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E X E C U T IV E  S U M M A R Y 


A  pilot study assessed  the  potential effects of pile  d riving  activities on  the  behavior and  distributions of schools of


juvenile pink (O ncorhynchus gorbuscha) and  chum  (0. keta) salm on. S ites studied  included


the  E verett H om eport (near the  m outh  of the  S nohom ish  R iver), E lliott B ay M arina  (S eattle), and  the  K ingston  and


B rem erton  F erry T erm inals. S chool size, fre q u e n cy  of occurrence, species distribution, and  g en eral fish  behavior w ere 


m easured  at the  sites w h e re  pile  d rivin g  and  fish  presence  coincided. In divid u al fish  w ere  sub-sam pled  for total length,


w eight, and  stom ach  contents. O n  sam pling  days, tidal stage, w e a th e r, salinity, and  the  underw ater acoustic


environm ent w ere  also  m easured.


P ile  driving did not o ccu r at the  K ingston  site, and  juvenile P acific salm on  w ere  not present at the  B rem e rto n  site 


w hen  pile driving  w as in  progress. T h e re fo re , the  data  from  these  sites do  not provide  direct inform a tio n  on  the 


im pacts pile driving  has on  juvenile salm onids. V ery few  fish w ere  observed  at the  E lliott B ay site, w ith or w ith o u t


pile  driving.


T he  m ajority of results regarding  the  im pacts of pile  driving  on  juvenile salm onid  ecology are  from  the  E verett


H om eport site:


o  W ithin the  range  of salm onid  hearing, the  so u n d  field generated  by pile  driving  activities had  a  radius of at


least


600  m .


@  P ile  driving operations apparently affected  the  distributions and  gen eral behavior of fish  schools about the 


site 


O  N early tw ice  as  m any fish  schools w ere  fo u n d  on  the  con structio n  side  of the  site  on  non-pile  driving  days


com pared  to  driving  days


o  F ish  schools w ere  typ ica lly in  w ater <1.5  m , w ithin 2  m  from  shore, and  su rfa ce  oriented. F ish  school


distances fro m  shore  did  not change  sig n ifica n tly as  a  result of pile  driving


O  T he average  to tal length  of fish  did not increase  significantly over the  study period, suggesting  fish  w ere


either transient and/or not g ro w ing 


O  S tom ach  content analysis indicated  that m ost fish  w ere  feeding 


O  W hile salinity and  tidal stage  probably affected  the  vertical distribution  of fish  in  the  w ater colum n , it d id 


not appear to  a lte r fish  behavior or distribution  about the  construction  site  as  m easured  in  this study


vill
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P O U N D  S O U N D S  F IN A L R E P O R T 


IN T R O D U C T IO N 


P acific salm on  (O n corhyn ch us spp.) in the


N orthw est U nited S tates are  confronted w ith  seem ingly


endless challenges im posed  b y d e stru ctio n  and


a lte ra tion  of m igration routes, and  spaw ning and  rearing


habitats. M itigation of these  hum an induced changes


often have lim ited efficacy. In order to avoid further


im pedim ents to  P acific sa lm on, th e  W ashington


D epartm ent of F isheries (W D F ) prohibits pile driving


activities in P uget S ound  (W ashington) w aters from 


M arch 15  toJune 15  each  year. M igrating juvenile P acific


salm on m ight be driven  tow ards deeper w ater, have


their foraging patterns altered, e n co u n te r delays in their


outm igration, or be  m o re  susceptible  to predation  as  a 


direct result o f the  disturbance  created  b y p ile  driving


activities.


T he regulation allegedly hinders the  progress of


shoreline construction com panies, w ho  claim  only


anecdotal evidence supports the hypothesis of the  W D F 


pile  driving prohibition rule. T herefore, p ile  d rivin g


construction com panies initiated this study in order to


ascertain the  im pacts of their activities on the


distribution and  b eh a vior of juvenile P acific salm on. T he 


hypothesis of W D F  and this research is that sounds


produced by pile driving rigs a lte r the  a b u ndance,


behavior, distribution, a nd/or general ecology of juvenile


pink and chum  salm on at pile driving  sites. T o  test this


hypothesis, W e  first characterized the underw ater


acoustic environm ent at the  E ve re tt H orneport, E lliott


B ay M arina, and  K in g sto n  and  B rem erton Ferry


T erm inals, to determ ine if sounds in these  areas w ere


w ithin the  audible  range  of juvenile p ink and chum 


salm on. S econdly, W e  m easured  the  abundance,


behavior, and distribution of juvenile p ink and  chum 


salm on  at the  four sites, w ith and  w ithout pile driving.


T he in form atio n  from  this study has direct application to


decision m aking at W D F  and  o the r m anagem ent


agencies concerned  w ith the  w elfare of aquatic


organism s in the  P uget S ound  area. In the  follow ing


section, W e w ill review  the pertinent literature on


juvenile salm onid ecology in  the  nearshore  estuarine


areas, underw ater acoustics, a n d  fish audition.


E S T U A R IN E  E C O LO G Y  O F  JU V E N ILE  P IN K  A N D 


C H U M  S A LM O N 


P ink and chum  salm on typically m igrate soon  after


em ergence  fro m  th e ir natal stream s to  the  estuary (see 


K obayashi and A be 1977; H ealey 1979; G odin 1982).


O nce  in the  estuary, they o ccup y nearshore, shallow 


w a te r areas until they reach a  total length  (U ) of 50-60 


m m  (M anzer 1956; G llhousen 1962; see  K irkw ood 1962;


LeB rasseur and  P arker 1964; N eave  1966; K aczynski et a l.


1 9 7 3 ; G root 1982), upon w hich they m ove into the


neritic zone. Ju ve n ile  pink and  ch u m  salm on  in  the


P uget S ound  area typically m igrate from  their natal


stream s betw een early F ebruary and late  M ay, w ith peaks


of abundance  occurring  fro m  late M arch  to  m id-M ay for


pink salm on, and  late M arch  to  early M ay for chum 


salm on.


Individual estuarine  residence  tim es for juvenile


chum  salm on  vary considerably, w ith estim ates ranging


fro m  0  to  32  days (M ason  1974; H ealey 1979; S alo  e t al.


1980; C hitw ood 1981; C ongleton et al. 1981; S im en stad 


a n d  E ggers 1981; L e vy a n d  N orthcote 1982; S chreffler et


al. 1 99 0). Individual residence  tim es for pink salm on  are 


not know n.


N ew ly em erged juvenile pink and  chum  salm on


occupying  nearshore w aters of P uget S ound  have  a 


feeding preference for epibenthic invertebrates, w ith a 


subsequent transition  to m ore  pelagic prey as  they grow 


larger and m ove into  deeper w ater (B ax et al. 1978;


S im en stad  a n d  K inney 1978; F resh  et al. 1979; M eyer et al.


1981; W eitkam p and  S chadt 1982). H ow ever, there is 


considerable  variation  in  the diet as  a  function of species,


tim e  of year, and  g e o g ra ph ica l location. K aczynski et al.


(1 9 7 3 ) found that juve nile  pink salm on  (m ean  T L  39  m m )


sam pled  in nearshore  w aters of P ort S usan, W A ,


prim arily fed  on  barnacle n au plii, invertebrate  eggs, a nd 


m ysis la rva e , w hereas juvenile chum  salm on w ith m ean


U  43  m m , prim arily fed on epibenthic harpacticoid


copepods and  gam m arids. F eller and  K aczynski (1975)


found that juvenile chum  salm on w ith m ean  F L  — 38  m m 


fed  prim arily on gam m arid am phipods, cladocerans, and


terrestrial and  m arine  insects in the  nearshore  w aters of


P ort S usan.


P ink salm on typically feed during  the day, w ith


peaks of activity occurring at daw n and  dusk (G o d in 


1981). Juvenile  pink and  chum  salm on  grow  rapidly


during their occupation o f the  estuary. D aily grow th


rates ra n g e  from  2.2-8.6%  of body w eight for chum 


salm on (H ealey 1979; S alo  e t al. 1980; B ax and  W hitm us


1981; C ongleton  et a!. 1981; Irie 1985; K oshiishi 1986),


and  3.1-7.1%  fo r pink salm on  (LeB rasseur and P arker


1964; P hillips and B arraclough 1978; M ortensen et al.


1991). In order to  grow  at this rate, the  fish  m ust


consum e  large  am ounts of prey. Juvenile  pink and  chum 


salm on  are estim ated  to  consum e  the  e q u iva le n t of 10-

16%  of their body w eight per day in  prey biom ass


(LeB rasseur 1969; P arsons and  LeB rasseur 1970; G odin


1981). E vacuation  rates are  rapid, w ith 50%  evacuation


tim es of 6.5  h  (at 8-12°C ) in  0.6  g  juvenile chum  salm on


(K oshiishi 1980).


