ecosystems (Pasternack, 2019b) serves as
a readily available proxy forfish presence likelihood and abundance in an area

preceding a disconnection event.

Habitat suitability criteria (HSCs) are functions commonly coupled with 2D
hydrodynamic model outputs and other data (e.g., substrate size, and cover) in
ecohydraulic analysis to create rasters indicating relative quality of each cell for the
ecological function the HSC addresses (Pasternack, 2019a). River Architect uses
univariate HSCs to produce univariate habitat suitability index (HSI) rasters with values
ranging from zero to one for each Q;. It then combines all the univariate HSI rasters into
a single combined HSI (cHSI) raster for each Q; using either a geometric mean or

product calculation (Schwindt et al., 2020) at the user’s discretion.
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To further assess fish stranding, the algorithm next weights disconnected area by
cHSI at Qy;4n to produce a "disconnected habitat” raster. The habitat at Q,;,, is used
because it is assumed to be the physical condition fish have acclimated to in the period
prior to ramping. This raster then quantifies the suitability of habitat area (prior to the
flow reduction) that becomes disconnected by the flow reduction and serves as'a
reasonable proxy for spatially explicit fish abundance (and thus stranding risk) in

disconnected areas.

In addition to spatially explicit maps of disconnected habitat, a summary metric
herein referred to as disconnected habitat area (DHA) was created to indicate the total
amount of high-quality fish habitat disconnected by flow reduction (Figure 4). This
metric is calculated for each downramping scenario by considering areas to be high-

quality habitat if cHSI > 0.75 prior to'the flow reduction. In other words:
DHA =Y,;H(cHSI;, — 0.75) - A; (1)

where the index i denotes a disconnected raster cell, /is the Heaviside step function,

cHSI; is the combined habitat suitability index at the cell, and 4; is the area of the cell.

Disconnected area Disconnected habitat DHA

HSl(depth, velocit
m cHSl(depth, veloaity, 04 | 05 |Null| 0.6 | 3 (areawith cHsI>0.75)

substrate, cover)

m 0.5 | Null | Null | 0.7
m > EE) | 4farea units]

Figure 4: lllustration of the procedure to calculate disconnected habitat and DHA from
disconnected area.
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4.6.Ramping rates

Assuming that ramping occurs linearly (or in small steps that approximate linearity
over the full duration of ramping) over a user-specified time interval, the ramping rate %

can be approximated by differencing of depth rasters:

dh _ AhdQ — (dhigh_ddisconnect) aQ (2)
dt AQ dt (thgh_Qdisconnect) at

For each raster cell in a disconnected area, A4 and AQ are computed using the

depth and discharge values at the initial discharge Qy;sn and Qgisconnect- 1he rate of
change of discharge % is constant due to the assumption of linear downramping. The

result is the average ramping rate raster from the.beginning of the downramping until

disconnection on a per-cell basis.

4.7.Limitations

Due to the approximation of unsteady flow downramping and resulting hysteresis
effects (i.e., water depth is higher'in the falling limb of a hydrograph), this method is
expected to overestimate the average ramping rate. Thus, in locations where ramping
rates are expected to be the dominant driver of stranding risks, unsteady modeling may
be necessary to accurately characterize the impact of ramping rate on stranding risks.
Further considerations of the limitations of this approach are described in the
supplementary materials. Other factors observed to partially influence fish stranding that
are not accounted for by the applied method include water temperature and time of day.
Because water temperature is partially independent of hydraulics, more data collection

would be required to know what water temperatures are present during a downramping
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499 scenario of interest.

500 For active monitoring of stranding risks, this method could be used in conjunction
501  with water temperature measurements and/or physical models to determine precisely
502 when water temperatures are low enough to contribute to stranding risks. While.it is
503 assumed that fish have had sufficient time to acclimate to the hydraulic conditions of
504 Qpign prior to downramping, the exact duration of this wetted history is not explicitly
505 considered by this method. As a result, effective active management should exercise
506 more caution when downramping after long periods of high flows; when juveniles may
507 exhibit more fidelity to habitat areas (Saltveit et al., 2001; Halleraker et al., 2003; Irvine
508 etal., 2009; Irvine et al., 2014). Because River Architect is freely available and open-
509 source, existing code can be modified to incorporate these considerations and expand

510 the suite of freely available tools for river design, analysis and management.

