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Navigating obstacles is innate to fish in rivers, but fragmentation
of the world’s rivers by more than 50,000 large dams threatens
many of the fish migrations these waterways support. One limi-
tation to mitigating the impacts of dams on fish is that we have
a poor understanding of why some fish enter routes engineered
for their safe travel around the dam but others pass through more
dangerous routes. To understand fish movement through hydro-
power dam environments, we combine a computational fluid dy-
namics model of the flow field at a dam and a behavioral model in
which simulated fish adjust swim orientation and speed to mod-
ulate their experience to water acceleration and pressure (depth).
We fit the model to data on the passage of juvenile Pacific salmo-
nids (Oncorhynchus spp.) at seven dams in the Columbia/Snake
River system. Our findings from reproducing observed fish move-
ment and passage patterns across 47 flow field conditions sampled
over 14 y emphasize the role of experience and perception in the
decision making of animals that can inform opportunities and lim-
itations in living resources management and engineering design.

fish movement behavior | hydraulic pattern | individual-based model |
fish passage | ecohydraulics

Understanding how the design and management of civil in-
frastructure modifies the outcome of naturally evolved

behavior in animals is critical for sustainably using limited envi-
ronmental resources to spur economic development and maintain
native species. The issue is particularly relevant for rivers, which
make up only 0.0002% of water on Earth (1) but support more
than 40% of the world’s human population (2, 3). River regula-
tion to meet society’s needs has accelerated in the past two
centuries (4), leaving over half of the world’s major rivers now
fragmented by >50,000 large dams providing water, energy, flood
control, and transportation (3, 5, 6). The demand for large hydro-
power continues, spurred by the need for economic development
while limiting carbon use (7). However, dams impede the dis-
persal and migration of fish, a problem that, along with other
factors, has contributed to the loss of populations and entire
species (5). These losses have cultural, economic, and geopolitical
repercussions (3, 8), because more than 40% of the world’s
human population lives in internationally shared river basins (9)
and declines in fish populations jeopardize the food security of
hundreds of millions worldwide (10–12).
In North America, the tension between economic development

and living resource conservation is evident in the Columbia River
basin. Flowing from Canada to the United States, the river once
supported one of the world’s largest salmon runs, with annual returns
of 10–16 million fish (13) sustaining tribal nations and ecosystems
far from the ocean (14). However, years of overharvesting,
land-use changes, ocean conditions, and dams have contributed
to a decline in the annual return of salmon (15). To reverse the
decline, millions of dollars are spent each year seeking a durable
hydroelectric strategy to improve annual returns (1–2 million
fish). A major emphasis in restoration is ensuring that millions

of downstream migrating juvenile salmon reach the ocean where
they grow before returning to the river as adults.
Hydropower dams on the river provide three general routes of

passage for downstream migrating fish: powerhouse turbines, a
spillway, and often a bypass specifically designed for fish. These
routes differ in their mortality effects on fish, so an understanding
of how fish behavior determines route selection is important for
mitigating the impacts of dams on the populations. However,
route selection behavior is poorly understood. Not only has it been
difficult to explain route passage patterns at one dam, but it has
been even more difficult to explain why the pattern may be dif-
ferent at another dam with similar routes.

Assumptions
Monitoring all environmental and internal factors (16–19) that
could contribute to fish movement in a large open system is not
possible, so the following assumptions underlie our analysis. First,
although fish migration between habitats involves many factors
(e.g., physiological, life cycle, feeding), over the temporal and
spatial scales it takes a fish to transit a dam environment, we
assume movement is hydraulically mediated.
Our second assumption stems from the need to describe a

fish’s perception of hydraulics, which is difficult in open flowing
environments because our understanding is still limited (20).
One challenge is selecting a stimulus variable, because “hydraulics”
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manifests itself in many ways that have been implicated in fish
behavior, including sound (16) and turbulence (21). Our approach
is based on the simple notion that animals sensitive to gravity are
generally also sensitive to other acceleratory and inertial stimuli
(22). Decades of work have identified fish sensitivity to relative
water velocity and acceleration fields over short ranges, as well as
inertial stimuli (17, 21–36). To explore how water acceleration may
shape fish movement and identify why fish avoid some flow field
regions, we need descriptions of water velocity and acceleration
throughout the environment. In this study, we develop Reynolds
averaged Navier–Stokes computational fluid dynamics (CFD)
models using hydraulic field data to describe water velocity and
acceleration throughout these environments, averaged over time
periods corresponding to available fish passage observations
(SI Appendix, Materials and Methods, Representing the Hydraulic
Environment and Tables S1 and S2). Although a fish can detect
hydraulic signals at subbody length scales, which are far smaller
than can be resolved in our hydraulic models (CFD resolution
is <1 m in some locations), we assume our modeled hydraulics
characterizes flow field changes important to a fish, because as
the fish moves, it experiences an acceleration/deceleration where
water velocity increases/decreases (i.e., where there is spatial,
convective acceleration of water). Thus, we infer this experience
provides the fish with a sense of larger, steady 3D water accel-
erations/decelerations analogous to flow field heterogeneity re-
solved in our CFD models.
Our third assumption stems from the observation that animals

