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Optimal swimming speeds and forward-assisted
propulsion: energy-conserving behaviours of
upriver-migrating adult salmon

Scott G. Hinch and Peter S. Rand

Abstract: Anadromous salmon migrations are energetically expensive. Long-distance migrants should be efficient in
their use of energy and minimize swimming costs wherever possible. We explore swimming strategies and energy-
saving tactics employed by three long-distance-migrating sockeye sal@rmwoihynchus nerRastocks in the Fraser

River watershed, British Columbia. We used stereovideography and bank-side observations to estimate swimming
speeds (from tailbeat frequency) and ground speeds (using distance traveled and duration) for individuals at several
sites. Salmon were highly efficient at migration (i.e., ground speeds equaled or exceeded swimming speeds) through
reaches with relatively low encountered currents (<0.25%n-8/e speculate that salmon exploit small reverse-flow
vortices to achieve this feat. With low encountered currents, most salmon migrated according to an optimal swimming
speed model: migrants minimized transport costs per unit distance traveled. Generally, salmon were less efficient at mi
gration with fast currents, although the Chilko stock were superoptimal migrants, possibly owing to unique morphology
and (or) behaviours. The risk of significant delays is enhanced when fast currents are encountered. Under these condi
tions, relatively fast swimming speeds could minimize travel time, despite high costs. Migrants may be balancing ener
getic costs of migration against the fitness costs of spawning delays.

Résumé: Les migrations anadromes des saumons codtent cher en énergie. Les poissons qui migrent sur de longues
distances doivent faire une utilisation efficace de I'énergie et minimiser chaque fois que c’est possible le colt de la
nage. Nous avons examiné les stratégies de nage et les tactiques de conservation d’énergie chez trois populations de
saumons rougesOncorhynchus nerRaqui migrent sur de longues distances dans le bassin du fleuve Fraser en
Colombie-Britannique. A l'aide de vidéographie stéréoscopique et d’observations depuis la rive, il a été possible
d’estimer la vitesse de nage (a partir de la fréquence de battement de la queue) et la vitesse au sol (au moyen de la
distance parcourue et de la durée du trajet) pour des individus a plusieurs sites. Les saumons sont trés efficaces dans
leur migration (i.e., la vitesse au sol équivaut a la vitesse de nage ou la surpasse) dans les zones ou les courants sont
relativement faibles (<0,25 nT3. Nous pensons que les saumons utilisent des petits remous en contre-courant pour
réaliser cet exploit. Dans les courants faibles, la migration de la majorité des saumons correspond a un modele de
vitesse de nage optimale : les poissons migrateurs minimisent leur colt de déplacement par unité de distance
parcourue. En général, les saumons sont moins efficaces dans les courants rapides, bien que la population de Chilko se
soit révélée étre composée de migrateurs sur-optimaux, probablement a cause de sa morphologie et (ou) de son
comportement particuliers. Le risque de délais importants est accru par la traversée de zones a courant rapide; dans ces
situations, une vitesse de nage relativement rapide peut réduire la durée du trajet, malgré son codt élevé. Les saumons
migrateurs doivent probablement faire un compromis entre les colts énergétiques de la migration et les pertes de fit
ness dues aux délais de la fraye.

[Traduit par la Rédaction]

Introduction of swimming wherever possible. Transport costs could be
reduced through several different tactics including swim

Many stocks of Pacific salmon travel long distancesming in low-speed or reverse-flow current paths (Hinch and

upriver to spawning areas. These migrations are energetRand 1998), swimming in a burst-then-coast fashion (Weihs
cally expensive and must be completed solely on energy rel974), and (or) swimming steadily at hydrodynamic or met

serves, as no feeding takes place en route. Anadromowsolic optimal speeds (Weihs 1973; Ware 1975). This last

migrants should be naturally selected to be efficient in theitactic, defined as the cruising speed that minimizes the total

use of energy and may attempt to minimize energetic costenergy expended in moving unit mass through unit distance,
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has received attention theoretically and empirically for fishtion is more certain after fish have left the mainstem. In these large
swimming in still-water environments (Brett 1995; Webb tributaries, sockeye often travel in narrow bands, parallel to and
1995 and references therein). Most researchers have ignoré@ar the shore, and are usually highly visible from the banks. This
or greatly simplified the influence of currents on energy-YPe of migration behaviour, termed “line swimming,” is a com

saving swimming behaviours. mon phenomenon in large river systems and has been previously

. Eocumented in the Fraser River and its main tributaries (Ellis
Bernatchez and Dodson (1987) compared energetic cos %66&). Line swimming is less common in slow-moving small

of migration for short- and long-distance upriver-migrating rivers’and creeks (Ellis 196 however, the majority of the mi
anadromous fishes and concluded that only the long-distancgatory routes of our study stocks are in relatively large river sys
migrants (particularly some stocks of Pacific salmon) swamems. We are uncertain whether line swimming would be prevalent
at optimal speeds. Their approach involved estimating swimin large river systems that have “unnatural” flow patterns (i.e., are
ming speeds in the field from laboratory respirometry trialsinfluenced by impoundments).

based on total energy expenditure, migration duration, and Sites were chqs_en for_obsc_ervations based on apcessibility, pres
mean river current speeds. Key assumptions in their analysice of clearly visible migrating sockeye, and their surface water
were that fish experienced the mean (in a river crosssSPeeds. We attempted to choose sites thz_at, when ta_ken together, re
sectional sense) river current speeds, swam at steady speeH%Cted the natural and commonly occurring range in surface cur

and incurred no additional costs from anaerobic metabolis [erit speeds where sockeye were migrating. In other words, the
Nites were selected to be representative of typical migration sites.