511 5. Conclusions

512 The phenomenon of fish stranding is complex and not yet understood in terms of the
513 intertwining of biological and physical dynamics. In the absence of certain science,

514  certain prediction is impossible. However, humanity continues to tinker with rivers in
515 ways that often increase stranding risk. Other management needs may outweigh

516  stranding concerns, but at least decision-makers should have information to guide their
517  evaluations. While some methods already exist, this study offers a novel and highly

518 efficient algorithm to facilitate identification of disconnected areas in a regulated river
519 and quantify relevant parameters determining the severity of potential pool stranding

520 events. When used along with the other components of the River Architect software
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suite, a thorough consideration of geomorphic sustainability, physical habitat, fish
stranding risk, and project financial cost may be possible in early design stages of river
projects in support of design revision to achieve a better ecological outcome. The
software is also useful as a hypothesis generation tool to facilitate and focus

observational campaigns.
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This publication presents a literature review and algorithm development, so there is
no new observational data. Conforming to open-source standards, the algorithm is

available to the public at https://riverarchitect.github.io/.

Acknowledgments

This work was funded by Yuba Water Agency (Marysville, California, USA; Awards
#201016094 and #19-000611). Authors made presentations to sponsor representatives
about research progress, but representatives did not direct or contribute to the new
method. This project was also supported by the USDA National Institute of Food and
Agriculture, Hatch project number CA-D-LAW-7034-H. We thank Mark Grismer,
Alexander Forrest, Geoff Rabone, Paul Bratovich, Morgan Neil, Dianne Simodynes,

Duane Massa, and Loren Stearman for discussions and manuscript draft reviews.

References

Auer, S., Zeiringer, B., Fuhrer, S.; Tonolla, D., & Schmutz, S. (2017). Effects of river
bank heterogeneity and time of day on drift and stranding of juvenile European
grayling (Thymallus thymallus L.) caused by hydropeaking. Science of the Total
Environment, 575, 1515-1521. https://doi.org/10.1016/j.scitotenv.2016.10.029

Bauersfeld, K. (1978). Stranding of Juvenile Salmon by Flow Reductions at Mayfield
Dam on the Cowlitz River, 1976. Technical Report 36, Washington Department of
Fisheries.

Bell, M. C. (1991). Fisheries Handbook of Engineering Requirements and Biological
Criteria (3 ed.). Portland, Oregon. Retrieved from
https://www.fs.fed.us/biology/nsaec/fishxing/fplibrary/Bell_1991_Fisheries_handbook
_of_engineering_requirements_and.pdf

Bradford, M. J. (1997). An experimental study of stranding of juvenile salmonids on
gravel bars and in sidechannels during rapid flow decreases. Regulated Rivers:
Research and Management, 13, 395-401. doi:10.1002/(SICI)1099-

27



567

568
569
570
571

572
573
574

575
576
577

578
579

580
581
582

583
584
585

586
587
588
589

590
591
592

593
594

595
596
597
598

Habitat connectivity and fish stranding algorithm Larrieu et al. (2020)

1646(199709/10)13:5<395::AID-RRR464>3.0.CO;2-L

Bradford, M. J., Taylor, G. C., Allan, J. A., & Higgins, P. S. (1995). An Experimental
Study of the Stranding of Juvenile Coho Salmon and Rainbow Trout during Rapid
Flow Decreases under Winter Conditions. North American Journal of Fisheries
Management, 15, 473-479. doi:10.1577/1548-8675(1995)015<0473:aesots>2.3.co;2

Casas-Mulet, Roser, Alfredsen, Knut, Hamududu, Byman, and Timalsina, Netra Prasad
(2015), The effects of hydropeaking on hyporheic interactions based on field
experiments, Hydrological Processes, 29, 13701384. DOI: 10.1002/hyp.10264-

Cushman, R. M. (1985). Review of ecological effects of rapidly varying flows
downstream from hydroelectric facilities. North American Journal of Fisheries
Management, 5(3A), 330-339.

Dijkstra, E. (1959). A note on two problems in connexion with graphs. Numerische
Mathematik, 1(1), 269-271.