evaluate the world in relative terms (37) and may change their
response to a stimulus with repeated exposure (38). At a dam,
individual fish may reject a route several times before entering,
and some fish never return to a route after the first encounter.
Fish movement between the first encounter and eventual passage
is important because it can modify the spatial distribution of the
population among multiple routes. The sensory, physiological,
and cognitive processes for why fish change their response may
be complex. With water acceleration as our stimulus, we describe
changing response over time using an analogy to Weber’s just-
noticeable difference (39) that allows perception of a fixed stimulus
to change with experience (SI Appendix, Materials and Methods,
Perceived Change in Flow Field Experience). In our model, the
fish acclimatizes, or habituates, to acceleration it is exposed to,
and we relate the acceleration that the simulated fish experi-
ences each instant in time t to its level of acclimatization. With
these assumptions, we introduce a behavioral strategy with
defined responses that a fish might use to navigate flow field
obstacles and, by extension, engineered structures.

Fish Movement Hypothesis
We introduce our downstream movement hypothesis by assuming
that a river’s bathymetry and embedded objects impose predictable
patterns in the flow field (40, 41) that guide fish navigation. To il-
lustrate, consider the passage of a fish in a channel with an embedded
cube (Fig. 1), where we characterize the flow field in terms of average
water velocity and spatial acceleration and the fish response to the
field in terms of three mutually exclusive behavior states, B{j}, j =
1,2,3, each with a unique swimming orientation to the field (Fig. 1).
The fish enters the channel with a biased correlated random walk
(BCRW) in the direction of downstream flow, behavior state B{1}.
Approaching the cube, the fish experiences water accelerations and
decelerations that differ from its recent past, E1ðtÞ. Water acceler-
ation and deceleration result in an exchange of force (Mass × Ac-
celeration) between the fish and surrounding water, akin to the force
an accelerating car imposes on its driver and the reverse when de-
celerating. Acceleration/deceleration can trigger one of two different
response behaviors, B{2,3}, that modulate E1ðtÞ through different
mechanisms (Fig. 1). Behavior B{2} orients swimming in the di-
rection leading to faster water, irrespective of the flow direction. This
attraction to velocity may reduce inertial stimuli associated with

pulsations in flow (28) from eddies and turbulence [turbulent kinetic
energy (TKE); Fig. 1] near obstacles and the water’s edge. Following
the car analogy, the behavior is akin to steering the car into a faster
traffic lane with fewer accelerations/decelerations (hereafter accel-
eration), and therefore reduces exchanges of force. Behavior B{2}
facilitates downstream migration through hydraulically mediated
obstacle avoidance. Behavior B{2} also limits exposure to turbulence
(TKE; Fig. 1), which can reduce swimming efficiency (42) and
predator detection. With behavior B{3}, the fish temporarily aban-
dons downstream migration and swims upstream. When the rela-
tive change in acceleration, E1ðtÞ, exceeds a threshold intensity,
kBfjg, j = 2,3, the utility of the related response, B{2,3}, increases;
otherwise, it decreases (SI Appendix, Materials and Methods,
Behavior State Transitions and Fig. S1). The utilities of B{2,3}
fluctuate as the fish transits the flow field, but the utility of
downstream movement, B{1}, remains constant. In an increment
of time, the behavior with the highest utility is active.
Salmon and steelhead possess a swim bladder sensitive to

pressure (17), so we separately encode a vertical orientation
using change in depth as a simple measure of change in pressure

Fig. 1. Illustration of fish behavior responses B{1,2,3} to hydraulic pattern.
(A) Direction of oriented swimming for each behavior (dashed black arrows)
using two water flow velocity vectors (solid black arrows), where the longer
vector represents faster water. Mean orientations of B{1,3} are with and
opposite to the water flow direction, respectively, but B{2} orientation
points toward faster flow, which is often in a direction different from water
flow (streamline). Fish swimming is added to water movement (passive
transport). (B) In heterogeneous flow, such as around a cube, distinguishing
the contributions of fish swimming and passive transport is not straight-
forward. (C) For example, white-to-blue arrows illustrate the resultant fish
movement (swimming + transport) in response to acceleration magnitude
(AM, in meters per square second) for behaviors B{1,2,3}. (B–D) Note slow
(blue) and fast (red) water speed [velocity magnitude (VM) in meters per
second] contour lines. In C, solid black arrows depict the general water flow
direction. Behavior B{2} can result in localized holding (milling) when faster
water (red VM contour line) is upstream of the fish. Upstream movement or
milling resulting from B{2} can resemble upstream movement from B{3} even
though the two behaviors are different. B{3} is generally more prolonged in
the direction opposite to the flow vector. In contrast, B{1} orients swimming
with the flow vector in the absence of B{2,3}. Mean patterns of VM and AM