(i.e., no burst swimming). However, it is \‘/‘videly"kr_\own that speeds of surface currents in close proximity to migrating sockeye
anadromous fishes do not encounter the “mean” river currentere assessed by averaging speeds of five small wooden floats

speeds; in fact, mean speeds of many large rivers exceqd cn?) that were deployed immediately upstream of a study site.
maximum sustained swimming speeds of Pacific salmorThis information was only used to help select sites and was not
(Osborne 1961; Brett 1965). By assuming that fish experiused in any analyses. Although sockeye may not encounter water
ence mean river currents, Bernatchez and Dodson (198Bpeeds that exist on the surface of a river, these values should be a
likely overestimated costs. There is also considerable eviuseful surrogate to represent among-site variability in currents that
dence that fish swim under nonsteady-state conditions dufN€y may encounter. Previous studies in noncanyon reaches of the
ing migrations (Rand and Hinch 1998; Hinch and BrattyFraser River mainstem and some of its large tributaries have found

; . ; - . 7 that surface currents, which were in close proximity to migrating
2000). Applying this steady-state swimming assumpt'onsockeye salmon, ranged up to 2 M-sut generally were less than

over the whole migration, in addition to ignoring burst 1 5y 51 (Ellis 1966; Hinch and Rand 1998). For several reasons,
swimming, could lead to underestimates of true costs (Range did not study sites with surface currents in excess of 2'm-s

and Hinch 1998). It is not clear how these different biasesrirst, these sites occur relatively rarely along the tributary migra-
would have influenced the conclusions of Bernatchez andory routes of Fraser River sockeye. Second, anaerobiosis (burst
Dodson (1987). This argues for a closer examination of hovswimming) is often invoked during passage through these types of
riverine-migrating salmon may behave when they encountegxtremely fast water sites (Rand and Hinch 1998), so one would
variability in encountered current speeds. not expect optimal swimming speeds to be elicited. Third, these
; : ; . -sites are usually associated with river constrictions that create rap-
mi-lr;hISStP:}[geiregxgr!%resotse?]\t/giaéAZ?UG_SS;;%M?;Z%Cg]issévélﬁ s and multidirectional flows (Rand and Hinch 1998); thus, the
lon g—distange anadro?nous mi ratingysalmog to reduce-trans, coen o of whitewater would have reduced water clarity and pre
g . us mig g R ented us from obtaining behavioural information using bank-side
port costs. Our main objective was to determine if migrantspservational approaches. We selected 13 sites for observations

minimize transport costs by SW|mm|ng at metabo“ca”y Opt| (F|g 1) but 0n|y used 11 in ana|yses owing to low fish Samp|e

mal speeds, and if so, did this depend on flow conditions3izes at two sites (Table 1).

We addressed these questions through the use of stereo

videography and bank-side visual observations to measungnderwater video system description and deployment

swimming and ground speeds at sites representing a range ofwe deployed two black and white Charged Couple Device

encountered current speeds for three different long-distancé€CD) cameras (Panasonic WV-BP312; 570 lines of horizontal res

migrating stocks of Fraser River sockeye salmonolution) fitted with aspherical high-speed aperture lens (Panasonic

(Oncorhynchus nerka WV-LA408C3; 4.5-mm focal length) oriented in parallel (optical
axis separation of 10 cm) and fixed to a stand located 1-2 m away
from the band of fish. Each camera was enclosed in a cylindrical

Methods anodized aluminum housing fitted with a flat Plexiglas port. Video
signals were sent to a multiplexer-quad unit (Panasonic WJ-420)
Site description and selection and then to a VHS time-lapse recorder (Panasonic AG-6124) where