Etherington, T. (2016). Least-Cost Modelling and Landscape Ecology: Concepts,
Applications, and Opportunities. Curr Landscape Ecol Rep, 1, 40-53.
doi:10.1007/s40823-016-0006-9

Evans, D. (2007). Effects of hypoxia on scope for activity and power capacity lake trout
(Salvelinus namaycush). Canadian Journal of Fisheries and Aquatic Sciences, 64,
345-361.

Flodmark, L. E., Urke, H. A., Halleraker, J. H., Arnekleiv, J. V., Vgllestad, L. A., & Poléo,
A. B. (2002). Cortisol and glucose responses in juvenile brown trout subjected to a
fluctuating flow regime in-an artificial stream. Journal of Fish Biology, 60(1), 238-
248. doi:10.1006/jfbi.2001.1845

Golder Associates Ltd. (2013). Adaptive stranding protocol for managing fish impacts in
the lower Duncan river associated with flow reductions at Duncan dam. Castlegar:
BC Hydro.

Grill, G., Lehner, B., Thieme, M. et al. (2019). Mapping the world’s free-flowing rivers.
Nature, 569, 215-221. doi:10.1038/s41586-019-1111-9

Halleraker, J. H., Saltveit, S. J., Harby, A., Arnekleiv, J. V., Fjeldstad, H. P., & Kohler, B.
(2003). Factors influencing stranding of wild juvenile brown trout (Salmo trutta)
during rapid and frequent flow decreases in an artificial stream. River Research and
Applications, 19, 589-603. doi:10.1002/rra.752

28



Habitat connectivity and fish stranding algorithm Larrieu et al. (2020)

599 Halleraker, J. H., Sundt, H., Alfredsen, K. T., & Dangelmaier, G. (2007). Application of

600 Multiscale Environmental Flow Methodologies As Tools for Optimized Management
601 of a Norwegian Regulated National Salmon Watercourse. River Research and

602 Applications, 23, 493-510. do0i:10.1002/rra.1000

603 Harby, A., & Noack, M. (2013). Rapid Flow Fluctuations and Impacts on Fish and the
604 Aquatic Ecosystem. In |. Maddock, A. Harby, P. Kemp, & P. Wood (Eds.),

605 Ecohydraulics: an integrated approach (pp. 323—-335). Chichester, UK: John Wiley &
606 Sons, Ltd. doi:10.1002/9781118526576.ch19

607 Hauer, C., Holzapfel, P., Leitner, P., & Graf, W. (2017). Longitudinal assessment of
608 hydropeaking impacts on various scales for an improved process.understanding and
609 the design of mitigation measures. Science of the Total Environment, 575, 1503-
610 1514. doi:10.1016/j.scitotenv.2016.10.031

611  Hauer, C., Unfer, G., Holzapfel, P., Haimann, M., & Habersack, H. (2014). Impact of
612 channel bar form and grain size variability on estimated stranding risk of juvenile
613 brown trout during hydropeaking. Earth Surface Processes and Landforms, 39,
614 1622-1641. doi:10.1002/esp.3552

615 Heggenes, J., Krog, O. M., Lindas, O. R., Dokk, J..G., & Bremnes, T. (1993).

616 Homeostatic behavioural responses in a changing environment : brown trout (

617 Salmo trutta ) become nocturnal during winter. Journal of Animal Ecology, 62, 295-
618 308.

619 Higgins, P. S., & Bradford, M. J. (1996). Evaluation of a Large-Scale Fish Salvage to
620 Reduce the Impacts of Controlled Flow Reduction in a Regulated River. North

621 American Journal of Fisheries Management, 16, 666-673. doi:10.1577/1548-

622 8675(1996)016<0666:e0alsf>2.3.co;2

623  Hunter, M. A. (1992). Hydropower flow fluctuations and salmonids: A review of the

624 biological effects, mechanical causes, and options for mitigation. Technical Report
625 No. 119, Department of Fisheries, State of Washington.