arise predictably in rivers from form resistance (e.g., rock, woody debris) and
skin friction (e.g., water/boundary interface) (40, 41). (D) Turbulence is rep-
resented as TKE (square meters per square second). A horizontal slice at the
midpoint of a 1-m cube placed at the bottom-center of an 8-m wide by 4-m
deep channel is depicted in B–D. Flow was rendered using Reynolds aver-
aged Navier–Stokes (RANS) CFD with an upstream boundary inflow of
32 m3·s−1 for an average water velocity of 1 m·s−1, which was selected to
visualize hydraulic pattern easily. The CFD model was developed by staff
at IIHR–Hydroscience and Engineering, University of Iowa.
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that a fish experiences through its swim bladder. Fish with swim
bladders are known to acclimatize to new pressures over time,
and, for simplicity, we treat this acclimatization using the same
equation we use for water acceleration (SI Appendix, Materials
and Methods, Perceived Change in Flow Field Experience). If fish
depth exceeds a threshold range above or below the depth to
which the swim bladder is acclimatized, E2ðtÞ> kBf4g, then the
vertical component of swimming orients toward the acclimatized
depth, B{4}, if not already accomplished through B{1,2,3}.

Fish Movement Model
Behaviors, B{j}, j = 1,2,3,4, are simple small-scale, goal-oriented
movement responses that depend on a fish’s unique experience
in space and time. Acclimatization integrating past conditions
along the simulated fish’s trajectory and the behavior thresholds,
kBfjg, j = 2,3,4, control its sensitivity to flow field heterogeneity.
To describe how perceived changes in our stimuli, EiðtÞ, i = 1,2,
result in simulated behavior transition and duration, we use an
event-based decision model (43) that tracks the expected utility
of each alternative behavior. Each expected utility is the product
of the behavior’s intrinsic utility and a dynamic weighting com-
puted as a moving average of Boolean events defined as eBfjg = 1
if EiðtÞ> kBfjg and as eBfjg = 0 otherwise (SI Appendix, Fig. S1).
In other words, changes that exceed thresholds drive weights of
evidence for which swimming response is most likely to reduce
flow field change back to within the simulated fish’s tolerance for
a time increment, EiðtÞ≤ kBfjg.
To implement this model, we use an Eulerian–Lagrangian-

agent method (ELAM) (44) (SI Appendix, Materials and Methods).
An ELAM first represents the environment as a computational
mesh (Eulerian component), which comes from our CFD model.
Numerical particles are then simulated (Lagrangian component)
in the domain, with behaviors (agent component) representing
responses to variables stored in the mesh. Releasing simulated
fish upstream of each dam with a spatial distribution similar to
observed fish (SI Appendix, Materials and Methods, Simulated

Fish Release Locations), we test the hypothesis that fish move-
ment through hydropower dams can be reproduced by assuming
fish modulate their flow field experience. To find the simplest
viable model of the hypothesis, we fit the ELAM model using
different combinations of the four behaviors, B{1–4}, and three
other hypotheses to site data from seven Columbia/Snake River
dams. The site data consist of the passage proportions of juvenile
Pacific salmonids (Oncorhynchus spp.) through bypass, power-
house turbines, and spillway routes for 47 flow field config-
urations sampled over 14 y. To identify the simplest viable set of
behaviors, we compare the simulated fish passage proportions
for each behavior combination with the observed passage pro-
portions (Fig. 2), with an arbitrary goal of describing the pro-
portions within an rms error of ≤10.

Results
We evaluate 11 hypotheses ranging from random passage to the
full “general” model that contains all four behaviors, B{1–4}
(Fig. 2). The simplest assumptions that fish passage is random
and that it is proportional to water flow through the routes do
not correspond with observed fish passage patterns (Fig. 2).
Simulated fish passively moving with the flow or with a BCRW,
B{1}, also poorly match the observed passage data. Simulations
with B{1} and one other behavior measurably reduce the error
between the model and observations, and inclusion of two
behaviors with B{1} reduces error further. Finally, the general
model, B{1–4}, yields the closest fit to observed data (Fig. 2).
Although there is variation in the monitoring methods and the
types of juvenile salmonids observed (SI Appendix, Tables S1 and
S2), with the exceptions of the Lower Granite Dam and Priest
Rapids Dam, two or three behaviors are generally sufficient to
match the observed passage data (Fig. 2). The Lower Granite
Dam includes a floating guidance wall [behavioral guidance
structure (BGS)] and trash boom that extend away from the dam
and create a more complex hydraulic regime, which requires the
general model to fit. The Priest Rapids Dam is also unique, with