We studied three stocks of adult Fraser River sockeye salmorimages from both cameras were recorded simultaneously on the
each of which migrates relatively long distances from the Pacificsame video frame at 60 frames:sThus, the left camera image
Ocean (Fig. 1). The Early Stuart stock travels upriver 1100 km andilled the left side of our monitor and the right camera image filled
gains 700 m of elevation, the Chilko stock travels 660 km andthe right side. A black and white video monitor (Panasonic WV-
gains 1160 m of elevation, and the Horsefly stock travels 850 knb470; 850 lines of horizontal resolution, 41-cm diagonal size) was
and gains 760 m of elevation (Gilhousen 1980). These stocks miused to assist in focus, calibration, camera orientation, and-deter
grate up different Fraser River tributaries en route to their specifionination of water and fish speeds. All components of the system
spawning grounds (Fig. 1). These migratory tributaries are- relawere powered by a single 12-V battery.
tively large with widths at their mouths ranging from approxi Cameras were deployed perpendicular to river flow, wherever
mately 50 to 150 m, depending on the river system. In Augustpossible underwater, with the optical axis parallel to the river sur
1997, we made observations on fish in these tributaries. We wertace. In cases where line-swimming fish were witii m from
not able to observe fish in the Fraser River mainstem due to higlshore, we deployed the cameras out of water with the optical axis
turbidity, which prevented the use of video; also, stock identifica incident to the river surface. The approximate volume of habitat
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Fig. 1. Map of the Fraser River watershed, British Columbia, Canada. Asterisks show the location of the study sites. Numbers indicate
sampling order and correspond to the stock-specific information in Table 1. Sites 6 and 7 had low sample sizes and were not used in
analyses. Adults from all stocks share a common lower Fraser River migration route. The Chilko stock heads westward at the Chil

cotin River towards spawning areas near Chilko Lake. The Horsefly stock heads eastward at the Quesnel River towards spawning areas
near Quesnel Lake and the Horsefly River. The Early Stuart stock heads northwestward at the Nechako River towards spawning areas
near the Middle River and Takla Lake.
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that we could clearly monitor with the shore-based system wagram transmitters and migrating up the Nechako River (our present
1 m® however, when mounted underwater and facing towards thesites 1-3) demonstrated that they swam witBim of shore (S.G.
middle of the river, we could clearly monitor much larger water Hinch, unpublished data). Hydroacoustic observations of sockeye
volumes out to a distancd & m depending on water clarity. Were passage in the Fraser River mainstem near Yale, B.C., revealed
we monitoring “typical” migrants with our system? Previous- ob that the overwhelming majority of migrants swam within 1 m of
servations of Early Stuart sockeye that were carrying electremyothe shore-mounted fish detection weir (Macdonald et al. 2000). We
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Table 1. Surface current speeds, water temperature, and sample size of)fibly §tock at each study site.

Stock Site Date Surface current (mM)s Temperature (°C)  Observation typen

Early Stuart 1 7 Aug. -0.10 18 Video 270
Early Stuart 2 7 Aug. 1.43 18 Video 29
Early Stuart 3 8 Aug. 1.10 18 Video 28
Early Stuart 4 8 Aug. 1.00 17 Video 26
Early Stuart 5 9 Aug. 0.15 18 Visual 13
Early Stuart 8 11 Aug. 0.13 19 Video 23
Chilko 9 18 Aug. 1.40 10 Video 27
Chilko 10 19 Aug. 1.80 12 Video 20
Horsefly 11 22 Aug. 0.60 18 Video 20
Horsefly 12 22 Aug. 1.40 18 Video 25
Horsefly 13 23 Aug. 0.20 16 Visual 20

Note: Site numbers correspond to those in Fig. 1. Negative current speed implies upstream movement of water.

are therefore comfortable that our system was able to monitor mosire working relatively hard to achieve forward progress, values
of the migrants that passed our observation sites on our side of thequal to 1 imply relatively easy forward progress (analogous to

river and thus were monitoring typical individuals. moving through still water), and values greater than 1 indicate that
fish are receiving some type of forward assist. It was not possible
Calibration and data acquisition to determine an individual's sex from video records. The amplitude

We followed the approach first described by Klimley and Brown for @ given tailbeat could also not be assessed from the video im
(1983) and elaborated on in Boisclair (1992). For calibration pur 29€s, @ limitation of the side-viewing video system. Generally,
poses, we deployed a 1-m-long fibreglass rod marked into 10_Cnt@|IbeaF amplitude decreqses_wnh mcre_asmg_beatlng frequency un
segments at 25-cm distances along the optical axis away from thi@l the fish starts burst swimming, at which point the amplitude sta
cameras out to a maximum distance of 2.5 m. The rod was placefilizes (S.G. Hinch, unpublished laboratory flume data). Thus, at
in the field of view of the cameras through the use of a telescoping'Onburst speeds, variation in beating frequency will explain much
aluminum pole. We recorded images of the calibration rod at eacRf the varlatlor! in ar_nplltude. Y_et itis p(_JSS|bIe that subtle |nd'|V|du_aI-
distance interval by extending the pole along the optical axis out t®" Stock-specific differences in amplitude may affect swimming
the point where the pole bisected the typical trajectory of fish ob-SPe€eds and we are unable to account for this in our analyses.
served from shore. In the laboratory, these images were replayed The video approach was used at all sites except two (sites 5 and
on the monitor’s screen upon which a coordinate system was oveft3. Table 1). Here, fish were 2-3 m from shore, but due to poor
lain. Measurements of the calibration rod were made manually offvater clarity, we were not able to use video cameras. However, we
the monitor with a ruler by one technician. The same technicianvanted to increase our number of sample sites and we lacked sites,
also transcribed all of the fish coordinates described below. ThesWithin stocks, that had these particular surface water speeds. At
two-dimensional coordinates were converted to three-dimensiond1oth sites, surface currents were relatively slow and nonturbulent,
coordinates using methods outlined in Boisclair (1992). Calibratior@nd fish were swimming at steady paces within 10 cm of the water
error was determined at each distance by comparison of actual redrface. In each case, one observer was positioned overtop of the
dimensions with estimated dimensions at successive distance intgfigrating salmon on bridge abutments and another was on shore.
vals. This information was used to correct for any biases caused b he set of observers visually estimated the time to migrate a set
optical distortions resulting from different camera deployments. distance and counted the number of tailbeats. These data allowed

