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Acoustic characteristics of forage fish species in
the Gulf of Alaska and Bering Sea based on
Kirchhoff-approximation models

Stéphane Gauthier and John K. Horne

Abstract: Acoustic surveys are routinely used to assess fish abundance. To ensure accurate population estimates, the
characteristics of echoes from constituent species must be quantified. Kirchhoff-ray mode (KRM) backscatter models
were used to quantify acoustic characteristics of Bering Sea and Gulf of Alaska pelagic fish species: capelin (Mallotus
villosus), Pacific herring (Clupea pallasii), walleye pollock (Theragra chalcogramma), Atka mackerel (Pleurogrammus
monopterygius), and eulachon (Thaleichthys pacificus). Atka mackerel and eulachon do not have swimbladders. Acous-
tic backscatter was estimated as a function of insonifying frequency, fish length, and body orientation relative to the
incident wave front. Backscatter intensity and variance estimates were compared to examine the potential to discrimi-
nate among species. Based on relative intensity differences, species could be separated in two major groups: fish with
gas-filled swimbladders and fish without swimbladders. The effects of length and tilt angle on echo intensity depended
on frequency. Variability in target strength (TS) resulting from morphometric differences was high for species without
swimbladders. Based on our model predictions, a series of TS to length equations were developed for each species at
the common frequencies used by fisheries acousticians.

Résumé : Les inventaires acoustiques sont utilisés régulierement pour estimer 1’abondance des poissons. Pour obtenir
des estimations précises, les caractéristiques des échos provenant des différentes espéces doivent étre quantifiées. Des
modeles de réflexion acoustique fondées sur 1’approximation de Kirchhoff ont été utilisés pour mesurer les propriétés
acoustiques de plusieurs espéces dans le Golf de 1’Alaska et la Mer de Béring : le capelan (Mallotus villosus), le ha-
reng du Pacifique (Clupea pallasii), 1a goberge de I’ Alaska (Theragra chalcogramma), le maquereau Atka (Pleurogram-
mus monopterygius) et I’eulakane (Thaleichthys pacificus). Le maquereau Atka et I’eulakane n’ont pas de vessies
natatoires. La rétro-diffusion acoustique a été estimée en fonction de la fréquence sonore, de la taille et de 1’orientation
des poissons. L’intensité des échos et leur variance ont été comparées pour examiner la possibilité de discerner les es-
peces. Nous avons découvert que les especes peuvent étre séparées en deux groupes selon la présence ou 1’absence de
vessie natatoire. L’incidence de la taille et de 1’orientation sur I’intensité des échos dépendaient de la fréquence sonore.
La variabilité de I’indice de réflexion (IR) due aux différences morphométriques était élevée pour les especes sans
vessie. Des équations mettant en rapport la taille des poissons et I'IR ont été élaborées pour chaque espece en fonction
des fréquences sonores les plus couramment utilisées.

Introduction

Acoustic surveys are used to monitor the distribution, abun-
dance, and habitat use of fish within ecosystems. These sur-
veys are appealing for assessment purposes as large volumes
of water are rapidly sampled at high spatial and temporal res-
olutions. To convert acoustic signals to estimates of fish abun-
dance, species must be properly partitioned within survey
areas and the echo energy of constituent species must be
known. The intensity of an echo is generally expressed on a
logarithmic scale as the target strength (TS). Acoustic proper-
ties of fish are species-specific and change over time. In addi-
tion to physical characteristics such as frequency (Foote

1982), TS depends on fish size (Nakken and Olsen 1977), an-
atomical features (e.g., presence of a swimbladder; Foote
1980a), morphology (e.g., swimbladder shape; McClatchie et
al. 1996a), and physiological state (e.g., gonadal maturation
and gut fullness; Ona 1990). Fish behavior can also signifi-
cantly alter TS through changes in fish orientation relative to
the wave front (Nakken and Olsen 1977; Foote 1980b;
Blaxter and Blatty 1990) and vertical movement within the
water column, which changes swimbladder volume (Ona
1990; Mukai and Iida 1996; Rose and Porter 1996). Ideally,
TS should be measured under the same conditions as those
encountered when populations are surveyed. Suitable in situ
conditions for the measurement of TS can be difficult to ob-
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tain, especially in mixed species aggregations or within dense
schools of fish.