T he  significance  of estuaries in the  life cycle  of P acific


sa lm o n  is w ell docum ented. In particular, the  first few 


w eeks in the  estuary is a  critical tim e for juveniles


(M anzer and S hepard  1962; S im enstad  et al. 1982; Levings
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et al. 1 9 8 9 ), during w hich  there is  high m ortality


(G odfrey 1958; R icker 1962; F oerster 1968; P arker 1968;


R icker 1976; P eterm an  1982; B ax 1983). T here  is


evidence  that m ortality of sm all fish  is  size  dependent,


and rapid  grow th and  increase  in  body size  m a y reduce


predation  pressure  o n  juvenile salm onids d uring  th e ir


first few  w eeks in  the estuary (P arker 1971; H ealey 1982a;


H a rg rea ve s and  LeB rasseur 1985; F urnell and B rett 1986).


Juvenile  pink and  chum  salm on  are  especially


susceptible  to p reda tion  and  e n viro nm en tal stresses


since  they enter the estuary at a  sm all size  im m ediately


or shortly after em ergence. T hey are  generally sm aller


than juvenile  coho  and chinook salm on  and reside in  the


sublittoral zone  for 4  to  24  w eeks before m oving out to


the  n e ritic zone  (S im enstad  et al. 198 2).


T he  E verett H arbor and  the  P ort G ardner vicinity


are  im portant rearing areas for juvenile salm onids


m igrating from  the S nohom ish R iver (T yler 1963; C onley


1977; M cE ntee  1985; S ch a d t and  W eitkam p  1985;


B eaucham p  1986; B eaucham p  et al. 1987). If these  fish


w ere  forced  o u t into the  neritic zone  prem aturely, th e y


m ig h t be  subject to  increased  p re d a tio n  pressure  and


decreased  food availability.


Like  a ll P acific sa lm o n  m igrating from  their natal


stream s to  the  sea, juvenile pink and  chum  salm on


m ig ratin g  from  the  S nohom ish  R iver face stress


im posed  by osm oregulatory challenges. T hey m ust


acclim ate to salinities of 25% o, and  these salinities vary


fro m  8-25% o  a t the  H om eport as  a  function of tidal stage.


H ow ever, the osm otic challenge  im posed  by salinities of


25% o  is  apparently brief, since juvenile chum  salm on


becom e  sea  w ater adapted in 12  h  (Iw ata  and  K om atsu


1984; H asegaw a  et al. 1987).


C H A R A C T E R IS T IC S  O F  S O U N D  IN  W A T E R 


T here  are  tw o com ponents to sound  propagation


through  w ater: particle  displacem ent and sound


pressure. P article  displacem ent is the  to-and-fro


m ovem ent (on  the  order of nanom eters) of w ater


m olecules and  is a  vector quantity, w hereas sound 


pressure  is the  oscillatory change  in pressure  above  and 


below  hydrostatic pressure and is a  scalar quantity acting


in all directions.


In  a  free  soun d  field w ithout physical obstructions to


sound transm ission, and w ith an  advancing  w avefront


that is  essentially a  plane  surface, particle  ve locity (the


first derivative  of particle displacem ent) is proportional


to  so und  pressure  in the  follow ing m anner:


v= p/pc


w here v particle velocity,


p  sound pressure,


p  the  density of the  m edium , and


c  the  propagation velocity.


T he  p ro d u ct pc is the  acoustic im pedance  of the


m edium . H ow ever, sound  levels are  not usually


expressed as  particle  ve lo city, rather the logarithm ic


decibel (dB ) scale  of sound  pressure level (S P L) is used


because  a  great range  of sound levels are  found in nature:


sound  pressure  level (S P L) 20I°9iO P /P reF  dB 


w here p  m easured  sound  pressure, and


P ref reference pressure.


A  reference  quantity is alw ays associated w ith the  dB 


in order to  place  sound  levels in  a  reasonable  range.


T w enty jiP ascal (~ iP a) of sound pressure  is  the  reference 


(re :) pressure  for the  dB  scale in hum ans, because  20  ~.LP a 


is the  average  m inim um  sound pressure  pe rceiva ble  by


hum ans. T herefore, 0  dB  re: 20  J.tP a  is  the  hum an


threshold  of hearing. T he  pain threshold in hum ans is


about 120  dB  re: 20  p.P a. F or each 20  dB  increase  in  S P L,


regardless of the  referen ce  pressure, the  increase  in


actual sound  pressure  is  tenfold. T hus, a  40  d B  in cre a se 


in S P L  is  1 0 0  tim es m ore  pressure, 60  dB  is 1 0 0 0  tim es


m ore  and  so  o n .


S ound  pressure  and  p a rticle  displacem ent are


essentially the  sam e at substantial distances from  the


source. H ow ever, w ithin a  distance  of l/2p (1 


w avelength), from  the sound source the w avefront is


spherical rather than a  plane surface, and  p a rticle 


velocity is m uch  higher for a  given sound pressure— the


“near-field  effect.” T he near-field  can  be  thought o f as


the  re g io n  w here  the  greatest am ount of bulk m ovem ent


of w ater occurs in  response to the sound source, w hich.


is not as  pronounced after l/2~i distance from  the  sound


source. This near-field effect can  e xte n d  u p  to  50  m 


from  the  source  for low  frequencies such  as  5  H z, w hich


is perceivable  by m any fish.


S ound propagation  through w ater, is  a  logarithm ic


function of distance:


w here 

y = a  + m (Iog  x)


a  the  source-sound  pressure  level (y


intercept),


m  the  logarithm ic slope, and 


x the  d ista n ce  from  the  source.


T herefore, the  rate  of S P L  increase  close  to  the


source  is rapid com pared to that far aw ay.


S O U N D  P E R C E P T IO N  IN  F IS H 


F ish  h e a rin g  in general is different from  that of


terrestrial organism s. M ost fish  hear w ith a  prim itive


version o f the  te rrestria l inner ear (located in  the  skull of


fish) and w ith the  late ra l line that runs the  le n g th  of each


side  of the  fish  and  is  often extensively routed on the
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head. T he  inner ear a nd  lateral line system  are  

collectively called the  acoustico-lateralis system . T he  

lateral lin e  system  of fish is extrem ely sensitive to close  

range  pressure  changes. F or e xa m p le , by m oving past 

stationary objects, the  blind M exican cave  fish 

(A noptichthysjordani) is capable  of identifying the  

shape  of nearby objects, presum ably using its lateral line  

(C am penhausen  et al. 1981; W eissert and  C am penhausen  

1981). 

F IG U R E  1. C om parison  of A tlantic salm on  (3 0 -3 2  cm  T L),


S alm o  solar (H aw kins and  Johnstone  1  978) and  hum an 


(S ivian  and  W hite  1933 in  F a y  1988  )  sensitivity to  sound.


T he  inner ear of fish  does not have a  cochlea  as  in


terrestrial vertebrates; rather there are  three


sym m e trically paired  structures w ith associated  bony


otoliths: the  lagena, sacculus, a nd  u tricu lu s. T he  lagena 


and  sacculus are  directly involved w ith hearing, w hereas


the  utriculus is m ainly fo r three-dim ensional orientation


(P lait and  P opper 1981). T he  m echanism  for hearing  is


the  d iffe re n tia l displacem ent of high-density otoliths


relative to the low -density bodies of fish  (about the sam e 


density as  w ater), resulting  in  bending  of sensory hair


cells that line  the  lagena  and  sacculus. T his m echanical


stim uli is then  converted  to electrical stim uli in  the hair


cell body and  sent to  the  b ra in  via  the  a ud ito ry nerve


(8 th  cra nial) for processing.


A udiogram s o r m inim um  audible field thresholds


(thresh old  S P L  for various frequencies) of different


species of fish  are  variable  (T avolga and W odinsky 1963;


C hapm an  and H a w kins 1973; C hapm an  and  S and  1974;


H aw kins and  Johnstone  1978; C oom bs and  P opper 1979;


S a id e l and  P o p p e r 1987). F am ilies of fish  w ith the  best


hearing such as  cyprinids and  ictalurids (O stariophysan


fish ) possess a  physical connection  (via a  series of bones,


the  W eberian apparatus) betw een  the sw im bladder and


the inner ear. T h u s, the  sw im bladder acts as  an  am plifier


and a  transform er in  that it transform s the sound


pressure com ponent of sound into  the particle  velocity


com ponent that the inner ear is sensitive to.


T he  hearing  a b ility of other fish such as  salm onids


and  flatfish  is lim ited in bandw idth and intensity


threshold com pared to other teleosts: A tlantic salm on


(S alm o salar) are  functionally deaf above  380  H z


(H a w kin s and  Johnstone  1978, F ig. 1). T hese  fish  lack the 


physical connection  betw een  th e ir sw im bla dder and 


inner ear th at O sta rio p h ysa n  fishes possess (H aw kins


1986). F ish  w ith this typ e  of hearing are  m o st sensitive 


to  particle  ve lo city since the otolith s in the  lagena  and


sacculus e sse ntially respond to particle  displacem ent


(H aw kins and M acLennan 1976). In fact, the 


sw im bladder probably does little to  enhance hearing in


m ost nonostariophysine  fish, including salm on  (E nger


1981).