626 Irvine, R. L., Oussoren, T., Baxter, J. S., & Schmidt, D. C. (2009). The Effects of Flow
627 Reduction Rates on Fish Stranding in British Columbia, Canada. River Research
628 and Applications, 25, 405-415. doi:10.1002/rra.1172

629 Irvine, R. L., Thorley, J. L., Westcott, R., Schmidt, D., & Derosa, D. (2014). Why Do Fish
630 Strand? An Analysis of Ten Years of Flow Reduction Monitoring Data From the

631 Columbia and Kootenay Rivers, Canada. River Research and Applications, 31,

632 1242-1250. doi:10.1002/rra

29



633
634
635
636

637
638

639
640
641

642
643

644
645
646

647
648
649

650
651
652

653
654

655
656
657

658
659
660

661
662
663
664

Habitat connectivity and fish stranding algorithm Larrieu et al. (2020)

Juarez, A., Adeva-Bustos, A., Alfredsen, K., & Dgnnum, B. O. (2019). Performance of a
two-dimensional hydraulic model for the evaluation of stranding areas and
characterization of rapid fluctuations in hydropeaking rivers. Water (Switzerland), 11.
doi:10.3390/w11020201

Katopodis, C., & Gervais, R. (2016). Fish swimming performance database and
analyses. DFO Can. Sci. Advis. Sec. Res. Doc. 2016/002.

Lancaster, J., & Downes, B. J. (2010). Linking the hydraulic world of individual
organisms to ecological processes: putting ecology into ecohydraulics. River
Research and Applications, 26, 385-403. doi:10.1002/rra.1274

McElroy, B., DeLonay, A., & Jacobson, R. (2012). Optimum swimming pathways of fish
spawning migrations in rivers. Ecology, 93, 29-34. doi:10.1890/11-1082.1

Nagrodski, A., Raby, G. D., Hasler, C. T., Taylor, M. K., & Cooke;S. J. (2012). Fish
stranding in freshwater systems: Sources, consequences, and mitigation. Journal of
Environmental Management, 103, 133-141. doi:10.1016/j.jenvman.2012.03.007

Noack, M., & Schneider, M. (2009). Impacts of Hydropeaking on Juvenile Fish Habitats:
a Qualitative and Quantitative Evaluation Using the Habitat Model CASiIMiR. 7th
International Symposium on Ecohydraulics.

Noack, M., Schneider, M., & Wieprecht, S. (2013). The habitat modelling system
CASIMIR: A multivariate fuzzy approach and its applications. In Ecohydraulics: An
integrated approach (pp. 75-92). doi:10.1002/9781118526576.ch4

Parasiewicz, P. (2007). The MesoHABSIM model revisited. River Research and
Applications, 23, 893-903: doi: 10.1002/rra.1045

Pasternack, G. (2019a)."Natural Fluvial Ecohydraulics. Oxford Bibliographies in
Environmental Science. (E. Wohl, Ed.) New York: Oxford University Press.
doi:10.1093/0B0O/9780199363445-0111

Pasternack, G. (2019b). Applied Fluvial Ecohydraulics. Oxford Bibliographies in
Environmental Science. (E. Wohl, Ed.) New York: Oxford University Press.
doi:10.1093/0B0O/9780199363445-0124

Quinn, T. P., & Buck, G. B. (2001). Size- and Sex-Selective Mortality of Adult Sockeye
Salmon: Bears, Gulls, and Fish Out of Water. Transactions of the American
Fisheries Society, 130, 995-1005. doi:10.1577/1548-
8659(2001)130<0995:sassmo>2.0.co;2

30



665
666
667

668
669
670

671
672
673
674

675
676
677

678
679
680
681

682
683
684
685

686
687

688
689
690
691

692
693
694

695
696
697

Habitat connectivity and fish stranding algorithm Larrieu et al. (2020)

Quinn, T., Carlson, S., Gende, S., & Rich, J. H. (2009). Transportation of Pacific salon
carcasses from streams to riparian forests by bears. Canadian Journal of Zoology,
87(3), 195-203.