A modeling approach provides a practical alternative to
measurements and can be used to examine the amplitude and
variability of acoustic backscatter as a function of single or
multiple variables. Modeling exercises can also be used to
compare and contrast acoustic properties among species and
identify potential metrics for species discrimination and
identification. The Kirchhoff-ray mode (KRM) model uses
low-mode solutions and Kirchhoff-ray approximations to es-
timate resonant and geometric backscatter using planar im-
ages of the fish body and swimbladder (Clay and Horne
1994). KRM model predictions have been successfully
matched to empirical measures (Jech et al. 1995; Horne et
al. 2000; Horne 2003). Matches of KRM model predictions
to empirical backscatter measurements of pollack (Pollachius
pollachius) and saithe (Pollachius virens) were comparable
to those obtained using the boundary element model (BEM)
over a frequency range of 38.1 to 120.4 kHz (Foote and
Francis 2002). In the present study, KRM models are used to
characterize acoustic properties of forage fish in the Gulf of
Alaska and the Bering Sea. Five abundant and widely dis-
tributed species are considered: capelin (Mallotus villosus),
Pacific herring (Clupea pallasii), walleye pollock (Theragra
chalcogramma), Atka mackerel (Pleurogrammus monoptery-
gius), and eulachon (Thaleichthys pacificus). Atka mackerel
and eulachon do not possess swimbladders. Capelin and Pa-
cific herring are physostomous (open swimbladder), whereas
walleye pollock is physoclistous (closed swimbladder).

These fish species are important to the diet of many apex
predators such as Steller sea lions (Eumetopias jubatus). Re-
cent declines in western Steller sea lion populations in the
Gulf of Alaska and the Bering Sea have increased interest in
the assessment of forage fish species (Alverson 1992). It has
been hypothesized that changes in the composition, distribu-
tion, and availability of fish in Steller sea lion habitat are in
part responsible for their decline and lack of recovery (Rosen
and Trites 2000; Stickney 2000; Trites and Donnelly 2003).
Some of the challenges associated with the acoustic assess-
ment of forage fish around Steller sea lion rookeries, haul-
outs, and feeding grounds include accurate conversion of
acoustic energy to fish biomass and species discrimination in
mixed fish aggregations. Our work examines acoustic char-
acteristics of these forage species and identifies possible
steps in the ongoing effort to develop acoustic discrimina-
tion techniques.

Materials and methods

Radiographs and digital pictures were used to image fish
bodies and swimbladders used in KRM modeling (Fig. 1).
Fish were captured using hand lines or midwater trawls and
were kept in aerated tanks. When possible, a period of at
least 12 h was allowed for fish with swimbladders captured
at depth to acclimate to surface pressure. Fish were subse-
quently anesthetized for a period of 30-60 s in a 10-L basin
of water containing 5 mL of a 9:1 mixture of ethanol to
clove oil. Once immobilized, fish were placed individually
on a flat surface for lateral and dorsal imaging. Fish with a
swimbladder were radiographed using a portable veterinary
x-ray unit (XTEC Laseray 90P; XTEC Inc., Columbia City,
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Indiana). The fish were placed at a focal distance of 40-
45 cm on cassettes or redipaks containing rare earth film.
Fish lateral and dorsal planes were exposed at 15 mA for 2 s
at 95 kVp on the redipaks (generally used for <25-cm fish)
or for 0.18 s at 70 kVp on cassettes with intensifying screens
(generally used for >25-cm fish). Fish without swimbladders
were photographed using a 3.3-megapixel digital camera
(photoPC 3000z; Epson America Inc., Long Beach, Calif.).
Lateral and dorsal images of the fish body and swimbladder
(when present) were traced on acetate sheets, scanned, and
then digitized at 1-mm resolution. Fins and tail were not in-
cluded in the trace. Orientation of the swimbladder relative
to the body was maintained, and the body parts were scaled
to their true size using maximum and minimum body and
swimbladder measurements. When necessary, trace lines
were smoothed and rotated so that the sagittal axis of the
fish body was horizontal. The resulting dorsal and lateral
images were elliptically interpolated into 1-mm-thick cylin-
ders to give a three-dimensional (3D) representation of the
fish body and swimbladder (Fig. 2). A series of morpho-
metric descriptors (including swimbladder volume and area)
were estimated using these 3D fish representations. Species
were partitioned into groups of similar-sized individuals (10-
cm length groups). The ratio of the major to minor axes of
the body and swimbladder (maximum length and width)
were measured on the lateral traces as an index of elonga-
tion. The eccentricity (e) of the fish body or swimbladder
was also measured as the ratio of the distance between the
foci and the vertices of an ellipse having the same major and
minor axes as the fish trace. Eccentricity varies between 0
and 1 (0 £ e < 1, where 0O is a circle).