C om pared  to hum ans, salm onids have poor hearing


on  the basis of perceivable  frequency range and


sensitivity to sound  pressure (F ig. 1). H um an infants are 


capable  of detecting  sounds from  20-20,000  H z, and  at


S P Ls m uch low er than that of salm onids. F or exam ple, a 


hum an  w ould require  about 40  d B s re: 1  IJ.P a  S P L  to  hear a 


160  H z pure  tone, w hile a  salm onid w ould require  about


100  d B s. T herefore, the salm onid  requires close to  a 


thousand  fo ld  difference  in  S P L  to  h e a r the  sam e  160  H z


tone.


B E H A V IO R  O F  F IS H  IN  R E S P O N S E  T O  S O U N D 


Literature  on  fish hearing  clearly dem onstrates that


fish  detect and respond  to sounds in their environm ent


(see  review s in H aw kins 1986; F ay 1988; K alm ijn 1988;


R ogers a nd  C o x 1988). F ish  appear to use  so u n d : to 


locate  prey, evidenced  by attraction to a  sound stim ulus


(fo r exam ple, sharks: W isby et al. 1964; N e lso n  1965;


various teleosts and elasm obranchs: R ichard 1968;


N elson et al. 1969; rainbow  trout, O ncorhynchus m ykiss:


A bbott 1970); for social in teraction s (bicolor dam selfish,


P o m ace n trus partitus: M yrberg 1972; M yrberg and


R iggio  1985; gudgeon, G obio  gobio: Ladich  1988); for


encounters w ith  fishing gear (O lsen 1971  and  1976;


N om ura 1980; W ardle  1983; O na  and  T oresen  1988); for


encounters w ith hydroelectric bypass system s


(A nderson  1988a  and  1988b), and  to signal the  presence


of danger, evidenced  by fish avoiding a  sound  stim ulus


(steelhead  trout, 0 . m ykiss: V anD erw alker 1967;


herring, C lupea harengus L.: B laxter et al. 1981a;


S ch w a rz a n d  G reer 1984; B laxter and B atty 1985a; 1985b;


a lew ife , A losa pseudoharengus: H aym es and P atrick


1986).


A  num ber of researchers have  su cce ssfu lly


conditioned fish  to sound  (M oorehouse  1932; S to b e r


10  100  1 0 0 0  10,000  

F requency (H z) 
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1969; A bbott 1970  and  1973; H aw kins and Johnstone


1978). W hile salm onids can be  attracted  to or repelled


from  sound  th ro u g h  classical conditioning (A bbott


1973), they habituate  rapidly or do not respond  at all


w hen there  is no conditioned  response, regardless of


S P L  (B urner and  M o o re  1962, M oore and N ew m an 1956).


“A t no tim e  d id  a  sound  frequency or intensity influence


the action of the  trout enough to be  utilized in guiding


young salm on  in to  safe  passages around dam s a n d 


diversions” (B urner and M oore  1962). A n explanation


for this is  that salm on  have  poor hearing, and  the  nature


of the  sounds presented  to  th e m  in experim ents has not


been biologically relevant.


The response of salm onids to  sounds in  the ir


enviro nm en t is varied. T he  classic frig h t response of


salm onids to sound  is the  “startle” o r “start” behavior


(M oore and  N ew m an  1956; B urner and  M oore  1962;


V anD erw alker 1967). S uch  behaviors involve  sudden


bursts of sw im m ing that are  short in duration  and


distance traveled (usually <60  cm ). R esponses of other


species of fish  to  sound  in clu d e  p acking  or balling,


polarizing, increases in sw im m ing speed, diving, or


avoidance (H erring 1968; O lsen  1969). F ew  studies have


show n that sound can  attract or repel salm onids over


great distances or for long lengths of tim e  (M cK inley and


P atrick 1986).


T he  m ajority o f hearing experim ents conducted on


salm onids have involved larger juveniles or adult fish,


expo se d  to  continuous sound stim uli. F ish  under these 


experim ental conditions rarely respond to sudden or


loud sound stim uli (M oore and N ew m an 1956; B urner


and M oore 1962). H ow ever, the few  experim ents that


have used  p u lse d  (pile driving m ost closely resem bles


pulsed  sound  stim uJi) rather than  continuous sound


stim uli on juvenile fish dem onstrated m ore pronounced


responses, such  as  “startle” or general avoidance


(M cK inley and P atrick 1986).


F ew  studies have investigated  the behavior of fish  in


response to  changes in  S P L  over tim e. O lsen (1971)


fo u n d  a  positive correlation  betw een  the rate  of sound


pressure increase and  the  num ber of A tlantic herring


that w ould avoid  this stim ulus (see  B la xte r et al. 1 9 8 1 a ).


S chw arz and  G re er (1984) obtained sim ilar results on


P acific herring (C . harengus p allasi). H ow ever, these 


studies did not quantify rates of sound  pressure increase


or the fish’s resp onse  to  th e  sound stim ulus.


M A T E R IA LS  A N D  M E T H O D S 


W e used sligh tly d iffe re n t m ethodologies at ea ch  of


the  four sites for this research. T hese differences are 


described  for each site w h e re  applicable.


S T U D Y  S IT E S 


T here  w ere  four sites exam ined fo r this study: T h e 


E ve re tt H om eport, E lliott B ay M arina, and B rem erton


and K ingston Ferry T erm inals.


E verett H om e port


Fish behavior observations at the  E verett H om eport


w ere m ade  fro m  the  shore  of the  m ole  and  the p ile


driving rigs (F igs. 2  and  3) at the  E verett H om eport,


E verett, W A  (see  D riscoll 1978  for a  detailed base 


inform ation and  e va lu a tio n  study of the  S nohom ish


E stuary). T he  m ole  area consisted  prim arily of rip-rap,


w ith a  slope  of 30°.


F IG U R E  2. T he  E verett H om eport site  in  re la tio n  to  T ulalip


B ay an d  the  S nohom ish  a nd  S tillaguam ish  R ivers.


P ile  drivers placed  solid and hollow  concrete  piles at


this site for construction of a  488  m  ca rrie r pier and its


accom panying  91  m  w harf. T he D B  P acific rig  began  at


the  sh o re lin e  and  gradually m oved offshore w orking  on


the carrier pier (F ig. 3). T he  60  rig m oved back and


forth along the  shore  w orking on the  w harf. S ee  table  1 


for a  sum m ary of piles, and  pile driving equipm ent.
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F IG U R E  3. D etail of E verett H om eport site  show ing  sound  recording  sites  and  distances, areas w h ere  fish  schools w e re 


often  sighted, C T D  sites, a n d  co ve  a n d  co n structio n  side  of the  m ole.
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P ile
driving rigs operated for 8-10  ho
ur
p
e
r
i
o
d
s pe
r


day on  a  random  daylight schedule (i.e. M onday,


W edn~ sday, F rid a y pile driving, T uesday, T hursday non-

pile driving, etc., see  F ig. 4). O bservations w ere  m ade


d u rin g  d a yligh t hours o nly. T here  w as no  construction


activity or observations on w eekends.
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F IG U R E  4. S um m ary o f pile driving  at the  E verett


H om eport, 1990. A ] H ours per day that piles w ere  being 


struck. B ] M ean  tim e  in  hours to  d rive  one  p ile . C ] T otal


num ber oF  piles d riven  each  day.


E lliott B ay M a rina 


T he  E lliott B ay M a rina  co n stru ctio n  site is located


w est of P ier 91  in E lliott B ay, below  the  eastern  end  of


the  M agnolia  B luff (F ig. 5). T h e  study site  w a s divided


into four experim ental units (F ig. 6):


U nit 1: A  sh allow  sloping intertidal beach  east of the


m arina  site. T he  bottom  w as com posed  of sand


interm ixed w ith rocky areas w hich included large


bou ld e rs (m an  m ade  as  w ell as  natural). M ost ro cky


m aterial w as covered  w ith barnacles and  kelp  of several


species.


U nit 2: A  rock w all recently built as  part of the


m arina. T he  w all w as covered w ith juvenile barnacles


and  green  algae  up  to  the  average  h ig h  tide. B elow  the 


w all w as a  gentle  sloping  sandy flat interm ixed w ith  kelp


beds.


FIG U R E  6.
 C lose-up of E lliott B ay M arina  site  show ing

experim ental units, F A D , and  area  w here  pile  d rivin g 


occurred.


95  100  105  110115 120  125  130  135  140  145  150


Julian  date


FIG U R E  5. G eneral m ap  of E lliott B ay M a rin a  site.
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B rem erton  F erry T erm inal


I.


0


I.


0


T he  study site w as the  n e w  W S D O T  passenger only


ferry term inal adjacent (northeast) to  the  existing  fe rry 

te rm in a l used  by the  large  W S D O T  ferry boats (F ig. 9).