Fig. 2. Root-mean-square error (RMSE) values of the alternative models evaluated in our exploration of factors describing observed patterns of juvenile
salmonids passing through routes (bypass, turbines, spillway) at seven large dams. Models increase in complexity from left to right, where pass randomly is the
simplest model and general is the most complex model. (Far Right) General model is also fit to fictitious data as a test for whether the number of parameters,
as opposed to the movement hypothesis, is primarily responsible for the model’s ability to fit data. The RMSE values (SI Appendix, Table S3) reflect the mean
differences in modeled vs. observed proportions through the routes. For each model, RMSE values for the seven dams are grouped together as blue bars
(Lower Granite Dam is the left-most blue bar and The Dalles Dam is the right-most blue bar). The equally weighted mean RMSE across all 47 datasets is shown
as red bars. The SD is based on 10 random number seeds (SI Appendix, Model Evaluation). Routes with zero passage, such as closed routes having the same
zero observed and modeled passage, are not factored into RMSE values.

Goodwin et al. PNAS | April 8, 2014 | vol. 111 | no. 14 | 5279

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf


the smallest and largest bypass flow rates of the dams monitored
(SI Appendix, Table S1a). These exceptions suggest the full
“general” model, B{1,2,3,4}, is necessary at sites exhibiting
greater flow range or where hydraulic complexity results from
an engineered structure, such as a boom or wall, that protrudes
away from the dam into fish approach paths.
Fit of the general model to observed fish passage across all

seven dams is shown in a pattern-oriented analysis (45) (Figs. 2
and 3). Importantly, the general model is unable to fit randomly
generated fish passage proportions for any dam (Fig. 2). This
finding supports the notion that explanatory power of the model
does not stem primarily from model complexity, such as the
number of tunable parameters. Individual fish trajectories also
support this notion. At the Lower Granite Dam, all four behav-
iors, B{1–4}, are necessary to match trajectory patterns of in-
dividual acoustically tagged fish (Fig. 4 and SI Appendix, Fig. S3).
Of particular importance, the general model captures common
patterns of fish passing through routes they previously rejected
multiple times and shows how velocity attraction, B{2}, may work
to separate fish from the mean flow pattern (Fig. 4B) and guide
them along a boom (Fig. 4 C and D) in a manner that is not
purely vision-mediated.

Discussion
Our results suggest that fish behavior drives the passage per-
formance of observed engineered routes. In the real world, fish
swimming works in context with many factors, including light and
vision (16, 24, 30), sound (16), social interactions (49), feeding,
predators, water quality, chemical cues, fish size and age, and
hydraulics at scales smaller than considered here. Differences
between modeled and actual environments could have implica-
tions on what we infer about fish behavior (50); however, at
minimum, our study suggests that abstractions of the real world
from hydraulic and behavioral modeling may inform how engi-
neered features function with the cue responses that fish have
naturally evolved. With a limited evolutionary history of navi-
gating dams, fish choices should reflect their behavioral adap-
tation to natural rivers. Thus, our findings should apply to fish
downstream movement through natural settings and, by exten-
sion, near other types of engineered infrastructure.
The considerable resources and efforts in the Columbia

River system to mitigate the mortality of fish at dams (51) are
unlikely to be allocated in other systems worldwide, but our

findings reported here can inform hypotheses and design of
passage systems elsewhere. Specifically, routes that elicit at-
traction, B{2}, without triggering repulsion, B{3}, appear ef-
fective when fish discover a passage route. However, facilitating
route discovery and passage is not trivial in complex environ-
ments and may depend on a fish’s prior experience. We show
how a simple structure may guide fish in some contexts by
stimulating attraction, B{2}, assuming that swimming along
the Lower Granite Dam’s boom and BGS (Fig. 4 and SI Ap-
pendix, Fig. S3) is hydraulically mediated. Our results suggest
boom-like structures aligned parallel to the water flow vector, or
otherwise placed in environments where the signal is difficult to
perceive relative to the background, may not separate fish from
mean flow. Other structure alignments, such as perpendicular to
the flow vector, may disrupt guidance if they locally decrease
water speed (velocity magnitude) in the direction in which fish
transit the structure.
Although a single site may not require all behaviors to describe

observed passage patterns, describing fish behavior in a more
complex setting may improve the portability of findings to other
sites. This notion is supported by Lower Granite Dam model
parameters that work better at other dams than parameters from
other dams work at the Lower Granite Dam (SI Appendix, Table
S5). Also, the need for behavior B{3} to describe patterns at the
Lower Granite Dam supports our assumption that some form of
acclimatization/habituation or, more generally, changing response
to a route over time and its effect of redistributing the fish pop-
ulation along the dam can be important to emergence of passage
patterns where multiple routes are available.
The hierarchy of information that influences animal move-