Swimbladders were modeled as a series of gas-filled cyl-
inders, and fish bodies were modeled as a series of fluid-
filled cylinders. The energy backscattered by the fish body
and swimbladder was obtained by estimating the scattering
from each cylinder (for details see Clay and Horne 1994).
The scattered sound pressure (P, at time ¢ and range R) of
an object insonified by a plane incident wave (of amplitude
P;,. at the object) is

(1) Pea(t,R) = (P /R) R0 (1)

where k is the wave number (m™), f is the frequency (Hz)
for the convolution of the sound wave, and £(¢) is the scat-
tering length (m) of the object in the time domain. Scattering
amplitudes from the fish body and swimbladder were added
coherently to obtain the total scattering length of the fish. The
absolute square of the scattering length is equivalent to the
backscattering cross section of an insonified object (G, m?):

(2) o, =127

where & is a function of the insonifying frequency and length
(L, m) of the object. Our model combines these variables as
a nondimensional reduced scattering length (RSL):

(3) RSL = L(L/N)/L

where A is the acoustic wavelength (m). RSLs obtained in
the frequency domain can be converted to target strength
(TS, dB) at any specified length:

“4) TS = 20log(RSL) + 20log(L)
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Fig. 1. Illustrations of the modeled species with corresponding lateral and dorsal radiographs (traces shown for species that do not pos-
sess a swimbladder). The air-filled swimbladder can be seen as a dark shape within the fish body, and the different shades of gray rep-
resent structures of different densities within the fish body (lighter shade = densest, as a result of high x-ray absorption).

Lateral

Capelin (Mallotus villosus)

Walleye pollock
(Theragra chalcogramma)

We list the parameters used in KRM modeling (Table 1).
Eulachon (an anadromous species) was modeled for both
marine and freshwater environments.

For each species, TS was estimated as a function of length,
carrier frequency, and tilt angle. The effect of one variable
(e.g., length) was modeled for each fish over an arbitrary
range by controlling for the other factors (e.g., fixed fre-
quency and tilt angle in this case). Predicted RSL values
were compiled for all digitized fish to obtain a mean and
standard deviation of the acoustic backscatter for each spe-
cies and size group. When representing the average value for
a group of individuals, TS was denoted as TS. To estimate
backscatter over a common length range, fish were linearly
scaled in each dimension to all lengths within the modeled
range. Length ranges (at 2-mm increments) were centered on
the average length of collected specimens. The effect of fre-
quency was modeled from 12 to 420 kHz. Tilt angles were
modeled at increments of 1° over a range of 45° to 135°,
where 90° represents a normal aspect (i.e., lateral axis of the
fish body perpendicular to the incident wave front). The ef-
fects of length and frequency were modeled at dorsal inci-
dence (normal aspect). Frequency and tilt angle effects were
modeled at various scaled fish lengths.

Model results were used to estimate tilt-averaged target
strength (TSg) to total length (L) relationships for the five

Dorsal

studied species. To estimate TSy, reduced scattering lengths
(RSL) were generated for each individual at their actual
length over a range of 45° to 135° at 1° increments. A nor-
mal distribution of tilt angles having a known mean and
standard deviation (based on in situ measurements when
available) was randomly sampled to provide 1000 tilt values
(Table 2). Echo-intensity values were tabulated from this
tilt-angle distribution and corresponding model predictions.
The resulting TSy of individual fish were subsequently used
to estimate the regression parameters for each of the five
species. The models were generated as

(5) TSq = alog(Ly (cm)) + b,

(6) TSg = 201log(Lt (cm)) + by

where a is the slope and b, (or b,) is the intercept of the re-
gression. The regression parameters were calculated at the
five frequencies most commonly used in fisheries acoustics
(12, 38, 70, 120, and 200 kHz). KRM predicts TS using fish
caudal lengths (length from tip of snout to end of caudal
peduncle). Total lengths were estimated based on regressions
between caudal lengths and total lengths from the sampled
fish (Table 2).
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Fig. 2. Three-dimensional representation of a fish body or
swimbladder with 1-mm cylinders (slabs) used in Kirchhoftf-ray
mode backscatter models.

Results

Nine fish groups were modeled. Each group consisted of
at least 10 individuals of similar length. The average esti-
mated dorsal swimbladder area varied from 6.4% to 11.3%
of the total dorsal body area. Swimbladder volume varied
from 2.6% to 3.7% of the total fish volume (Table 3). Cap-
elin had the lowest values in both cases. This species also
had the smallest swimbladder angle (mean of 3.9°) and the
lowest swimbladder elongation (with corresponding eccen-
tricity). -

The effect of length on the mean target strength (TS) of
each species is illustrated at four different frequencies: 12,
38, 120, and 200 kHz (Fig. 3). Among fish of similar lengths,
species with a swimbladder had much larger TS than species
without a swimbladder (differences of up to 15 dB). Differ-
ences were also observed among the TS of any given species
at various carrier frequencies. For example, the TS of Pacific
herring (Fig. 3b) at 12 kHz was consistently 5-10 dB higher
than the TS at 120 or 200 kHz. Intercepts, shapes, and slopes
of the TS to length regressions were also dependent on fre-
quency. At 12 kHz, the increase in TS with length was steep
and relatively constant. At higher frequencies, successive TS
peaks and troughs were observed with increasing length.
This variability in the TS to Ly relationship was particularly
marked in species without swimbladders. For example, the
TS of eulachon peaks and dips twice, spanning more than
10 dB over a 20-cm length range. Variability in TS is attrib-
uted to constructive and destructive interference of reflected
pressure waves within the fish body.