C onstruction plans included  the installation of a  floating


dock just north of the  e xistin g  ferry term inal and


u n d e rw a te r piling to  anchor the dock. M ost of the


shoreline  above  zero  tid e  level w as d o m in a ted  by rip-

rap  and  boulder w all and  several existing  structures


P R O C E D U R E 


T here  w ere  tw o phases to  th is study: the  so u n d 


recording and  he arin g  assessm ent phase  and  the  fish


o b se rva tio n  phase. T he  purpose of the  first phase w as


to  assess w hether or not juvenile salm onids could


perceive the  sounds of pile driving. S ince  it w as difficult


to  de term ine  the  fish’s capability to  perceive  the sounds


protru de d  into  the w a ter including a  public pier and  a 


public boat m oorage facility.
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U nit 3: T his experim ental u n it w as near a  series of


H -piles and barges. A  F ish  A ttraction D evice (F A D ) w as


pla ce d  at the  w est end  of the  ro ck w all, far enough


offshore  to  p re ve n t g o in g  ag round  at low  tide. T he  F A D  

w as used  to  attract juvenile salm onids to a  location w here


they could be  co n siste n tly observed. T he  F A D  w as


m ade  of a  floating w ooden  dock (2.4  m  b y 3.7  m ),


a n ch o re d  to  the  bottom  (F ig 3). A n  observation hole


w as located  in  the  m iddle Initially, the  F A D  w as 

probably placed too far from  the  shore  to  attract fish.


T o  com pensate  for this, a  fine m esh  net w as placed  from 


the  ro ck w all to  the  F A D  (F ig  7), thereby fo rcin g  any


ju ve n ile  salm on  aw a y from  the  shore  and  o ut to  the  F A D .


T he  structure  lasted  less than  24  hours because severe


w inds and  tides carried  it ashore. T he  F A D  w as then


m oved  closer to  shore in to  the in tertida l zone w ithout


the  lead. 

U nit 4: A  sh a llow  sloping  intertidal beach w est of 

the  m arina  site com posed  of sm all rocks in te rm ixe d


w ith large  boulders. E xposed hard surfaces w ere


covered  w ith bam acles and several species of algae.


S am pling  began  on  A pril 9, 1990  and  ended  June  1,


1990. D uring that period H -piles w ere driven w ith a 


vibratory ham m er into the  nearshore  substrate, starting


at th e  ze ro  tide  line  and continuing offshore  (F ig. 6).


3.7m 


~ O  bse~ a~ ion


F IG U R E  7. T he  fish  attraction  device  (F A D ).


T he  pile driving rig operated for 8-10  hours per day


M onday through T h~ .irsday (F ig . 8). O bservations w ere


m ade  d u rin g  daylight hours only. T here  w as no 


construction activity or observations on w eekends.


0 


Julian date


F IG U R E  8. H ours per day that piles w ere  being  struck  a t


the  E llio tt B a y  site.


K ingston  F erry T erm inal


K ingston has tw o w aterfront structures: a  m arina


sheltered  from  P uget S ound  by a  large  rock w all, and  a 


W S D O T  ferry term inal (Fig. 10). D uring spring of 1990,


the  fe rry term inal w as undergoing m ajor rem odeling,


but w ithout any underw ater construction activity.


F IG U R E  9. B rem erton  F erry T e rm in a l and  associated 


structures.
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of pile driving, the observer phase  of the  study w as 

in itia te d  in order to  m e a sure  potential changes in fish 

distribution and behavior w ith respect to  pile driving.


F IG U R E  10. K ingston  F erry T erm inal and  associated 


structures.


pressure  of one  j.iP a  [1  pP a  =1O ~  P a  = 1O ~  N m -2  = 1O ~  j.ibar


=10~  dyne/cm 2]. S P L  is  expressed  as:


S P I = 2O log 10P /P IeF 


w here p  is the  pressure  in P a, and  p~ is the  re fe re nce 


pressure  of 1  j.W a. S P L  w as n o rm a lize d  to  a  bandw idth of


1  H z and  units expressed  as  dB s re: 1  JlP a. Instrum ent


output w as in  dB V , and w as converted to  dB s re: 1  l.tP a 


using:


S P L  in  dB s  re: 1  ~ .tP a= dB V -gain+157-

1 O log  10(bandw idth)


w here gain  a  function of the  recording


equipm en t settings, in dB ,


157  the  hydrophone constant in


dB V 4LP a, a n d 


bandw idth a  function o f the  fre q u e n cy range


sam p led , in H z.


T he  analysis w indow  w as 160  m s for analyzing  the


transients p ro du ce d  by pile driving.


F IS H  O B S E R V A T IO N 


T a b le  1. C haracteristics of pile  driving  rigs and  piles at the


E verett H om eport.


R ig/D im ensions


P ile  driver/H om m er w eight


P ile  length/w eight


P ile  type 


S O U N D  M E A S U R E M E N T 


D B  P ocific/76X 25  m 


T he  6O /37X 13  m 


D elm og  D 62-22/6,625 K g 


D e lm o g  D 46-32/4,600 K g 


55  m /26 m t


32  m /17 m t


H ollow 


S olid 


T he  sounds of pile driving and  am bient noise  w e re 


recorded  at n u m e ro u s sites at the  E verett H om eport


(F ig. 3). A t the other three sites, sound  w as m easured  at


on ly a  couple  of sites, at a  range  of about 300-400  m , w ith


and  w ithout pile driving


Low  frequency sound from  20  to  10,000  H z w as


m easured  at each  of the  four sites w ith and  w ithout pile


driving activities at distances of 150  to  1500  m , and  w a ter


depths of 1  to  20  m . A n IT C  m o d e l 650-C  hydrophone


w as used  to  sa m ple  so u nd , w ith the  transducer output


gain  con tro l m odified for low  frequencies. S ignals w ere


recorded on a  portable sound recording unit (S ony


P rofessional W alkm an® ), analyzed w ith a  H ew lett-

P ackard 3561  spectrum  analyzer, and plotted  w ith a 


H ew lett-P ackard m odel 7470A  tw o pen plotter.


S ound pressure level w as calibrated in term s of a 


logarithm ic m easure, the decibel, relative to a  reference


E verett H o m e p o rt


F our observers at E verett recorded  fish school


characteristics. O ne observer w as responsible for both


of the  rigs. T he  other three observers stayed  a lo n g 


shore. T he  sta n d a rd ize d  unit of observation fo r the


m ole area  w as the  round. A  round consisted  of w alking


slow ly around the m ole starting either at the  elbow  o f


the  m ole  or the  m o u th  of the  S nohom ish  R iver (F ig. 3).


A  round typically took 60  to 90  m m  to  co m p lete. T h e 


rela tive  position of fish schools w ere  categorized into  14 


zones each  36  m  lo n g  w ith a  total of 512  m  of shore


cove red  per round.


O bservations on the tw o  pile  driving  rigs w ere


standardized to one h o u r increm ents. T he observer


w ould spend  betw een  one  and  three  hours at a  tim e  on


each rig. T he  locations of fish schools w ere categorized


for each  rig  (Fig. 11).


F ish  presence/absence, d istrib ution s about the  m ole


and rigs, school size, distance  from  shore  o r rig, w ater


depth, direction of m igration, and general behavior w ere


m onitored from  M arch 24  to  June  15, 199 0. F ish


behavior w as also  recorded on  a  cam corder (JV C  m odel


G F -500U ). Inform ation on cloud cover, air teniperature,


w ave  height, precipitation, w ind speed  and  d ire ctio n ,


tim e  o f day, salinity, and  tid a l stage, w a s also  noted.


S alinity/tem perature profiles w ere  m easured  at various


sites a nd  tim es w ith a  Y S I (m odel 33) C T D  m e te r (F ig. 3).
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C ’)


a 


0


a 


a


a-

C D 


30  m eters


— 


~ A rea


around  rig


w here  piles


w ere  driven


F IG U R E  11. D etail of pile  driving  rigs (to  sca le) show ing 


zones w here  fish  schools w ere  spotted, and  the  area 


around  each  rig  w here  pile  driving  occurred.


P resence/absence  of fish  w as characterized  by the


num ber of schools spotted per round  of the  m o le  o r


per hour on each  rig, w ith and  w ithout pile driving. T he


m ean  num ber of fish schools spotted  per round for


Julian  dates 123, 124, 127, 128, 134, and  135  w as


calculated. T hese  dates w ere  used because  they had


sim ilar w e a the r co nditions, and represented  back to


back com parisons pile driving vs. non-pile driving.


P resence/absence  as  a  function o f salinity w as also


determ ined at the  skiff dock and m ain pier (w ithin 3  m 


of shore) forJulian dates 114, 115, 136, 137, 138, 141, and


142. T hese  dates w ere used  because  th ey w e re  the  only


days the  C T D  m e te  w as a vailable. T he  m ea n  num ber of


schools sighted  p e r round of the  m o le  or hour on a  rig


for each  da y w ere determ ined in order to illustrate


changes in school abundance  over tim e.