ment is complex, and context changes between settings. Many
stimuli (e.g., food, predators, visual) play a role in the setting
of broader navigation goals and also intervene in the moment-
to-moment decisions of individuals. Although we do not pre-
sume that fish respond only to water acceleration and pressure,
which can sometimes result in injury (52), these two stimuli
provide a viable means to identify strategies fish use to position
themselves within heterogeneous flow fields.
There are contexts beyond fish passage where our findings

might be relevant. First, the hydraulic imaging of river ba-
thymetry and embedded objects that we use appears to be,
at a conceptual level, informative for interpreting some of
the behavior patterns observed for upstream movement and
feeding. Inverting responses within the behavioral repertoire,
B{1–3}, would appear to orient a fish toward the river’s edge
(e.g., shoreline, riverbed, water surface), obstacles, and shallow
water habitat across a broad range of ecogeomorphic contexts.
In these locations, energetic costs of upstream movement and
holding position are reduced (53–57) and fish often feed (58)
and seek refuge (59, 60). By cueing on acceleration phenomena
and their duration at multiple scales, fish could be sensitive to
analogous phenomena implicated in sediment motion (61) that
elicit invertebrate drift. In ocean currents, turtles (62) and fish (63,
64) could use acceleration phenomena as cues in navigation.
Behaviors B{1–3}, or their inverted forms, could be used to posi-
tion fish within the moving media at locations that confer the
greatest advantage for their life stage. Second, hydraulic imaging of
water has strong analogies in air currents, where birds (65–67) and
insects (68) might use similar strategies to navigate local hetero-
geneity in winds reflecting landscape topology and meteorological
conditions.
In summary, incorporating even simple principles of per-

ception and decision making of animals into quantitative tools
already supporting management and engineering design, as
shown here, can elucidate new perspectives through which a
species’ movement behavior and outcomes to management
might be better evaluated.

Fig. 3. Observed vs. modeled passage proportions through bypass, tur-
bines, and spillway routes for passive particle (Left, no fish behavior) and
simulated fish (Right, general model) using identical simulation attributes.
Linear regression of observations vs. general model passage proportions (46,
47) for bypass (n = 41), turbine (n = 46), and spillway (n = 38) routes are,
respectively, slope (0.76, 0.95, 0.94), intercept (5.98, 5.00, 0.82), and r2 (0.70,
0.82, 0.89). Routes with zero passage and scenario C2 are not included (SI
Appendix, Model Evaluation). Plots of simpler variants of the model are
shown in SI Appendix, Fig. S2.
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Materials and Methods
The movement of downstream migrating juvenile Pacific salmonids through
seven dams along the mainstem Columbia and Snake Rivers of the Pacific
Northwest of the United States was monitored using one or more of the
following field instrumentations: fixed-location hydroacoustics, radio-tag
telemetry, and acoustic-tag telemetry (SI Appendix, Figs. S5–S12 and
Table S1). The configurations of the dams during monitoring are illustrated
in SI Appendix, Figs. S6–S12. Further details on the materials used and our
analysis of fish behavior responses, B, to the water flow fields are provided
in SI Appendix.

ACKNOWLEDGMENTS. We thank Yong G. Lai, Songheng Li, Raymond
S. Chapman, Terry K. Gerald, and staff at IIHR–Hydroscience and Engineer-
ing; US Geological Survey (Columbia River Research Laboratory); Hydroa-
coustic Technology, Inc.; and Pacific Northwest National Laboratory. We
also thank Pete Loucks, Desiree Tullos, Angela Saxe, Rich Fischer, Tammy
Threadgill, Mike Langeslay, Lynn Reese, Laurie Ebner, Bertrand Lemasson,
Chloe Bracis, Christina Caswell, Toni Toney, Dottie Tillman, and two anony-
mous referees for their constructive criticism and helpful comments, which
substantially improved this manuscript. Tests described and the resulting
data presented herein, unless otherwise noted, were obtained from research
conducted under sponsorship of Grant County Public Utility District, Chelan
County Public Utility District, and the US Army Corps of Engineers.

1. Shiklomanov IA (1993) World fresh water resources. Water in Crisis: A Guide to

the World’s Fresh Water Resources, ed Gleick PH (Oxford Univ Press, New York),

pp 13–24.
2. Kummu M, de Moel H, Ward PJ, Varis O (2011) How close do we live to water? A global

analysis of population distance to freshwater bodies. PLoS ONE 6(6):e20578.
3. Vince G (2012) Why damming world’s rivers is a tricky balancing act. BBC Future.