Intraspecific TS variability was high for species without
swimbladders (as illustrated by the standard deviations in
Fig. 4). Walleye pollock, a species with a swimbladder, also
had high intraspecific TS variability at lengths greater than
40 cm. Capelin and Pacific herring had the smallest range in
fish size and intraspecific TS variability. TS of fish modeled
at their actual size often differed from the TS curve obtained
by scaling the lengths of all fish (Fig. 4).

Frequency-dependent backscatter at a specified length and
tilt are shown (Fig. 5). Pacific herring and walleye pollock
TS values were higher at low frequencies, peaking at approx-
imately 20 kHz. The TS of these species dropped sharply be-
tween 20 and 100 kHz and was relatively constant in the
higher frequency range. This sharp decrease in TS was not
observed for capelin, which exhibited more irregular patterns
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Table 1. Acoustic parameters used in Kirchhoff-ray mode models.

Parameter Freshwater ~ Marine
Speed of sound in water (m-s") 1430 1470
Speed of sound in fish body (m-s7!) 1570 1570
Speed of sound in swimbladder (m-s7h) — 335
Density of water (kg-m™) 1000 1026
Density of fish body (kg-m™) 1070 1070
Density of swimbladder (kg-m™3) — 7.44

Note: Parameters for the fish body were taken from Clay and Horne
(1994). Density of gas within the swimbladder was modeled at a depth of
50 m (607.95 kN-m™).

Table 2. Tilt-angle distribution used for the TSg—Ly regressions
and equations used to estimate fish total length from the mod-
eled caudal length results (all 7> > 0.9).

Tilt-angle distribution

Species Total length (mean, SD)
Capelin 1.12CL + 1.43 (93.3, 18.4)!
Pacific herring 1.06CL + 0.55 (86.9, 14.2)°
Walleye pollock 1.06CL + 1.98 (85.6, 16.2)°
Atka mackerel 1.14CL + 0.88 (90, 15)*
Eulachon 1.08CL (90, 15)*

Note: ! Carscadden and Miller (1980); > Ona (2001), measurements on
Atlantic herring ; 3 Olsen (1971), measurements on Atlantic cod (a related
gadoid); 4 conservative values (no published data). CL, caudal length; SD,
standard deviation.

at lower frequencies. Echo-intensity variance of all fish with
swimbladders dramatically increased between 12 and
100 kHz and remained relatively high thereafter. For species
without swimbladders, TS and standard deviation were
highly variable across all frequencies.

Effects of orientation on TS among species with swim-
bladders were pronounced at high frequencies (Fig. 6). At
12 kHz, the TS of a 16-cm capelin or walleye pollock varied
by less than 6 dB over a tilt-angle range of 45° to 135°. Pa-
cific herring TS decreased by more than 10 dB with increas-
ing tilt angle, but the changes were relatively gradual. In
contrast, the TS of fish with swimbladders changed sharply
with tilt angle at 120 and 200 kHz, especially with orienta-
tions approaching swimbladder dorsal incidence (sagittal
axis perpendicular to the wave front). Changes in amplitude
with orientation were also important at 38 kHz, but the sharp
decreases in TS occurred at greater tilt angles. It is also note-
worthy that the maximum TS for these species with
swimbladders did not occur exactly at normal aspect, but at
a lower head-down tilt angle (between 80° and 90°). The TS
of 16-cm Atka mackerel and eulachon varied by more than
30 dB over the range of the tilt angles modeled. The overall
pattern (or shape) of the TS — tilt angle relationship for these
species without swimbladders was not affected by frequency.
At 38 kHz, TS of these fish displayed more variation over
small tilt-angle ranges than at 200 or 12 kHz. Changes in TS
with tilt angle are not symmetrical and depend on the orien-
tation of the individual relative to the wave front (head-down
versus head-up) (Fig. 6).