Fish were selected from the video images only if they wereUs to calcu!ate ground and swimming speeds. Preliminary o.bserva
clearly visible (i.e., not obstructed by conspecifics or out of ourlions of tailbeat counts at these sites reyealed that beating fre
viewing area) and observed along our calibration plane. We obduency was relatively low (rarely exceeding 2)sand all beats
served and recorded information on fish that migrated as isolate@ere Visible and could be tallied. ) ) )
individuals and as members of groups; generally, only fish that mi At the video sites, we imposed a hypothetical three-dimensional
grated on the edge of groups could be clearly observed. We refube comprising 18 cells3(x 3 x 2arrangement) in the viewing
corded images for 0.5-6 h depending on fish abundance. Our go&fea. We used a CMC-2 current meter (Hydrological Services Ltd.)
was to record 20-30 fish per site and have an equal representatid@ Mmeasure current speed at the centre of each of these cells. By
of fish that migrated as individuals and as members of groups. FoYideotaping the location of the current meter’s propeller, we were
fish that met the above criteria, we recordedndy coordinates of _able to d_etermlne the re_al-world coprdlnates of each cell. Wl_th this
the head and tail at the point of entry and exit of the observatiorinformation, we determined the trajectory of each fish and its en
site in both the left and right camera images. We also recorde§ountered current sp_eeds through the cells. The encountered cur
elapsed time by counting frames. Following the calibration meth ent values for each fish were averaged, and then these values were
ods in Boisclair (1992), we converted the three-dimensional screefveraged among fish at each site to characterize encountered river
coordinates to real-world dimensions. This allowed us to estimat€urrent speeds for each site. We approximated encountered current
distance traveled and ground speed of fish migrating through eacpPeeds at sites 5 and 13 using wooden blocks (1) dmat floated
site. We also counted the number of tailbeats performed by eachist below the water surface. At these sites, migrants were line
fish through the site. These data were used to estimate swimmin%"‘”mm'“g just below the water surface at the same depths as the
speed using the tailbeat — swimming speed relationship reported ipIOcks.

Hinch and Rand (1998) for adult sockeye. We computed a swim ef

ficiency index (SEI) by dividing each individual's ground speed by Statistical analyses and optimality modeling

its swimming speed. This permits an evaluation of an individual’s For each stock, we used analysis of variance and the least-
energy utilization strategies and provides insights into migrationsquared means a posteriori test to compare swimming speed,
behaviour. For instance, values below 1 indicate that individualground speed, and SEI among sites. To control for type Il errors,
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Fig. 2. Energy costs per distance traveled for a 2.5-kg sockeye Fig. 3. General energy expenditure model for a 2.5-kg sockeye
salmon at 19°C across a range of ground speeds in the (A) still-salmon migrating at 19°C. Total metabolic costs are calculated
water model (0 m=3 encountered current speed) and (B) moving- for encountered current speeds of 0.6 th(thin line), 0.2 m-s*
water model (0.6 m=$ encountered current speed). Energy costs (medium line), and 0 m=% (thick line) across a range of ground
are calculated for standard metabolism (dotted line), activity (i.e.speeds. Arrows indicate the ground speed for each encountered
swimming) metabolism (dashed line), and their sum, total metab current speed where total metabolic costs are at a minimum. The

olism (solid line). Arrowheads indicate where total metabolic
costs are at a minimum. Ground speed is equivalent to swim

swimming speeds required to produce the minimum metabolic
costs (i.e., the optimal swimming speeds) aa 1.05 m-s?,

ming speed minus encountered current speed. In the still-water (b) 0.75 m-s%, and €) 0.6 m-s®.

model, ground speeds and swimming speeds are the same values.
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ming speed that minimized cost of transport in still water. Al-
though Webb (1995) did not provide equations for his model, we
were able to identically recreate his conceptual figure using a
bioenergetic model for sockeye provided in Beauchamp et al.
(1989). Beauchamp et al. (1989) used the same original respiro-
metry data as Webb (1995) but provided equations and parameters
that we used to calculate weight- and temperature-specific standard
and activity metabolic costs for sockeye salmon moving in still
water. We extended the model to moving-water environments by
including the cost of making forward progress through any en-
countered current speed. This was accomplished by summing
swimming speed with encountered current speed, thus generating
the fish’s ground speed (moving-water model, Fig. 2B). For in
stance, to achieve a ground speed of 0.4 hwhile encountering a
current speed of 0.6 nt’s a fish would have to swim at 1.00 mts
Therefore, the activity costs in the still-water model (Fig. 2A) for