In order to  test for changes in fish school


distributions on the m ole, raw  fish  school sightings w ere


n o rm a lized  b y converting into a  fraction of the  to ta l


observed. F or exa m ple , if 15  schools w ere  observed


along  the  cove  side  and  5  along  the construction  side, the


fraction  of fish schools on the cove side  to  construction


side  w as 0.75  to  0.25. Ju lia n  dates 116, 120, 121, 122, 123,


124, 127, 128, 129, 130, 134, 135, 136, and  137  w ere  used


for this analysis. T hese dates w ere  chosen because it w as


not raining, and because this tim e period corresponded


to the greatest num ber of schools present at the  site.


S chool size w as characterized  as  1 0 ’s, 100’s, or


1000’s. A  com parison  w as m ade on  the distributions of


school size  for Julian dates 116, 117, 123, 124, 127, 128,


130, 131, 134, and  135  at th e  co ve  a n d  construction side 


of the  site, an d, on Julian dates 109, 110, 116, 117, 123,


124, 127, 128, 130, and  131  a t the  tw o rigs. S ince  m e a n 


fish  school size  w a s bim odal over the  study p erio d ,


school size data  for the  peak of the  outm igration w ith


back-to-back com parisons of pile d riving /non-pile


driving days w a s used. M ean  school size  per day w as


plotted in order to illustrate changes in  sch o o l size  o ver


tim e.


B eh avio r w as ca te gorized  as: polarized, active


m illing, and passive  m illing (F ig. 12). P olarized  behavior


w as characterized  by fast (> 1  b ls) sw im m ing in one


directioi~ i. A ctive m illing w as characterized  b y slo w  (<1


bls) sw im m in g  in one  direction, P assive  m illing fish


exhibited  no  net m ovem ent, and  w ere  diffuse. D ata


from  Julian  dates 89-143  w ere used.


M igration direction  w as categorized as  north, east,


w est, south, or stationary/unknow n. N orth or south


m ovem ent w as rarely noted  along shore, a n d  w as not


used  for analysis. D ata  from  Julian dates 89-143  w ere


used.


W ater depth, and  distance  from  shore  that fish


schools w ere  ob served  at w ere com pared as a  function


of pile driving.


E lliott B ay


D irect visual observations ~ locate  and  observe


juvenile salm onid behavior w ere conducted M onday


through F riday, u sin g  a  sim ilar protocol used  at the


E verett H om eport. T he m ajority of the  visual


observations (surveys) w ere  taken from  the construction


barges and  the  F A D . O bservation tim e ranged from  one


to tw o hours. V isual surveys w e re  also  conducted from  a 


canoe  along  the  rock w all and the H -piles in half hour


periods. W ind, w ater turbidity, and vessel g en erated 


w ave  a ctio n  occasionally m ade observations difficult.


B rem erton 


O bservation  sites w ere located at the  existing ferry


term inal, public pier and public m oorage, along the rip-

rap  and  boulder w all to the  northeast of the  public pier,


and  fro m  a  sm all boat a ro u nd  the  construction  site (F ig.


9). D irect visual observations of juvenile salm onid


behavior w ere initially conducted M onday th ro u g h


F riday, but because  fish w ere such a  rare  sight,


observations w ere  reduced  to  tw ice  a  w eek.


K ingston 


V isual observations w e re  used  to  evaluate  the


b eh a vior and  distribution of the  ju ve n ile  salm onids,


adhering  to  the o b se rva tio n  protocol used  at the  E verett


9


AR010122



P O U N D  S O U N D S  F IN A L R E P O R T 


H om eport w henever possible. O bservations w ere  

m ade from  the  rip-rap north of the  fe rry te rm in a l, to


the  ferry dock com plex (including occasional


observations in  the  area  of the  d o lp h in s, Fig. 10), th e 


jetty south of the  term inal, and  the  K ingston  m arina. T o


sim plify the  observations, both the  rip-rap and  jetty


w ere  d ivid ed  into 30  m  sections, each  treated  as  an


o b se rva tio n a l unit. W ith in  the m arina, observations


w ere m ad.e  from  the  floating dock along the  inside  of the


jetty at a  set of random ly selected  slips. In addition to


these slip  observations, occasional observations w ere


m ade from  ram ps leading  to  private  docks in  the


rem ainder of the  m arina  (docks A  th ro u g h  E ). Julian


date, tim e  of observation, w eather conditions (air


tem perature, clo u d  cover, w ind speed  and  direction,


w ave height), w ater clarity, current direction, location o f


observation, school size  (1, 10, 100, 1 000 , 10,000  fish),


depth  of fish, direction of m ovem ent, distance  from 


shore, distance  from  pile, w ere  recorded.


B E A C H  S E IN IN G 


T he  beach  seines used  at a ll of the  sites in  this study


w ere 10  by 1.8  m  w ith a  4  m m  m esh  size.


E lliott B ay


B e a ch  seining  w as perform ed  at the  east


(experim ental unit 1) and  w est (exp e rim e nta l unit 4)


beaches each  field day (F ig. 6). A t each  beach, 6-10  sets


w ere  m ade d epending  on  the tide  stage  and  bathym etry.


T he m ajority of the  beach  seining  w as carried  o u t during


flood tides. F o r any given set, one  person  re m aine d 


stationary rig h t at the  w aterline on shore, and  other


person pulled the net in a  sem i-circle  around  the


stationary person.


O ccasionally, the beach seine had to be  lifted over


large  rocks in its path  and fish  possibly escaped at that


tim e. H ow ever, 6-8  reliable  sam ples w ere usually


obtained  at e ach  b ea ch .


B rem erton 


B e ach  seining  w as perform ed  at a  sm all sandy


in te rtid a l area b e tw e e n  the  public pier and  existing  ferry


term inal (F ig 8). A dditional w eekly beach  seine  sam ples


w ere  collected  northe ast of the  rip -rap  and  boulder w all


(F ig  1). F or a  typical set, the  net w as dragged  b y b o th 


persons p a ra lle l to  shore  for a  distance  of 15  to  30  m .


K ingston 


A  series of beach  seine sets w ere m ade along the


beach  north of the  ferry term inal (F ig. 10). T his area  w as


chosen  because it afforded a  location that could  be 


seined  at all tidal levels. T h e  area  closer to  the  dock


com plex could only be  seined  at very lo w  tides. F or a n y


g iven  set, the  net w as ca rrie d  o u t fro m  shore  to  a  depth


of 1  m . O ne  person  then  w alked parallel to  shore,


stretching  the  net behind them . W hen the  net w as fully


extended, both persons w ould begin p u llin g  the net


tow ard shore. O nce  at shore, the  ends of the  net w e re 


p u lle d  close  together, and  the  seine  w as pulled onto the


beach. T en  to  20  individuals w ere sub-sam pled for


length m easurem ents, and  the  rem ainder w e re  co u n te d 


and  released. If the  n u m b e r of salm onids w as too  large


to quickly count, th e ir num bers w ere  estim ated and they


w ere released. A ll other fishes w ere counted and


released. W eather data w ere  recorded along  w ith


species com position of the  catch. T w o  to  four sets w ere


m ade  a lo n g  the  b e ach  during each  sam pling.


F Y K E  N E T 


A  specially designed  fyke  net w as de ployed  at E lliott


B ay, B rem erton, and K ingston  to trap fish  (F ig. 13). T he


net w as designed  to  capture  fish  u nder va rying  tide


B ~ /~


j


flG U R E  12. T he  th re e  F ish  behaviors. A ] 

no  net m ovem ent. 8] A ctive  m illin g : slow  

C ] P olarized: F ast net m ovem ent.


P assive  m illing:


net m ovem ent.


1 0 
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conditions and also  indicated the direction the fish w ere


m oving w hen  the net intercepted them .


E lliott 8ay


T he  fyke  net w as m oved  betw een  each of the  four


experim ental units during the  study pe riod, o p e ra tin g  o n 


a  one  w eek rotation at each  un it. T he  net w as ch e cked 


e very hour in order to quickly release  a ny fish  that w ere


captured. T he  fyke  net w as never left fishing  at night or


over the w eekends.


B rem erton 


A  fyke,net w as used tem porarily at B rem erton since


fish w ere rarely captured.


K in g sto n 


A  m odified  version  of the  standard  fyke  net w h e re 


the  to p  half of the  net w as rem oved  w as used  to  trap


salm onids at K ingston. T he net w as fishe d  from  Julian


dates 135  159. T he  net w as located approxim ately 15  m 


n o rth  of the  fe rry dock com plex, w ith the  lead  tie d  to 


the  bulkhead of the  d ock. A t first, the net w as fished


only during the  day. Later, w hen the  catch  dropped off,


the net w as fished  24  hours/day, and w as checked  in the


m orning and afternoon. W hen the  fyke net w as


checked, any fish trapped  w ere netted, identified,


counted, and released, w ith the  exce ptio n  of those


salm onids retained for length m easurem ents. If the  fish 


in the  trap  w ere too num erous to count, their num bers


w ere estim ated. Inform ation recorded  include d  species


counts, w hich side  of the  net they w ere  trapped  in as


w ell as  w eather inform ation.