In most cases, TSqy values were lower than the TS for the
same individuals modeled at a 90° tilt (Fig. 4). Differences
between these two values were highest for capelin and

© 2004 NRC Canada



1843
thier and Horne
Gau

ined
ions obtain
sions t the
reores .es a
TSe—Lr rgall spect acous-
of the isted fo. isheries hips
eters L in fi tionship
aram Its a sed ela .
he p csu ly u LT I onse
n. T odel r mon TSe— resp
cho m commgc f the tter res| ed
cula the KRM (f) most of fit o in baCkSCaften dlfferd
from encies odness of bility i del o e) had,
ive frequ The go igh varia inear mo d slop ss
2 five le 4). hig -line ion (force odne
a0 ics (Table ue to | e log sion ing go -
8888 | EEE s ofion P (silope " tgolog ot on the o Vet o the
o 2222 223 wa f the of a ect o by in ha .
5]2223 §95 e onsiderable bladders o oo Paciti
~ 2 > m 20, s, consid h swim equenc ollock an 12>
— - L5 3 frO € cases, . h wit -ng fr po . S (a
S S g2 in som r fis increasi lleye ss10nS and
o @ = z S5 m s . Fo ith inc walleye re ar
G AR I+ of fi (). For W“?ouoweddbtﬁe bestfit regr § renencies
=S| = (S < 228 dec es, a een re d,
=z NI =2 ° ally t by, valu pollock h ent betwfiVe tested As expecte .
2 I Ses lowes Walleye t agreem for the 20 kHz. lower fo
£ XX £ .fé 51 herl'ing‘ he closes odels rel at 1 much n had
g © 0 ~ lo\\ g g =) g 5 § 0 9) and t (2010g)f Azltka maCkesSions W?rend eulacho ts of
5 ) (o)) = =52 . c A TEe a . ep!
g '? 25 2222 5z g forcedﬂzlggceptlortlh(; 20log ftgka macker:ssion 1nfe$er than
= SRS Slss g ith ¢ f . regr 0
2| = 23=48 33 2 Vkvllthintf‘frceptS v?/imbladﬁersestimated ere 2-4 dB
e S EE =S the 1nte ts e T w
H SEEEREN o EEE Similar by values in e conditions,
i) = Teee — = e won = § 3 imilar 20 deled . condr
3 hvV@O. S 223 sim mode arine
= 5 IR B SN ;23 lachon d in m ished
S < aE Z eu dele lishe
> ~ 17} 5] (] bli
Sl oy those m ions and pu ur
o —_ ) . S (0]
o sac S dictions d from ¢ -
e PN S84 g = : ) 1 pre aine tilt
2 5SS cod N EE g iscussion RM mode \I/)alues obt dB for the se
S glec Sew || 223 Discu betWeenlfj pendent. ' her (4-5 I and I}fo r
5 g P 5 S =2 s t ies-de hig "Drisco differ-
v - a ~ 3 = 2 reemen €C1es much ies (O’Dr these e
< 2 s5E Ag was sp S were tudies s for s in th
2 - alues lin T her s Reasons 1 hased on
= —~ =28 TS v cape in ot 02). d diffe ased o
5 Tlaso % S | 59 g model O(;l TS) tharrlld Olsen 2(22003) n,of factor l(et:]gth. Ti
2222 5 e a en itio it
3 2l e S EEE averag ensen ens ndi dder t wi
Sc . E Jor Jorg S ibla en
:| Els< NEE EEE ces e oo i sccoring ) and in good agfee?owg“a
= Slai e 8.8 ces lin ionships in TS = ing use
sl = _ ZoE TS of e relation herring scies in fal (er herring rega-