Available at www.bbc.com/future/story/20120627-dammed-if-you-do. Accessed March

15, 2013.
4. Lehner B, et al. (2011) Global reservoir and dam database, version 1 (GRanDv1): Dams,

revision 01. (NASA Socioeconomic Data and Applications Center). Available at http://

sedac.ciesin.columbia.edu/data/set/grand-v1-dams-rev01. Accessed March 29, 2013.
5. Nilsson C, Reidy CA, Dynesius M, Revenga C (2005) Fragmentation and flow regulation

of the world’s large river systems. Science 308(5720):405–408.
6. Berga L, et al. (2006) Dams and Reservoirs, Societies and Environment in the 21st

Century (Taylor & Francis Group, London).

7. Schneider H (2013) World Bank turns to hydropower to square development with

climate change. The Washington Post. Available at http://wapo.st/12gAd6c. Accessed

May 8, 2013.
8. Suweis S, Rinaldo A, Maritan A, D’Odorico P (2013) Water-controlled wealth of na-

tions. Proc Natl Acad Sci USA 110(11):4230–4233.
9. Cullen P (2009) Quality and quantity of water for agriculture. The Role of Food,

Agriculture, Forestry, and Fisheries in Human Nutrition, Impact of Global Change on

Agriculture, ed Squires VR (Eolss Publishers, Oxford), Vol 3, pp 86–101.
10. Richter BD, et al. (2010) Lost in development’s shadow: The downstream human

consequences of dams. Water Alternatives 3(2):14–42.
11. Kareiva PM (2012) Dam choices: Analyses for multiple needs. Proc Natl Acad Sci USA

109(15):5553–5554.
12. Ziv G, Baran E, Nam S, Rodríguez-Iturbe I, Levin SA (2012) Trading-off fish biodiversity,

food security, and hydropower in the Mekong River Basin. Proc Natl Acad Sci USA

109(15):5609–5614.

Fig. 4. Patterns of water speed (VM, meters per second; contour lines) and acceleration (AM, meters per square second; contour fill) (A) used in the general model
generate a single fish path (D) similar to the patterns of observed fish movements (C) (48). Neutrally buoyant, nonswimming particles follow water flow paths or
streamlines (B) after release at depth similar to that of observed fish (C), 3.7 m below water surface. Fish movement differs substantially from mean flow (B), and
the difference between flow paths (B) and fish (C and D) illustrates the contribution of fish behavior in dam passage. Swimming effort is not trivial, because VM >
0.18 m·s−1 in front of the dam, as shown in A, can exceed the cruise speed of a 90-mm long fish. A shallow, ∼1-m deep floating boom can elevate AM sufficient to
trigger B{2}, resulting in movement parallel to the boom (location 1). Elevated AM surrounding the surface bypass collector (SBC) can trigger prolonged upstream
movement, B{3}, to the boom (location 2) and exploratory milling (location 3) through recursive cycles between B{3} and B{1,2}. Acclimatization over time
diminishes the response to theAM contour, resulting in eventual passage. The CFDmodel was developed by staff at IIHR–Hydroscience and Engineering, University
of Iowa, and acoustic tag telemetry data (48) were provided by the US Geological Survey, Columbia River Research Laboratory (SI Appendix, Fig. S6).

Goodwin et al. PNAS | April 8, 2014 | vol. 111 | no. 14 | 5281

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf
http://www.bbc.com/future/story/20120627-dammed-if-you-do
http://sedac.ciesin.columbia.edu/data/set/grand-v1-dams-rev01
http://sedac.ciesin.columbia.edu/data/set/grand-v1-dams-rev01
http://wapo.st/12gAd6c
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311874111/-/DCSupplemental/sapp.pdf


13. NPPC (1986) Compilation of information on salmon and steelhead losses in the Co-
lumbia River basin. 1987 Fish and Wildlife Program (Appendix D) (Northwest Power
Planning Council, Portland, OR).

14. Kohler AE, et al. (2013) Salmon-mediated nutrient flux in selected streams of the
Columbia River basin, USA. Can J Fish Aquat Sci 70:502–512.

15. Hilborn R (2013) Ocean and dam influences on salmon survival. Proc Natl Acad Sci USA
110(17):6618–6619.

16. Popper AN, Carlson TJ (1998) Application of sound and other stimuli to control fish
behavior. Trans Am Fish Soc 127:673–707.

17. Coutant CC, Whitney RR (2000) Fish behavior in relation to passage through hydro-
power turbines: A review. Trans Am Fish Soc 129:351–380.

18. Nathan R, et al. (2008) A movement ecology paradigm for unifying organismal
movement research. Proc Natl Acad Sci USA 105(49):19052–19059.

19. Patterson TA, Thomas L, Wilcox C, Ovaskainen O, Matthiopoulos J (2008) State-space
models of individual animal movement. Trends Ecol Evol 23(2):87–94.