C T D  P R O F ILE S 


E verett H om e port


S alinity and tem perature  m easurem ents w ere m ade


at the  skiff dock, carrier pier, D B  P acific, and w est


entrance to the site  (F ig. 3). Initial profiles in 1  m 


increm ents w ere m ade, but m ost of the  m easurem ents


w ere surface or 1  m .


E lliott B oy


S alinity and tem perature  m easurem ents w ere m ade


at the  east and  w est beach, and  w all at the  surface  and 


bottom , at o  a n d  10  m  fro m  shore (Fig. 6).


B rem erton 


K ingston 


C T D  profiles w ere obtained  tw ice  at slip #3  of the 


m arina  floating dock, at the  so u th  floating dolphin, and  at


the  la d d e r o n  the  north side  of the  d ock com plex (F ig.


10). In addition, a  profile w as obtained  at a  location


approxim ately 400  m  off shore.


S T O M A C H  C O N T E N T  A N A LY S IS  A N D  F IS H  LE N G T H 


A T  T H E  E V E R E T T  H O M E P O R T 


S ub-sam ples w ere taken from  observed salm onid


schools for total length, w eight, identification, and


stom ach content analysis, a nd  ke ye d  to  species


a ccording  to  P h illip s (1977).


A  regression w as perform ed on pink and  chum 


salm on  TL over tim e  and  95%  confidence intervals


generated. F ish  w ere sam pled w ith either a  dip net fro m 


shore, o r w ith the  10  m  beach  seine  at the  skiff dock,


m ole  elbow , or m ain  pier. T otal length  of pink and


chum  salm on  w as also  co m p a re d  for pooled data, since 


neither species exhibited a  significant increase  in size 


over tim e.


F ish  ta rgeted  for stom ach  content analysis w ere


sam pled from  the skiff dock and  carrier p ier on  5/17/90


w ith a  dip-net (3  m  from  shore, 0.5-1.5 m  w ater depth),


the  D B  P acific on  5/18/90  w ith a  purse  seine  (115  m 


from  shore, 18  m  of w ater) and  near H o w a rth  P ark at


P ort G ardner on  5 /2 5 /9 0  w ith a  3 3  m  beach  seine  (0-10


m  fro m  shore, 0.5-1.5  m  w ater depth). C aptured fish


w ere  sacrificed  b y placing directly into 30%  form alin,


fixed for one  w ee k, w ash ed  in freshw ater for 24  h, and


transferred  to  30%  ethanol. Fish w ere  blotted  and


w eighed, m easured, and  id e n tifie d  after the w ashing


stage. S tom ach  fullness, predator and prey w eight, prey


num ber and identification, and digestion stage  w ere


determ ined for each fish. S ince  stom ach  co n te n ts data 


w e re  only collected once at the se  four sites, sta tistics


other than m eans and  S D ’s w ere not possible. T he


various prey item s w ere p lotte d  as  a  function o f fraction


of abundance  b y num ber in the  stom achs of pink and


ch u m  salm on  sam pled. In addition, the  m eans of


num ber of: p re y types, num ber of prey per stom ach,


predator w eight, stom ach fullness, prey w eight, stom ach


w eight, predator T L, predator T L  to  w eight ratio, and


stom ach  w eight to  predator w eight ratio w ere plotted


for qualitative com parisons by site  and  species of


predator (see  A ppendix 2).


C T D  profiles w ere  obtained at a  few  locations at


B rem erton near the F erry T erm inal.
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T 


76.2


W ings-3  (I) X  3  to  3.7  m , tapered  (h)


I

F IG U R E  13. S pecifications for fyke  net used  at con stru ction  sites. D ivider in net allow ed for detection o f direction of


m ovem ent


.4 m m  knotless  n e ttin g 
 D irectional


m esh  for traps and  w ings
 divid er


and  10  m m  for lead.


•S ix m m , w elded  stainless


steel fram e 


H olding  B oxes


T 


76.2  cm 


P LA N  V IE W 


&


30  m 


V E R T IC A L  P R O F ILE 


208.3  cm 
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D A T A  A N A LY S IS 


In the  experim ental design, each  round about the


m ole  o r each  hour on a  rig at the  E verett H om eport


w ere considered replicates for distributions of fish


schools. C hi-square  analysis w as used  for the


distributions of fish behavior, direction o f m ovem ent,


school size, and  locations about the rigs. S im ple  linear


regressions w ith 95%  confidence intervals w ere used to


test for changes in fish U  over tim e. U npaired, tw o-

tailed  T -tests w ere  used to  com pare all other effects. A ll


error bars on figures are  1  standard  e rro r (S E ).


T he  data  w e re  analyzed  w ith S tatV iew  S E +  statistical


packa ge  on an  A pple M acintosh com puter to  com pare 


m easured  param eters as  a  function o f pile driving


effects. S ignificant effects of pile driving w ere exam ined


at 0.05  alpha  level.


R E S U LT S 


A  total of 343  hum an-hours w ere spent observing


fish schools at the  E verett H om eport from  M arch 30-

June  15, 1 9 90: 1 73  hours along  shore, 103  hours on  the


D B  P acific, and  67  hours on  T he 60. S even-hundred  and


forty schools w ere  sighted  along  shore, w ith 50%  arriving


by M ay 8, and  90%  by M ay 24  (F ig. 14). T w o-hundred and


thirty three  schools w ere  spotted  about the rigs: 145 


near the  D B  P acific, and  88  for T he  60  (see  A ppendix 1 


for raw  data).


0


0


0


0)


-o

2 


z


F IG U R E  14. C um ulative  num ber of schools spotted  from 


the  shoreline  (m ole) at the  E verett H om eport, 1 990. A dded


lines m ark the  d a te  at w h ich  50 %  of the  schools had 


p a sse d .


salm on  w ere  the  only surface  oriented species o bserve d 


in  sam ples from  dip nets or beach seines at the  site.


M ost schools sa m p le d  w ith dip nets or beach seines


co n ta in e d  both pink and chum  salm on in a  ratio of


approxim ately 2:1. In addition, observers could usually


recognize parr m arks on chum  salm on, or the green


shim m er of pink salm on  as  the  schools m illed at or near


the surface of the  w a te r since  schools w ere  ra re ly > 30 


cm  below  the  surface.


M ost fish  schools w e re  found near the  carrier pier


or the skiff dock (F ig. 15), and  any structure  in the  w a te r


such  as  piles, docks, and  the  p ile  driving rigs, seem ed  to


attract schools of fish. F or exam ple, schools could be 


draw n aw ay fro m  shore by approaching them  slow ly


w ith a  skiff and  then  drifting aw ay from  shore  w ith the 


school rem aining  next to  the skiff. W e rarely observed


schools passing u nd er objects such as  w ork skiffs or


even logs. T hey w ould either stop  m oving once they


encountered the  floating object or m ove around it.


W estern grebes (A echm orphorus occidentalis) w ere


prevalent at th e  site, and  th e ir presence co rresponded


positively w ith the  abundance  of juvenile p ink and chum 


salm on at th e  sight from  Julian dates 110-125  (F ig . 16).


O n  num erous occasions, these d iving  birds w e re  spotted


w ith sm all fish  in their beaks upon surfacing next to a  rig.


H o w e ve r, this correlation w as absent b e tw e e n  Ju lia n 


dates 128-142 w hen fish schools dem onstrated  their


second  peak of abundance.


O verall, <5%  of the  fish  at all sites had  e m p ty


stom achs. P in k and  ch u m  salm on  sam pled  at the  skiff


dock, m ain  carrier pier, and  the  D B  P acific w ere


prim arily feeding on C alanoida, a  m ore  pelagic prey item 


(>95%  by abundance, F ig. 17  and  T able  2). In contrast,


pink and  chum  salm on  sam pled  at P ort G ardner (see  F ig 


10), had  a  m ore epibenthic and varied diet, p rim a rily


feeding on  T isbe  S pp.


S IZ E  O F  FIS H  A N D  G R O W TH 


E verett H om eport


Ju ve n ile  chum  salm on w ere longer than pink


salm on, an d  U  of the  tw o species did not change


significantly over tim e  (F ig. 18). Juvenile  pink salm on


sam pled fro m  the skiff dock w ere significantly sm aller


than  those  sa m ple d  at the  D B  P acific (F ig. 19).


Q U A LIT A T IV E  /G E N E R A L O B S E R V A T IO N S 


E verett H om e port


M ost of the  fish  schools observed  w ere  assum ed  to


be ju ven ile  pink and  chum  salm on  since pink and  chum 


julian date 
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P O U N D  S O U N D S  F IN A L R E P O R T 


F IG U R E  15. O verall frequency distribution  of num ber of 

fish  school observations for each  of the  1 4  zones a lo ng  the 


m ole  at the  E verett H o m e p o rt. Intensity o f g ray-scale  on  

m ap  co rresponds to  the  num ber o f schools sighted.


JK  

P rey item 


F IG U R E  17. D istribution  of p re y item s from  stom achs of


ju ve nile  p ink and  chum  salm on  captured  at the  E verett


H o m ep o rt site, 1 990. S ee  T able  2  for key.


analysis.