z Saan s ight-leng r Pacific r this spe 2). Howev ning age tal.
< asaal S 2 redictions fo lues fo 1. 2002). Tk T S8
Z 222 o LT 232 predict ted TS V?l mas et a from 1argl ska). Tho dB lower
) = N S s Ra) = en . T V) d A a 2
> « ~ - < docum kHz; llecte Bay, as 3. X-ray
& S« N ke t 120 ere co Sitka byy W for the ine
o <| S 4i=) R=] 66 a dy W 2002 ( . the 2 sed rmin
= Yo stu h ring, th Is u dete
— ~N 2 5] in our A Marc . Sp. individua ible to hape
o in ring div - sib ) S
E _ 5Es tions glufrgﬁﬁ d thatliiuB ccause indiv 1mp‘;]S modify lgfg from
g = o~ EST 02 fall. ificed, i d ma su s
3 = = R 2002) fc the ificec na S re egg
gl £l asag 3 i ng were not . Herring nd routs change al. 2001
IS Sdo=2 o5 i : a '
2 g e 0 A [ | ] | 3 §-~ imaglnghad Spawn?mbladdfrrjstics Wouity Ona ete?y related
=N IS SSFaq B if they the sw racte cavity. clos s 4-
5 Clo s e S 253 and e o h cha he body S of a high as
B} oS § 3 = and siz nt. Suc from t in the T be as to 1m-
3| 2 *E inid conte leased fror tion in could (GSD) t TS
o —_~ = B = hpl . e rele varia uS) ic index situ
B N = E§ ilt ar nal hareng tic index s. In 4
& ,-\ ) RSN [ @ T m se€aso a soma . €C1€ icall
£ gdsce By noted that corporated  gonado for this specie fe hening
£ g ~|S 0 o g = | | é‘)«‘:‘-' e ring Spe rporate tiOnShlp . herrlng cific dal
g ;gwa Naeia L8 her and inco gth rela f Atlantic for Pa d Gvre
g ;a s S5 dB —len ks o imates - d an re-
R 21z 2 2 8 he TS stoc tima isun ngth p
s |» 228 N By ove the 1 ed on roes 3: M TS-le at
) | =1 T am ou 198 > ck lues
2 753937273 lpis Vil “lower tﬁ‘arﬁeyniss‘)‘%vaueye imenied 15 d Traynor
] 9 a=SR =z 2 B ). ume an S
§c|a|oom & 6 d n an 1988). W doc te wa
Q o =& I = SO 1. ith ; Foo alue
< AR 2% lldors eta ble w 1983; ept v on-
= Jle salsg = (Ha dstam arable son interc the ¢ .
5 —~ o~ S n S o - Ru omp 'lham b 0 1 d fOr mn
g AAAO.O-NC Ty 1988; NN imated b, use veys
| I 58888 soxl3 2 3% kil (heapon 96). Our vation "t i sl d Traynor
=1 _ A:C‘“ﬁn s 552 Hz 1996). ua th in an ts
| Elz=3 EEREE 23 1988 lower than in the t fish ng Sea (F OOtineasureI%Znet
S o I a £2 3 ’ er ic size ing itu a
= < n 89z B low tic s Ber > ex s Saw
= 75 °E¢ 1.2d acous d the Using odels, r than
= ~ @ ls ¢ 2 _ n of ka an 01) inder m lowe
3 o R = sio Alas 20 lin dB dge,
5 ver 1. c -3 ledg
k= f228=28 “ 5% the Gulf Otf)rmsen o def"rme%syvalues : our know
3 AR £ e 1988; Gut ollock an redicted uation. To
I sigi L1003, Hon o (1988) eq
? . zE25 a1 (1999) als Traynor
2 e 5 <z g 2 al. ote and
g 22 T . $ £ 2 the Fo
= 52 g S S5 2 g
3 29 ;S -
E S o [5) -~ 2
i A E 52 < 4
31'g S
) 2l &2 =
= ~1 0 &
] w
-