20. Bleckmann H, Zelick R (2009) Lateral line system of fish. Integr Zool 4(1):13–25.
21. Liao JC (2007) A review of fish swimming mechanics and behaviour in altered flows.

Philos Trans R Soc Lond B Biol Sci 362(1487):1973–1993.
22. von Baumgarten RJ, Baldrighi G, Atema J, Shillinger GL, Jr. (1971) Behavioral re-

sponses to linear accelerations in blind goldfish. I. The gravity reference response.
Space Life Sci 3(1):25–33.

23. Harden Jones FR (1956) An apparent reaction of fish to linear accelerations. Nature
178(4534):642–643.

24. Arnold GP (1974) Rheotropism in fishes. Biol Rev Camb Philos Soc 49(4):515–576.
25. Kalmijn AJ (1989) Functional evolution of lateral line and inner-ear sensory systems. The

Mechanosensory Lateral Line: Neurobiology and Evolution, eds Coombs S, Görner P,Münz H
(Springer, New York), pp 187–215.

26. Kroese ABA, Schellart NAM (1992) Velocity- and acceleration-sensitive units in the
trunk lateral line of the trout. J Neurophysiol 68(6):2212–2221.

27. Bleckmann H (1994) Reception of Hydrodynamic Stimuli in Aquatic and Semiaquatic
Animals, ed Rathmayer W (Gustav Fischer, New York), Vol 41.

28. Pavlov DS, Tjurjukov SN (1995) Reactions of dace to linear accelerations. J Fish Biol
46(5):768–774.

29. Montgomery JC, Baker CF, Carton AG (1997) The lateral line can mediate rheotaxis in
fish. Nature 389:960–963.

30. Haro A, Odeh M, Noreika J, Castro-Santos T (1998) Effect of water acceleration on
downstream migratory behavior and passage of Atlantic salmon smolts and juvenile
American shad at surface bypasses. Trans Am Fish Soc 127:118–127.

31. Montgomery JC, Carton G, Voigt R, Baker CF, Diebel C (2000) Sensory processing of
water currents by fishes. Philos Trans R Soc Lond B Biol Sci 355(1401):1325–1327.

32. Kanter MJ, Coombs S (2003) Rheotaxis and prey detection in uniform currents by Lake
Michigan mottled sculpin (Cottus bairdi). J Exp Biol 206(Pt 1):59–70.

33. Kemp PS, Gessel MH, Williams JG (2005) Fine-scale behavioral responses of Pacific
salmonid smolts as they encounter divergence and acceleration of flow. Trans Am Fish
Soc 134:390–398.

34. Chagnaud BP, Brücker C, Hofmann MH, Bleckmann H (2008) Measuring flow velocity
and flow direction by spatial and temporal analysis of flow fluctuations. J Neurosci
28(17):4479–4487.

35. Enders EC, Gessel MH, Williams JG (2009) Development of successful fish passage
structures for downstream migrants requires knowledge of their behavioural re-
sponse to accelerating flow. Can J Fish Aquat Sci 66:2109–2117.

36. Enders EC, Gessel MH, Anderson JJ, Williams JG (2012) Effects of decelerating and
accelerating flows on juvenile salmonid behavior. Trans Am Fish Soc 141(2):357–364.

37. McNamara JM, Fawcett TW, Houston AI (2013) An adaptive response to uncertainty
generates positive and negative contrast effects. Science 340(6136):1084–1086.

38. Harris JD (1943) Habituatory response decrement in the intact organism. Psychol Bull
40(6):385–422.

39. Weber EH (1846) Der Tastsinn und das Gemeingefühl. Handwörterbuch der Physi-
ologie mit Rücksicht auf physiologische Pathologie, ed Wagner R (Springer Vieweg,
Braunschweig, Germany), Vol 3, pp 481–588. German.

40. Rouse H (1965) Critical analysis of open-channel resistance. Journal of the Hydraulics
Division, ASCE 91(HY4):1–25.

41. Yen B-C (2002) Open channel flow resistance. Journal of Hydraulic Engineering
128(1):20–39.

42. Enders EC, Boisclair D, Roy AG (2003) The effect of turbulence on the cost of swim-
ming for juvenile Atlantic salmon (Salmo salar). Can J Fish Aquat Sci 60(9):1149–1160.

43. Anderson JJ (2002) An agent-based event driven foraging model. Nat Resour Model
15(1):55–82.

44. Goodwin RA, Nestler JM, Anderson JJ, Weber LJ, Loucks DP (2006) Forecasting 3-D fish
movement behavior using a Eulerian-Lagrangian-agent method (ELAM). Ecol Modell
192(1-2):197–223.

45. Grimm V, et al. (2005) Pattern-oriented modeling of agent-based complex systems:
Lessons from ecology. Science 310(5750):987–991.