Bonferroni's correction was used to lower the level of significanceswimming at 1.00 m=$ against a current of 0.6 nt*sare the same
for the within-stock among-site multiple contrasts. The Early-Stu as swimming at 0.4 m=5in the moving-water model (Fig. 2B). A
art analyses involved eight sites resulting in 15 contrasts, so théish swimming at 1.00 m-3 in still water would use the same
significance level was set to 0.003 (which is 0.05/15). Significanceamount of energy per unit time but would travel a greater distance
levels for the Chilko and Horsefly analyses were set to 0.05than the same fish in moving water. With this approach, we could
(0.05/1) and 0.017 (0.05/3), respectively. We also examinedpredict costs of swimming over a range of ground speeds. The re

Pearson correlations between encountered water speed and aulting model allowed us to generate separate hyperbolic curves
three main fish variables (SEI, ground speed, and swimmindor given encountered current speeds. As examples, we show pre
speed) using data from all stocks and sites to see if general relalictions of energy expenditures for encountered current speeds of
tionships exist between swimming behaviours and flow conditions.0, 0.2, and 0.6 m=$ (Fig. 3). For the model runs presented in
Using salmon respirometry data collected by Roly Brett and col Figs. 2 and 3, average wet weight and water temperature were as
leagues, Webb (1995) constructed a conceptual model that presumed to be 2.5 kg and 19°C, respectively.
dicted the speeds that sockeye should swim at to minimize We applied the model to predict minimum cost of transport
energetic costs of transport per unit body mass per unit distancbased on observed water speeds encountered at each of our sites.
traveled in still water. Webb (1995) reported a hyperbolic functionWe assumed a 2.5-kg wet weight (a typical mature adult weight)
that integrated the negative exponential decline of costs per kilofor all calculations and used temperatures specific to each site (Ta
metre traveled from standard metabolism, with the positive expoble 1) in our calculations of standard and activity metabolism. We
nential increase in swimming activity metabolism per kilometre then calculated observed cost of transport by applying the model to
traveled, over a range of ground speeds (still-water modelpur estimated mean swimming speed at each site. We computed an
Fig. 2A). Standard metabolism per kilometre decreases with inoptimal migration index (OMI) at each site by dividing the theeret
creasing swimming activity because less time would be spent ifical minimum energy expenditure (for that site’s encountered water
any given kilometre of water. In this model, because fish do net enspeed) by our observed estimate of energy expenditure. Therefore,
counter any currents, swimming speeds and ground speeds are thr index value of 1 represents an optimal migrator. Values lower
same values. This model allowed for the computation of a swimthan 1 represent suboptimal, or inefficient, swimming behaviours.
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Conversely, values exceeding 1 represent superoptimal, or highlifig. 4. Histograms representing mean (plus 1 SE) ground speeds
efficient, swimming behaviours. The among-site relationship be (solid bars), swimming speeds (open bars), and encountered cur
tween the OMI and encountered current speed will provide inSight$ent speeds (stippled bars) for each study site along the migra
into how flow conditions may cause departures from optimal mi tjon of (A) Early Stuart sockeye (sites 1-8) and (B) Chilko
gration behaviour. sockeye (sites 9 and 10) and Horsefly sockeye salmon (sites 11—
13). Negative current speeds reflect currents flowing in an up

Results stream direction. Diamonds represent mean SEls (plus 2 SE) for
each study site. In many instances, the standard error is very

Statistical analyses small and is obscured by other symbols on the figure. Sites are
For Early Stuart sockeye salmon, swimming speeds aprdered, within stock, from lowest to highest encountered currents.

sites 2 and 3 (both approximately 1.8 m)swere signif 247 A 7w

cantly different, about two times faster, than at the other four 22 ¢ §

sites (allP < 0.001) (Fig. 4A). Sites 2 and 3 did not differ —~ 18 . =

from each other in swimming speeds, and sites 1, 4,5, and 8 @ ¢ g

did not differ from each other in swimming speeds @l> E i 4 :g

0.003). Ground speeds at sites 1 and 8 (both approximately 8 g3 3 &

1.0 m-s?) were faster than at sites 2, 3, and 5 (RlI< & s 2 E

0.001). Ground speeds at site 3 were faster than those at o . 8

sites 2 and 4 (botl? < 0.001). In terms of ground speeds, 0.0

sites 1 and 8 did not differ, sites 2 and 4 did not differ, and 021 0

sites 3 and 5 did not differ (alP > 0.003). SEI, which o s e 32

ranged among sites from 2.2 to 0.3, was higher at site 1 than

at sites 2, 3, and 4 (af < 0.003); sites 5 and 8 were inter 241 B 7

mediate in SEI but did not differ from the other sites @b a2 6

0.003). 18 s

For Chilko sockeye, there were no differences between
sites 9 and 10 in ground speeds (both approximately 0.42;m-s
P = 0.367) (Fig. 4B), but swimming speeds were greater at

site 10 P = 0.05). SEI was correspondingly lower at site 10 oel
but did not differ from that at site 9(= 0.078). For Horse- M-Ih R ﬂ + 1 1
10 [ g - ol CF
9 I 10