A  B alanom orpho


B  C cilonoida 


C  C alanus  spp.


0  C alliopius spp.


E  C irripedia


F  C ladocera


G  C oliem bolo 


H  C rustacea 


I  C um ella  vulgaris


J  D ecopodo 


K  D iptero-C hironom idoe 


I E ctinosom otidoe 


M  E uphousiocea 


N  G om m oridea 


o  H arpocticoido


P  H arpacticus spp.


o  H yperildea 


R  Isopodo 


S  Laophontidae 


T  Q ithona  sim ilis


U  P aguridae


V  P aracalanus spp .


W  T achidius friangvlaris


X  T eleostei


Y  T isbe  spp.


E lliott B ay


Juvenile pink and  ch u m  salm on  sa m p le d  w ith beach


seines at E lliott B ay appeared  to  be  increasing  in  size 


over tim e  (F ig. 20). P in k sa lm o n  w ere not different in T L 


from  chum  salm on. W e  ca n n o t say for sure  if fish  w ere


grow in g, or if larger fish  w ere  m oving in and  replacing


sm aller fish  in  the  area.
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T able  2. K ey for identification of stom ach  contents


125  135  145  155  165


Julian date


F IG U R E  16. C orrelation  betw een w estern  grebes and 


schools of pink and  chum  salm on  at the  E verett H om eport


S ite, 1990.
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F IG U R E  18. C hange  in  total length  of juvenile  pink and 


chum  salm on  over tim e  w ith  95/a conF idence  intervals.


Inset: M ean  total length  of pooled  pink and  chum  salm on 


sa m p le s at the  H om eport site, 1990  (p=O .0001).
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D B  P acific  S kiff dock


Location 


F IG U R E  19. M ean  total length  of pink salm on  sam pled  at


the  skiff dock versus the  D B  P acific (p=O .O 02).


F IG U R E  20. C hange  in  total length  o f pin k “A ” and  chum 


“B ” salm on  based  on  beach  seine  hauls at E llioft B ay.


P O U N D  S O U N D S  F IN A L  R E P O R T 
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S A LIN IT Y  A N D  T E M P E R A T U R E 


E verett H om eport


S alinity ranged  from  11-26% o  and  te m p e ra tu re  w as


b e tw ee n  8  and  12°C  at the  various sites over tim e.


S alinity did not appear to  affect the  presence  and/or


absence  of fish sam pled at th e  skiff dock (F ig. 22).


H ow ever, w e w ere  not able  to  co m p a re  presence 


and/or absence  over the  w hole site  as  a  function of


salinity.


K ingston


T o ta l lengths for pink and chum  salm on w ere


averaged  o n  a  daily basis and  p lo tte d  against date. T his


plot indicated that both pink and chum  salm on in the


K ingston  area w ere  increasing  in size  over tim e (F ig. 21).


W hether this w as a ttribu tab le  to  grow th or replacem ent


by larger fish  is not know n. P ink and chum  salm on w ere


not different from  each  other as  far as  T L.
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120  125  130  135  140  145  150  155  160  165  170 


Julian date


T able  3. T em perature  and  sa lin ity profiles at E lliott B ay.


D IS T A N C E 


F R O M  E A S T  B E A C H  W A LL  W E S T  B E A C H 


S H O R E  surface  bottom  surface bottom  stiririre b,~ ttr,m 


O m  15°C  1 2 °C  15°C 


26% ~  2 8 % ~  26% ~ 


lO m  13°C  13°C  1 2 °C  1 1 °C  12°C  1 1°C 


27% ~  27% ~  28% ~  28% ~  27% ~  28% ~ 


B rem erton


S urface  a n d  bottom  m easurem ents o f salinity w ere


sim ilar throughout the  study p e rio d . S alinity w as


typically 28% o.


S alinity and tem perature  m easurem ents taken at the


sam e  locations as  the  fish  observations show ed  that the


w a te r w as not stratified  w ith respect to  salinity or


tem perature.


K in gston 


C T D  profiles show ed  only m inor variation in  all


three m easures betw een the depths sam pled at each


loca tio n , and  b e tw e e n  lo ca tio ns. S a lin ity w as typically


28% o, and  tem peratures w e re  11-12°C .


S O U R C E S  O F  F IS H  O B S E R V E D 


FIG U R E  21. C hange  in  total length  of pink “A ” and  chum 


“B ” salm on  based  on  beach  seine  hauls a t K in g sto n  F erry


T erm inal


o  20 


•~. 16 


~ 12


0


0


0)4


0 


Y E S  

F ish  present? 


N O 


F IG U R E  22. F ish  presence  at the  skiff dock as  a  function 


of salinity (p=O .O 89).


E lliott B ay


M easurem ents of w ater tem perature and  sa lin ity are


sho w n  in table  3. S urface  and  bottom  m easurem ents


w ere  sim ilar throughout the  study period.


E verett H om e port


W e assum ed that all of the  juvenile  pink salm on


sam pled  at this site  w e re  w ild stocks as  there  w ere  no 


pink salm on  hatcheries in the  study area. W e  assum ed


th a t the  m ajority of chum  salm on observed at the  site


w e re  w ild stocks m igrating o u t of the  S nohom ish  R iver


for the  follow ing reasons. T here w ere  three hatcheries


w here  chum  salm on w ere released in  the  vicinity of the


H om eport (F ig. 2): the  T ulalip T ribal H atchery release,


T ulalip B ay (10  K m  from  the  site); A rlington H atchery on


the S tillaguam ish R iver (>50 K m  from  the  site); and  a 


W D F  facility on the  W allace  R iver, a  tributary of the


S no hom ish.


T he  T u la lip  T ribe  released  5.8 m illion chum  on  th eir


ow n volition from  A pril 26  to M ay 3  (m ean  T L  on  A pril


23: 57.1  m m , S E =0.297, 660  fish/K g, 877  K g  total) into


T ulalip  B ay. G iven  the significantly sm aller sized chum 


salm on  captured at th e  H om eport site  throughout the


study, it seem s unlikely that any of these  h a tch e ry fish


co uld  have been  observed  at the  site, certainly n ot in  the


nearshore  area. F urther, B ea ucha m p  et al. (1987),


sam pling throughout the P ort of E verett and P ort S usan 


area, observed  increases in  chum  salm on abundance  and


m ean  U  in response  to  2.3  m illion chum  salm on


released into T ulalip  B ay by the T ulalip  Tribe. H ow ever,


the effect w as localized  to sites w ithin 1  K m  of T ulalip


y 0.63x 39.46, r2  0.65 


E 


C 


0
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P O U N D  S O U N D S  F IN A L R E P O R T 


B ay, and  increases in  chum  salm on  abundance  and  m ean


T h w ere not observed at m ore distant (> 1  K m ) sam pling


areas. T he  A rlington hatchery o n  the S tillaguam ish R iver


released 99,832  chum  on A pril 13  (855  fish/K g, 54.7  m m 


m ean T L, reared  73  d a ys). S in ce  these  fish  w ere  released


m ore  than  50  K m  from  the  H om eport, and  the  total


n u m b e r released  w as quite  low , w e assum ed  there  w as


n o  effect. T he  W D F  h a tch e ry on the  W allace  R iver


reportedly released  “negligible” num bers of chum 


salm on  in  1990.


E llio tt B o y


W e assum ed that the m ajority of salm onids captured


in  beach  seines and observed  from  shore  originated


from  the D uw am ish W aterw ay. H ow ever, this


assum ption could  not be  quantified


B rem erton 


W hile w e do not have  direct inform ation on the


sou rce  of fish observed at B rem erton, it seem s


reasonable  that m any of the  ch u m  salm on  cam e fro m  a 


hatchery located on G orst C reek. G orst C reek flow s


into S inclair Inlet about 5  to  6  K m  from  the B rem erton


F erry term inal. M any of the  juvenile chum  captured in


beach  seine sets and  fyke  nets w e re  n o t buttoned -up.


K ingston


W e  co u ld  n ot m ake  an  estim ate  of the  o rig in  of fish


observed and captured at K ingston. H ow ever, the fish


present at K ingston w ere larger than those  captured  at


B rem erton and presum ably older.


P ILE  D R IV IN G  S T A T IS T IC S 


T he  D B  P acific and  T he  60  rigs at the  E verett


H om eport drove piles from  M arch 30-June  15, and


M arch  30-M ay 23, respectively (Fig. 4). T here  w ere  47  

d ays of pile d riving  and 17  days of non-pile driving 

during this period. H ow ever, the m ajority of fish  school


observations w ere  m ade be tw een  Julian  dates 120  a n d 


140, a  period during w hich  there w ere 11  pile driving


and 4  non-pile driving days. P ile  driving rigs struck piles


about 50  tim es pe r m inute, and  the  average  p ile  to o k 10 


to  15  m inutes to  drive  (Fig. 4). T he  entire  process for


driving one  pile usually took 30-60  m inutes, depending


on sedim ent type and pile  length. T he am ount of tim e


each day spent striking  piles w as relatively constant


th ro ug ho ut the study period. (F ig. 4). H ow ever, the


num ber of piles driven each  day slow ly increased  over


tim e  since  the  m ean  tim e  to  drive any given pile


T H E  A C O U S T IC  E N V IR O N M E N T 


T he  results of the  acoustic sam pling phase of this


study are  incom plete.. Lack of funding and  gear


m alfunction prevented com pletion of both sam pling


and  analysis stages of the  study. W hile sound w as


recorded at K ingston, B rem erton, and E lliott B ay, an


analysis of these  data  has not occurred.