ada
RC Can
04 N

© 20



1844

Can. J. Fish. Aquat. Sci. Vol. 61, 2004

Fig. 3. Mean target strength (ﬁ) as a function of fish total length for (a) capelin (Mallotus villosus), (b) Pacific herring (Clupea
pallasii), (c) walleye pollock (Theragra chalcogramma), (d) Atka mackerel (Pleurogrammus monopterygius), and (e) eulachon
(Thaleichthys pacificus). Dotted line, 12 kHz; bold unbroken line, 38 kHz; thin unbroken line, 120 kHz; shaded line, 200 kHz. Aver-
aging was done in the linear domain before logarithmic transformation.
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no published data exist on target strengths of Atka mackerel.
Experiments on encaged mackerel (Scomber scombus) in the
Atlantic suggest a b,y 1.7-5.7 dB lower (Edwards et al.
1984) than those found in our study. TS estimates for eula-
chon modeled in marine conditions were similar to those ob-
tained for Atka mackerel of the same length. Predicted
eulachon TS from KRM tilt-averaged models adjusted for
freshwater were similar to in situ TS measurements of eula-
chon at 123 kHz (tilt-averaged model = —54.5 dB; mean in
situ = —53.5 dB; mean fork length = 18.1 cm) and 208 kHz
(tilt-averaged model = —54.9 dB; mean in situ = -50.3 dB;
mean fork length = 17.1 cm) in the lower Fraser River, Brit-
ish Columbia (B. Stables, Shuksan Fisheries Consulting,
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P.O. Box 485, Sumas, WA 98295, USA, personal
communication). Even though the 4.6 dB difference at
208 kHz appears large, predicted eulachon backscatter can
differ by up to 4 dB within a 1-cm change in length.
Because of the large density and sound speed contrasts of
gas and water, the echo intensity of a fish primarily depends
on the presence or absence of a gas-filled swimbladder
(Haslett 1962; Foote 1980a). Contributions of fish flesh and
other organs to the total backscatter of a fish are minimal
compared with the contributions from the swimbladder.
Density and sound speed within the swimbladder will
change with gas composition, depth, and temperature. Air is
highly compressible compared with water and fish flesh. Its
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Fig. 4. Target strength (TS) at 38 kHz as a function of fish total length (L) for (a) capelin (Mallotus villosus), (b) Pacific herring
(Clupea pallasii), (c¢) walleye pollock (Theragra chalcogramma), (d) Atka mackerel (Pleurogrammus monopterygius), and (e) eulachon
(Thaleichthys pacificus). Shaded lines, mean and standard deviation of all fish modeled over a range of scaled length and a tilt angle
of 90° (normal aspect); @, TS of individuals modeled at their default length and a tilt angle of 90°; A, TS of individuals modeled at
their default length and averaged over a normal distribution of tilt angles; unbroken line, best fit log-linear regression for TSq (TSq =
alog(Lyt) + by); dotted line, best-fit 201log regression for the TSq (TSg = 20log(Ly) + byy).
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density increases proportionally to pressure (air density =
122.76 kg-m~ at 1000 m). Changes in swimbladder volume
as fish change depth according to Boyle’s law can have a
much more drastic effect on resulting backscatter intensity
than density of sound speed contrasts (e.g., Mukai and lida
1996; Gorska and Ona 2003). Changes in density and sound
speed of water also influence KRM model predictions. As
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an example, TS of eulachon in freshwater were on average
3—4 dB higher than in seawater. Density and sound speed of
water are easily calculated using ambient temperature, salin-
ity, and depth (e.g., Mackenzie 1981; UNESCO 1983). Den-
sity and sound speed contrasts at interfaces will greatly
affect the acoustic scattering of non-gas-bearing organisms
(Stanton et al. 2000). Density and sound speeds of fish flesh
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Fig. 5. Mean target strength (TS, bounded by the standard deviation) as a function of frequency for fish scaled to 16 cm: (a) capelin
(Mallotus villosus), (b) Pacific herring (Clupea pallasii), (c¢) walleye pollock (Theragra chalcogramma), (d) Atka mackerel (Pleuro-

grammus monopterygius), and (e) eulachon (Thaleichthys pacificus).
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have been documented for a limited number of species (Qiu
et al. 1999; McClatchie and Ye 2000; Barr 2001). Changing
the sound speed (1548-1570 m-s™') and density (1030—
1070 kg-m~3) of fish flesh for eulachon and Atka mackerel
altered the intercept values from the regressions by as much
as 10 dB, but generally not the slopes or shapes of the
curves (Gauthier and Horne, unpublished data).

TS of a species depends on several factors that potentially
interact. These include the shape and length of the fish, the
orientation (i.e., tilt, roll), and the insonyfing frequency.
Morphometric (i.e., shape) differences within a species re-
sult in variable TS from fish of the same length, especially
for species without swimbladders. The extent of this vari-

400

(d)
-35 -

_50 4

_35 B

-50 -

-65

T ¥y T T T [ T T T T

0 100 200 300

T T T T T

400
Frequency (kHz)

ability, as well as the effects of length on TS, depends on
frequency. At 12 kHz, the increase in TS with increasing
fish length was relatively constant. At higher frequencies,
interactions of the wavelength within the fish body created
more constructive and destructive interference. This typi-
cally results in more variable TS responses with increasing
fish length. The effect of orientation on TS also depends on
the presence or absence of a swimbladder and frequency. At
12 kHz, tilt angle has little effect on the TS of fish with
swimbladders because of the small ratio of swimbladder
length to acoustic wavelength. At any single frequency, the
effects are more pronounced as fish size and corresponding
swimbladder size increases. Maximum TS occurs at a tilt an-
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Fig. 6. Mean target strength (ﬁ) as a function of fish tilt angle for fish scaled to 16 cm: (a) capelin (Mallotus villosus), (b) Pacific
herring (Clupea pallasii), (c¢) walleye pollock (Theragra chalcogramma), (d) Atka mackerel (Pleurogrammus monopterygius), and
(e) eulachon (Thaleichthys pacificus). Bold line, 12 kHz; thin line, 38 kHz; shaded line, 200 kHz. Values at 120 kHz were similar to

those at 200 kHz and are not plotted.
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gle lower than normal aspect because of the angle of the
swimbladder within the body. The swimbladder in teleost
fish typically angles 5° to 10° posterior (Horne and Clay
1998). As the fish body is tilted downward, the swimbladder
reaches normal aspect, maximizing the area exposed to the
incident wave front. At high frequency (200 kHz), TS de-
creased sharply as tilt angle deviated from this maxima.
Capelin had the lowest swimbladder elongation (and corre-
sponding eccentricity) and showed the least TS variation
with tilt angle at any frequency. Capelin also had the lowest
proportional swimbladder volume and dorsal area. For spe-
cies without swimbladders, maximum TS occurred at 90°
and decreased gradually. Tilt-TS functions for these species

50 70 90 110 130
Tilt (degree)

were not as affected by frequency as fish with
swimbladders. TS was more sensitive to small changes in tilt
angle at higher frequencies.