Richmond, M. C., & Perkins, W. A. (2009). Efficient calculation of dewatered and
entrapped areas using hydrodynamic modeling and GIS. Environmental Modelling
and Software, 24, 1447-1456. doi:10.1016/j.envsoft.2009.06.001

Riquier, J., Piégay, H., Lamouroux, N., & Vaudor, L. (2017). Are restored side channels
sustainable aquatic habitat features? Predicting the potential persistence of side
channels as aquatic habitats based on their fine sedimentation dynamics.
Geomorphology, 295, 507-528. doi:10.1016/j.geomorph.2017.08.001

Sabo, M., Bryan, C., Kelso, W., & Rutherford, D. (1999). Hydrology and aquatic habitat
characteristics of a riverine swamp: Il hydrology and the occurrence of chronic
hypoxia. Regulated Rivers: Research & Management, 15, 525-542.

Saltveit, S. J., Halleraker, J. H., Arnekleiv, J. V., & Harby, A. (2001). Field experiments
on stranding in juvenile atlantic salmon (Salmo salar) and brown trout (Salmo trutta)
during rapid flow decreases caused by hydropeaking. Regulated Rivers: Research &
Management, 17, 609-622. doi:10.1002/rrr.652.abs

Sauterleute, J. F., Hedger, R. D., Hauer, C., Pulg, U., Skoglund, H., Sundt-Hansen, L.
E., ... Ugedal, O. (2016). Modelling the effects of stranding on the Atlantic salmon
population in the Dale River,/Norway. Science of the Total Environment, 573, 574-
584. doi:10.1016/j.scitotenv.2016.08.080

Schwindt, S., Larrieu, K G., Pasternack, G., & Rabone, G. (2020). River Architect.
SoftwareX. doi:10.1016/j.softx.2020.100438

Scruton, D. A., Pennell, C., Ollerhead, L. M., Alfredsen, K., Stickler, M., Harby, A, . ..
LeDrew, L J.(2008). A synopsis of 'hydropeaking' studies on the response of
juvenile Atlantic salmon to experimental flow alteration. Hydrobiologia, 609, 263-275.
doi:10.1007/s10750-008-9409-x

Shenton, W., Bond, N. R., Yen, J. D., & Mac Nally, R. (2012). Putting the “Ecology” into
environmental flows: ecological dynamics and demographic modelling.
Environmental Management, 50, 1-10. doi:10.1007/s00267-012-9864-z

Tuhtan, J. A., Noack, M., & Wieprecht, S. (2012). Estimating Stranding Risk due to
Hydropeaking for Juvenile European Grayling Considering River Morphology. KSCE
Journal of Civil Engineering, 16(2), 197-206. doi:10.1007/s12205-012-0002-5

31



Habitat connectivity and fish stranding algorithm Larrieu et al. (2020)

698 Ugedal, O., Neesje, T. F., Thorstad, E. B., Forseth, T., Saksgard, L. M., & Heggberget,

699 T. G. (2008). Twenty years of hydropower regulation in the River Alta: Long-term
700 changes in abundance of juvenile and adult Atlantic salmon. Hydrobiologia, 609, 9-
701 23. doi:10.1007/s10750-008-9404-2

702 van Denderen, R. P., Schielen, R. M., Straatsma, M. W., Kleinhans, M. G., & Hulscher,
703 S. J. (2019a). A characterization of side channel development. River Research and
704 Applications, 35(9), 1597-1603. doi:10.1002/rra.3462

705 van Denderen, R. P., Schielen, R. M., Westerhof, S. G., Quartel, S., & Hulscher, S:' J.
706 (2019b). Explaining artificial side channel dynamics using data analysis.and model
707 calculations. Geomorphology, 327, 93-110. doi:10.1016/j.geomorph.2018.10.016
708 Vanzo, D., Tancon, M., Zolezzi, G., Alfredsen, K., & Siviglia, A..(2016a). Modeling

709 Approach for the Quantification of Fish Stranding Risk: the Case of Lundesokna
710 River (Norway). 11th International Symposium on Ecohydraulics, 1-9.

711 Vanzo, D., Zolezzi, G., & Siviglia, A. (2016b). Eco-hydraulic modelling of the
712 interactions between hydropeaking and river morphology. Ecohydrology, 9(3), 421—
713 437. https://doi.org/10.1002/eco0.1647

714 Ward, J. (1989). The Four-Dimensional Nature of Lotic Ecosystems. Journal of the
715 North American Benthological Society, 8(1), 2-8. doi:10.2307/1467397

32