Speed (m-s)
S
w £

N
Swim efficiency index

fly sockeye, ground speeds differed among all three sites,
being highest at site 12, intermediate at site 11, and lowest at
site 13 P < 0.016 for each contrast) (Fig. 4B). SEl was
highest at site 11 and lowest at site 2< 0.016 for each
contrast). Swimming speed was 2.5-3 times faster at site 12
compared with sites 11 and 13. In general, across all stock$rom this analysis, a very strong correlation emerged (
relatively low SEI values (e.g., sites 2, 3, and 12) appeared0.851, df = 7,P = 0.004).
to be associated with high average swimming speeds,
whereas high SEI values (e.g., sites 1, 8, 9, and 10) tendedptimal migration analyses
to occur at sites where average swimming and ground Standard metabolic costs do not change for a given
speeds were similar (Fig. 4). ground speed in either of the two models (Fig. 2); thus, dif
Pooling together all stocks and sites, we found a signifi ferences in model predictions of optimal swimming speeds
cant positive correlation between average swimming speedre solely due to changes in activity costs. When current
and encountered current speed=(0.617, df = 9,P = 0.04) speed was zero (see Fig. 3), total metabolic costs per dis
(Fig. 5A). The correlation based just on data for the Earlytance traveled for a 2.5-kg fish in 19°C water were mini
Stuart stock was particularly strong € 0.947, df = 4P = mized when swimming at 0.6 nTis(the optimal swimming
0.005). We were not able to examine similar types of correspeed). In order for fish to make forward progress, swim
lations for the Chilko and Horsefly stocks individually-be ming speeds must increase as encountered current speed in
cause the number of sites was limited (two and threecreases. However, our model predicts that optimal
respectively). However, both stocks appeared to show thewimming speeds would not increase at the same rate as
same positive association between swimming speed and cudoes the increase in encountered current speeds. Specifically,
rent speed (Fig. 5A). There was no general correlation bethe ratio of optimal swimming speed increase to current
tween average ground speed and encountered current spegmked increase was 0.75. In our examples, when encountered
(r = =0.255, df = 9,P = 0.55) and, individually, the stocks currents were 0.2 and 0.6 m:stransport costs were mini
seemed to show very different relationships (e.g., positivenized when swimming speeds were 0.75 and 1.05%re
association for Horsefly, no association for Chilko, and-neg spectively (Fig. 3). The resultant ground speeds were 0.55
ative association for Early Stuart) (Fig. 5B). Although thereand 0.45 m-3, respectively (Fig. 3).
was no general correlation between average SEI and encoun OMI values computed on all stocks and sites ranged from
tered water speed = -0.378, df = 9,P = 0.25), individu  0.35 to 1.08 for Horsefly fish, from 1.1 to 1.20 for Chilko
ally, all stocks demonstrated a negative associatiorfish, and from 0.60 to 0.98 for Early Stuart fish (Fig. 6).-Mi
(Fig. 5C). Further, if the two Chilko sites were removed grants that encountered water speeds in excess of 0.25 m-s

Site
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Fig. 5. Plots of (A) mean swimming speed, (B) mean ground Fig. 6. Plot of mean OMIs (1 confidence interval) versus mean
speed, and (C) mean SEls versus mean encountered current  encountered current speed for Early Stuart sockeye (solid
speed for Early Stuart sockeye (solid squares), Chilko sockeye squares), Chilko sockeye (open squares), and Horsefly sockeye
(open squares), and Horsefly sockeye salmon (stippled squares)salmon (stippled squares). Negative current speeds refleet cur
All means are bounded by +1 SE. Negative current speeds re rents flowing in an upstream direction. Numbers reflect study lo

flect currents flowing in an upstream direction. cation and correspond to those in Table 1.
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0.00 and Madison et al. (1972) used telemetry to calculate swim
02 00 02 04 06 08 10 ming and migration speeds for adult salmon migrating along
’ ’ the coast of British Columbia and Washington State. We es-
. 7 timate that OMI averaged 0.99 for each study. Taken to-
e 61C gether, these results suggest that migrating sockeye, whether
:g x 5 % in the ocean or freshwater, swim at speeds that minimize en-
£ 4 ergy costs per distance traveled when swimming in slow-
g~ 3 + current environments. Because these studies were conducted
H 2 + o + on much broader time and space scales than ours, this sug-
1 -, . .. gests that optimization principles of locomotion may operate
0 across broad temporal and spatial scales for this species, and
02 00 02 04 06 08 10 perhaps other Pacific salmon. Furthermore, the reevaluation
of Ellis’ (1966b) work reveals that this phenomenon may
Current speed (m-s™) not be restricted solely to long-distance migrants as

Bernatchez and Dodson (1987) first hypothesized.

had OMI values that deviated from 1 (their 95% confidence It is possible that many more species and stocks of ana
intervals did not overlap unity). These included both Chilkodromous fish than was first suggested by Bernatchez and
sites (9 and 10), one Horsefly site (12), and half of the EarlyPodson (1987) migrate according to optimization principles.