46. Smith EP, Rose KA (1995) Model goodness-of-fit analysis using regression and related
techniques. Ecol Modell 77:49–64.

47. Bart J (1995) Acceptance criteria for using individual-based models to make man-
agement decisions. Ecol Appl 5(2):411–420.

48. Cash KM, Adams NS, Hatton TW, Jones EC, Rondorf DW (2002) Three-Dimensional
Fish Tracking to Evaluate the Operation of the Lower Granite Surface Bypass Collector
and Behavioral Guidance Structure During 2000. (US Geological Survey, Columbia
River Research Laboratory) (US Army Corps of Engineers, Walla Walla District, Walla
Walla, WA).

49. Grünbaum D (1998) Schooling as a strategy for taxis in a noisy environment. Evol Ecol
12(5):503–522.

50. Putman NF, He R (2013) Tracking the long-distance dispersal of marine organisms:
Sensitivity to ocean model resolution. J R Soc Interface 10(81):20120979.

51. Kareiva PM, Marvier M, McClure M (2000) Recovery and management options for
spring/summer Chinook salmon in the Columbia River basin. Science 290(5493):977–979.

52. Deng ZD, et al. (2005) Evaluation of fish-injury mechanisms during exposure to tur-
bulent shear flow. Can J Fish Aquat Sci 62(7):1513–1522.

53. McLaughlin RL, Noakes DL (1998) Going against the flow: An examination of the
propulsive movements made by young brook trout in streams. Can J Fish Aquat Sci
55(4):853–860.

54. Hinch SG, Rand PS (2000) Optimal swimming speeds and forward-assisted propulsion:
Energy-conserving behaviours of upriver-migrating adult salmon. Can J Fish Aquat Sci
57(12):2470–2478.

55. Liao JC, Beal DN, Lauder GV, Triantafyllou MS (2003) Fish exploiting vortices decrease
muscle activity. Science 302(5650):1566–1569.

56. Przybilla A, Kunze S, Rudert A, Bleckmann H, Brücker C (2010) Entraining in trout: A
behavioural and hydrodynamic analysis. J Exp Biol 213(Pt 17):2976–2986.

57. McElroy B, DeLonay A, Jacobson R (2012) Optimum swimming pathways of fish
spawning migrations in rivers. Ecology 93(1):29–34.

58. Piccolo JJ, Hughes NF, Bryant MD (2008) Water velocity influences prey detection and
capture by drift-feeding juvenile coho salmon (Oncorhynchus kisutch) and steelhead
(Oncorhynchus mykiss irideus). Can J Fish Aquat Sci 65(2):266–275.

59. Sutterlin AM, Waddy S (1975) Possible role of the posterior lateral line in obstacle
entrainment by brook trout (Salvelinus fontinalis). J Fish Res Board Can 32:2441–2446.

60. Smith DL, Brannon EL, Odeh M (2005) Response of juvenile rainbow trout to turbu-
lence produced by prismatoidal shapes. Trans Am Fish Soc 134(3):741–753.

61. Diplas P, et al. (2008) The role of impulse on the initiation of particle movement under
turbulent flow conditions. Science 322(5902):717–720.

62. Putman NF, Verley P, Shay TJ, Lohmann KJ (2012) Simulating transoceanic migrations
of young loggerhead sea turtles: Merging magnetic navigation behavior with an
ocean circulation model. J Exp Biol 215(Pt 11):1863–1870.

63. Harden Jones FR (1984) A view from the ocean. Mechanisms of Migration in Fishes,
NATO Conference Series: IV Marine Sciences, eds McCleave JD, Arnold GP, Dodson JJ,
Neill WH (Plenum, New York), pp 1–26.

64. Sand O, Karlsen HE (2000) Detection of infrasound and linear acceleration in fishes.
Philos Trans R Soc Lond B Biol Sci 355(1401):1295–1298.

65. Mandel JT, Bildstein KL, Bohrer G, Winkler DW (2008) Movement ecology of migra-
tion in turkey vultures. Proc Natl Acad Sci USA 105(49):19102–19107.

66. Klaassen RHG, Hake M, Strandberg R, Alerstam T (2011) Geographical and temporal
flexibility in the response to crosswinds by migrating raptors. Proc R Soc Lond B Biol
Sci 278(1710):1339–1346.

67. Sapir N, et al. (2011) Migration by soaring or flapping: Numerical atmospheric sim-
ulations reveal that turbulence kinetic energy dictates bee-eater flight mode. Proc R
Soc Lond B Biol Sci 278(1723):3380–3386.

68. Chapman JW, et al. (2010) Flight orientation behaviors promote optimal migration
trajectories in high-flying insects. Science 327(5966):682–685.

5282 | www.pnas.org/cgi/doi/10.1073/pnas.1311874111 Goodwin et al.

www.pnas.org/cgi/doi/10.1073/pnas.1311874111