We used tilt-averaged TS for the TS-length regressions to
represent natural variations of tilt angles within fish popula-
tions. Among species with swimbladders, the largest differ-
ence between TS at normal incidence (90°) and tilt-averaged
TS was observed for capelin. This was a surprising result as
capelin TS were least affected by tilt angle. The standard de-
viation of the tilt distribution was higher than that of Pacific
herring or walleye pollock. The average tilt angle was head-
up for capelin (Carscadden and Miller 1980) versus the
head-down orientation for Pacific herring and walleye
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Table 4. Slope and intercept regression parameters for tilt-averaged target strength (TSg) based
on total length (L) at five frequencies (f) based on the Kirchhoff-ray mode predictions.

Species f (kHz) Slope (a) b, r? by r?
Capelin 12 40.0 -93.7 0.54 -70.8 0.41
38 24.9 -75.0 0.35 -69.3 0.36
70 11.1 -61.2 0.12 -71.3 0.05
120 28.4 -81.8 0.62 -72.2 0.57
200 22.3 -75.9 0.51 -73.2 0.52
Pacific herring 12 21.2 -64.1 0.01 -62.4 0.04
38 13.3 -55.9 0.34 -65.1 0.27
70 19.5 —66.1 0.35 -66.8 0.37
120 21.0 -69.0 0.29 -67.6 0.31
200 24.2 -74.3 0.32 -68.5 0.33
Walleye pollock 12 21.7 —68.1 0.96 —65.5 0.96
38 19.2 -66.0 0.96 -67.2 0.96
70 20.0 -68.2 0.96 -68.2 0.96
120 21.1 -70.5 0.95 -68.9 0.94
200 22.5 -73.1 0.96 -69.4 0.95
Atka mackerel 12 17.9 -79.1 0.86 -82.3 0.85
38 18.5 -81.0 0.91 -83.2 0.91
70 22.6 -87.6 0.92 -83.7 0.91
120 19.9 -83.4 0.97 -83.6 0.97
200 19.6 -83.1 0.93 -83.6 0.93

Eulachon

Marine 12 40.3 -109.7 0.90 -83.4 0.68
38 27.3 -94.0 0.66 -84.5 0.62
70 25.0 -90.9 0.79 -84.4 0.76
120 15.3 -77.6 0.51 -83.7 0.47
200 21.5 -86.0 0.80 -84.0 0.80
Freshwater 12 39.8 -104.6 0.92 -80.1 0.70
38 26.5 -89.5 0.74 -81.1 0.70
70 23.5 -85.6 0.78 -81.1 0.77
120 15.0 -73.8 0.61 -80.3 0.55
200 20.5 -81.3 0.84 -80.7 0.84

pollock. The swimbladder angle for capelin was closer to
horizontal, and the response of TS to tilt had a sharper peak
at 38 kHz. The combination of tilt range, fish orientation,
and tilt-dependent backscatter resulted in lower tilt-averaged
TS for capelin than for the other species with swimbladders.

It is noteworthy that the log-linear regressions for walleye
pollock and Atka mackerel had slopes near 20. Slopes of TSg—
L regressions often differed from 20 for other species, espe-
cially capelin and eulachon. Given the relatively small length
range available for these species, it is difficult to ascertain
definitive values for the regression parameters. The large differ-
ences in goodness of fit (%) observed between the log-linear
and 20log models suggest that it may not always be appropriate
to express TS results using a 20log regression (cf. McClatchie et
al. 1996b, 2003). Our modeled data also illustrate that regres-
sion parameters depend on frequency (especially for species
with swimbladders) and that frequency-dependent scattering
may be useful for species discrimination.

From our modeling results, we conclude that backscatter
characteristics differ among the five species. As expected,
the greatest differences were between fish with and without
swimbladders. Variability in TS resulting from morpho-
metric differences was high, especially for species without

swimbladders. Tilt angle affected backscatter responses. TS—
tilt functions also depended on the presence or absence of a
swimbladder and its orientation within the fish body. Effects
of fish length and tilt angle on TS were frequency-dependent.
The slopes of TSg—Lt regressions were in many cases differ-
ent than 20. Based on these results, the next logical step in
this work is to examine potential discriminatory metrics us-
ing species-specific acoustic properties. Future efforts
should also be directed at comparing model predictions with
in situ measurements of monospecific and mixed aggrega-
tions of fish.
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