Stuart sites (2, 3, and 4) (Fig. 6). OMI from the remainingKey assumptions used in their modeling efforts were that

five sites, where encountered water speeds were less thdgh experienced mean river current speeds and that fish
0.25 m-st, did not deviate from unity. swam under steady-state conditions for their entire migra

tion. The former would lead to overestimation of transport
costs whereas the latter may cause underestimation of costs.
By measuring encountered currents and observing time steps
Our test to evaluate if long-distance migrants minimizeof only a few seconds each, our approach should be ex
transport costs per unit distance traveled yielded mixegected to provide a more realistic assessment of swimming
results. We found that at encountered currents up to abownergetics. Despite this, additional videographic fieldwork is
0.25 m-s!, sockeye salmon migrated according to the -opti needed to examine short-distance migrants as well as other
mal swimming speed model. Although there were no sitemnadromous species in order to test the generality of
for Chilko sockeye that were slower than 0.25 Th-®oth  migration optimization theory. Additionally, the role of non-
the Early Stuart and Horsefly stocks followed this pattern.steady-state swimming needs to be incorporated into these
We used our model to reexamine data previously collectetypes of studies.
by others to assess the generality of this phenomenon. In a How do salmon achieve optimal speeds in flowing slow-
relatively slow-flowing, small coastal river in British Colum water environments? One way may be to take advantage of
bia, Ellis (196®) used underwater visual methods to esti certain types of flow features. We found that SEI values
matemigration and swimming speeds of Sproat River sockeyeequaled or exceeded unity at all sites where encountered cur
a relatively short-distance migrator. We calculated that OMIrents speeds were under 0.25 Th-Shis means that fish
for these fish ranged from 0.96 to 1.00, conforming closelywere able to propel themselves through currents at these
to the theoretical optimal swimming speed. Quinn (1988)sites as though they were moving through still water. We

Discussion

© 2000 NRC Canada



Hinch and Rand 2477

speculate that adult salmon can locate and exploit very smallased on the predictions of our theoretical model (indicated
reverse-flow vortices, created by rough substrates or banksy a high OMI value). There are two possible explanations
(Vogel 1994), which could reduce drag, making it easier forfor these results. The least likely explanation is that we did
upstream passage. This phenomenon may even help propedt adequately characterize the small-scale flow field dy
migrants upstream. At several sites, migration speeds afamics over the substrates at our Chilko River sites. This er
some individuals exceeded their swimming speeds, suggestor would lead to an overestimation of the true current
ing that they were being “carried” upstream (many individu speeds encountered by these fish, and this would inflate our
als had SEI values that far exceeded unity at these sitesgstimates of OMI for this stock. However, this possible error
Not surprising, this was evident at site 1 where the averagevould not change the absolute values that we observed for
migrant was encountering currents that were flowing up SEI (encountered flow fields are not used to compute this
stream. However, this was also evident at sites 8-10 whernparameter), which seem to be unique from those of the other
encountered currents were in the downstream direction. Alstocks. The most likely explanation is that this stock has a
though mean SEI did not differ from 1 at these sites, SElunique propulsive mechanism. The high SEI values suggest
values for some individuals were far above 1 and the videdhat these fish achieve greater forward progress per tailbeat,
images for these particular individuals clearly show themirrespective of encountered current fields. This greater stride
being propelled upstream. Site characteristics such as cobblength could be caused by a greater amplitude of the tailbeat,
size or bank configuration may determine the presence owhich could result in greater propulsion per tailbeat;
magnitude of flow features that are responsible for these mihowever, we were not able to quantify this parameter from
gration assists. Regardless, these flow features (e.g.- vortour side-viewing video observations. It is also possible that
ces) may be only a few centimetres in diameter and vergreater stride lengths were a result of Chilko fish having dif
dynamic in structure and location and thus could be difficultferent morphologies than the other stocks. Recent morphom
to identify or measure (Vogel 1994). Studies that use moretric work has revealed that adult migrating Chilko sockeye
sophisticated means of measuring microsite currents thaare relatively rounder in girth and shorter in length than
our approach may be needed for a better understanding ¢forsefly or Early Stuart sockeye (G. Crossin, Forest- Sci
this energy-saving migration phenomenon. ences Department, University of British Columbia, Vancou-
Salmon that must travel long distances to the interior ofver, B.C., unpublished data). This “torpedo” shape of Chilko
British Columbia are under strong selection to completefish would enhance water flow over the body surface, poten-
spawning early enough in the summer to ensure sufficientially decreasing drag and leading to an increase in stride
degree-days for egg and alevin development and thus redudength. The Chilko sockeye migration is one of the most de-
chances of overwinter mortality caused by spawning groundnanding as a result of a grade that is nearly twice as steep as
freezeup (Macdonald and Williams 1998). The sockeydhat of any of the other Fraser River stocks (Gilhousen
stocks that we studied are thus faced with an energetic dit980). This fact should place a premium on tactics and body
lemma. They need to conserve energy during their migratioshapes that reduce costs of migration. Proximate analyses of
to ensure that they can reach spawning grounds and stiflody constituents were conducted in 1999 on sockeye from
have enough energy to mature their gonads and successfulur three stocks sampled at the Fraser River mouth and
spawn. However, they have a limited amount of time avail again upon arrival at their respective spawning grounds.
able to reach spawning areas; any migration delays coul@hilko sockeye used the least amount of somatic energy dur
have a negative impact on fitness. Under these conditions, ing their river migration and clearly were the most efficient
is perhaps not surprising that different migration tactics aregmigrators in terms of energy used per metre of elevation
used when faced with different flow conditions. When-cur gained (G. Crossin, Forest Sciences Department, University
rents were slow, energy-conserving behaviours like swimof British Columbia, Vancouver, B.C., unpublished data). In
ming at optimal speeds and forward-assisted propulsiosummary, these preliminary whole-body energy and
were adopted. Under high-flow conditions, the risk of expe morphometric results, conducted on a large geographic
riencing significant delays is quite large; moreover, it isscale, support the notion that Chilko fish have a unique and
probably difficult to locate and utilize microsite flow pat highly efficient propulsion mechanis — a hypothesis that
terns. Thus, migrants may be exhibiting extremely fast (i.e.we identified with underwater video observations obtained
suboptimal) swimming speeds in order to minimize time offrom very small spatial scales.
travel rather than swimming at speeds that minimize energy There are many different swimming tactics that migrating
use. This could explain why both Early Stuart and Horseflysaimon may employ to help maximize their reproductive fit
sockeye, when encountered with fast currents (>0.25%-s ness (Webb 1995). Swimming at speeds that minimize costs
had low OMI values, indicating faster than optimal swim per distance traveled could be important, but how strong
ming speeds. might the selection pressure be for migrants to adopt this
Chilko sockeye, like the other two stocks, showed a negatactic? Our optimal swimming speed model predicted that
tive relationship between SEI and encountered currenmigrants need to be able to adjust their swimming speeds
speeds, but the absolute values of the SEI and OM} sugbased on encountered current speeds. Migrants that lack the
gested that this stock is unique. Chilko sockeye appear to bability to adjust their swimming speeds accordingly may put
superoptimal migrators, i.e., they exhibit greater stridethemselves at higher risk of migration mortality resulting
lengths (i.e., high ground speed achieved at a given tailbedtom a premature depletion of energy reserves (Rand and
frequency, indicated by a high SEI value) and were capablélinch 1998) and elevated stress levels (Black 1958). There
of traversing the study sites using less energy than would bare very few data available to test this hypothesis. Hinch and
predicted if they adopted optimal swimming behavioursBratty (2000) used electromyogram telemetry to estimate
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swimming speeds of sockeye salmon that were migrating salmon.Edited byC. Groot, L. Margolis, and W.C. Clarke. Uni
through Hells Gate in the Fraser River, British Columbia. versity of British Columbia Press, Vancouver, B.C. pp. 3—-68.
This 150-m reach is the most energetically costly one foEllis, D.V. 1966. A survey of the behaviour of salmon on spawn
sockeye migration in the Fraser because of its fast and tur ing migration through a large river system. Fish. Res. Board
bulent currents (Hinch and Rand 1998). Migrants thatsuc_ Can. Manuscr. Rep. No. 876.
cessfully ascended this reach swam at average speeds fiS; D-V. 196&. Swimming speeds of sockeye and coho salmon
1.0-1.5 m-3 whereas speeds of those that failed averaged_©n SPawning migration. J. Fish. Res. Board C28.181-187.
20-3.0 m3 (Hinch and Bratty 2000). (Prior to reaching Gllh_ousen, P. 1980. Energy sources and _expe_ndltu_res in Fraser
Hells Gate, all of the transmitter-carrying migrants success ~Ver sockeye salmon during their spawning migration. Int. Pac.
fully ascended the 35-km Fraser Canyon.) Based on obH.Salmon Fish. Comm. Bull. No. 22. . .
d differences between ground speeds and swimmin mch, S.G., and Bratty, J. 2000. Effects of swim speed an.d ac.tlv
served diie 9 P A g|ty pattern on success of adult sockeye salmon migration
speeds, it is reasonable to assume that Ehese migrants enthrough an area of difficult passage. N. Am. J. Fish. Manage.
countered water speeds of about 0.8—1.0~mSwimming 129 604—612.
speeds of the successful group are within the range of optyjinch, S.G., and Rand, P.S. 1998. Swim speeds and energy use of
mal speeds whereas those of the unsuccessful ones clearlyypriver-migrating sockeye salmor©ficorhynchus nerRa role
are not. All of the unsuccessful migrants descended down of |ocal environment and fish characteristics. Can. J. Fish.
stream, never passing Hells Gate, and died prior to Aquat. Sci.55 1821-1831.
spawning. Although the sample sizes were small and th&limley, A.P., and Brown, S.T. 1983. Stereophotography for the
mechanisms of the mortality not fully understood, these re field biologist: measurement of lengths and three-dimensional
sults suggest that the ability to swim at or near optimal positions of free-swimming sharks. Mar. Bial4: 175-185.

speeds may be under strong natural selection. Macdonald, J.S., and Williams, I.V. 1998. Effects of environmental
conditions on salmon stocks: the 1997 run of early Stuart
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