B ased  on the lim ited  data  a va ila b le  from  the  E verett.


H o m e p o rt, S P L5  w ere  up  to 25  dB  above  am bient levels,


at a  range  of 593  m  from  the D B  P acific (F ig. 23).


FIS H  A B U N D A N C E  O V E R  T IM E 


E verett H orn eport


A lthough the  outm igration appeared unim odal


based  on the  n u m b er of schools spotted  per round of


the  m ole, an  estim ate  of the  total num ber of fish spotted


per day based upon  the  m ean  size  of fish schools,


suggests the  outm igration w as bim odal (F ig. 24). P erhaps


the  first peak w as pink salm on  and  the  second  w as


chum . O n both o f the  co n stru ctio n  rigs, there  w ere  no


peaks in the  n u m b er of schools sighted  o r in fish  school


size. S ch o o ls sim ply w ere not spotted on the D B  P acific


after Ju lia n  date  152  (F ig. 25). O b serva tio n s ceased  on 


T he  60  rig  on  Julian  date 143  because  the  rig  had  fin ish ed 


its project.
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decreased  o ver tim e  (F ig  4).
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F requency (H z)


F IG U R E  23. T he  acoustic environm ent 593  

P acific, h yd ro p h o n e  at 1  .5  m  w ater depth. 

d rivin g  noise, gray is  am bient.


m  from  the  D B 
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F IG U R E  24. A bundance  of juvenile  pink and  chum  salm on 


o ver tim e  along  the  shore  at the  E verett H om eport, 1990.


A ] M e a n  num ber of schools per ro u n d. B ] M ean  school


size  p er ro u nd . C ] E stim ated  n um be r o f fish  per ro u nd .


C 


C l


0


0


03


6


z


z2


F IG U R E  25. M ean  num ber of schools sighted  per hour on 


the  D B  P acific and  T he  60  rigs over tim e.


F IG U R E  26. A bundance  of pink and  chum  salm on  at the 


E lliott B ay site  over tim e  ba sed  on  b e a ch  seine  sa m p lin g  at


the  east be ach. B ars on  low er figure  indicate  w hether or


not p ile  driving  w as occurring.


5 


4 


3 


E llio tt B a y


D uring the  entire  study no fish w ere  sighted under


or near the FA D , irrespective  of its location or attem pts


to  lead  juvenile salm onids to this structure, S im ilarly,


during  the  trapping w ith the  fyke  net, no  fish w ere


caught.


T here  w ere  large fluctuations in  the abundance  of


juvenile salm onids captured from  one  day to  th e  next


(Fig 25, T able  4) in the  beach  seines and  the  species


com position changed over tim e. O n  average, few er


juvenile salm onids w ere caught during ebb  tide 


co m p a re d  w ith flood tide. Initially, the  catches w e re 


co m p o se d  of prim arily pink and  chum  salm on. C oho


and  chinook salm on began to  ap pea r in the  sam ples in 


early M ay, sim u lta n e o u sly the  pink and  ch u m  salm on


abundance  began  to  decrease. B oth  the  coho  and


chinook salm on abundance continued sporadically


throughout the  rest of the  stu d y (T able  2).


T he  w est beach  experim ental u nit consistently had


few er juvenile  salm on  than  the east beach  e xperim ental


unit (T able  4).
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B rem erton 


D uring the  early p art of the  stu d y less than  a  dozen


salm onids w ere  sighted  near the w aterfront area  of


B rem erton (F ig. 27). S im ilarly, the  fyke  net caught o nly a 


few  fish  w hile it w as installed. S everal w e e ks after


construction had  stopped, sm all schools (usually few er


than 100  individuals) w ere occasionally sighted.


18


AR010131



P O U N D  S O U N D S  F IN A L R E P O R T 


S alm onids (less th a n  20) w ere captured by beach


seine  during the  construction period  (F ig. 28). S everal


w eeks after construction had stopped, juvenile 

salm onids began to  ap pea r in larger num bers in the


beach  seine  sets. T he  m ajority of these  fish  w ere  

captured  at the  site  northeast of the  rip-rap  and  boulder


w ail.


D uring and  shortly after pile driving activities,


juvenile salm onids w ere not present in beach  seines, 

fyke nets, or visual observations anyw here  along  the


B rem erton  w a terfro nt. T he  beach  w as clean and  

appeared  to  be  periodically scoured be  cu rre n ts 

generated  by the car ferries. Little  m arine  life  w as visible


along  the  intertidal area  from  the  existing  ferry te rm in a l


to  beyond the  public m oorage. N early a  m onth after the 

end of the  pile  driving activities sm all num bers of 

salm onids began to  be  observed  and w ere  occasionally


captured  at the  beach  seine  site  near the  ferry term in al


and  in som e  a b u n d a n ce  north of the  rip -ra p  w all


indicating that juveniles m ight m ove into the  area  later in


the  spring. A t no  tim e  w ere  large  num bers of salm onids


observed near the  ferry term inals. 

T urbulence created  by ferry landings or departures,


increased  turbidity, and  m oved  the  w ater en  m asse  a~ y


from  the  ferry. A  sm all w all of w ater then  m oved


to w a rd  the  p u b lic m oorage  at an  estim ated  velocity of 4 
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K in gston 


B each  seine  catch  data  ind icates th a t the  abundance 


of juvenile salm onids in the  area  of the  beach  u nderw ent


a  drastic re duction  (Fig. 29). Initial sam pling efforts


yie ld e d  a  C P U E  of approxim ately 460  salm onlset. T his


T able  4. N um ber of salm on  cau9ht in  th e  beach  seine, by


date  and  species in  E lliott B ay. P lus  or m inus indicate  flood


or ebb  tide  respectively. D r. hrs=#  of hours pile  d rivin g 


occurred  on  a  given  day. A = T ide; B ~pink; C =chum ;


D =coho; E =chinook, F =P ile  driving.


E ast B e a ch  W est B each 
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hypothesized to account for the lack of any significant


sightings of salm onids in  the w a terfro nt area, at least


during early spring. In  addition, a  general lack of m arine


life  m ay have  been  due  to  the  periodic strong currents.


H o w e ve r, larger fish  w ould be  better able  to  co n te n d 


w ith the  currents than  sm all young individuals, and  this


m ay account fo r the  p resence  of salm onids later in  the


spring.
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F IG U R E  27.
 N u m b e r of fish  at site  based  on  fyke 


net/hum an  observation  over tim e  at the  B rem erton  site.
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F IG U R E  32. M ean num ber of schools sigh te d  per hour on


both  p ile  driving  rigs at the  E verett H om eport, 1990. Julian 


dates 109-143. D B  P acific: p= O .0003, T he  60: p= O .O 41.


120 127


high G P U E  dropped o ff to  < 10 salm on/set by M ay 17,


and  w as 0.5  salm on/set at the  e n d  of June.


T he  fyke net w as e ffe ctive  in  ca tch in g  salm on  only 

during the  first few  days it w as fished. C P U E  dropped 

off from  a  high o f 1800  fish/hour on  5/16 to <1  fish/hour 

on  6/1/90.


E stim ates from  hum an observers of the  ab und an ce  

of salm on for the  shoreline  (rip-rap and  jetty), near- 

shore (support #3  to  #14), far shore  (#14 to  end) and  the  

dolphin area  indicate w hen a  peak abundance  occurred  

in  the K ingston  area  (F ig. 30), a fte r w hich there  w as a  

drastic reduction in fish  abundance. 

E F F E C T S  O F  P ILE  D R IV IN G  O N  M E A S U R E D  

V A R IA B LE S 


E verett H om eport


but of the  973  sch o o ls observed, one  school


responded  to  the  initiation of a  pile being driven at close 


(10  m ) o r long  (100-200  m ) range. Indications of a 


response  w e re  ‘starting” or “flashing” at th e  o n se t of pile


driving.


T here w ere m ore schools spotted per round  of the


m ole  on  non-pile driving days (14 .1) com pared to pile


driving  days (1 1 .9), but this d iffe re n ce  w as not significant


(F ig. 31). H ow ever, there w ere significantly m ore


schools spotted on the each  of the  rigs per ho ur on non-

pile  driving  days com pared  to pile  driving  days (F ig. 32).
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F IG U R E  29. A bundance  of juvenile salm onids at the 


K ingston  site  based  on  fyke  net and  b e a ch  seines sam ples.
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F IG U R E  30. P revalence  of juvenile  salm onids at the 


K ingston  site  based  on  o bservation s.


T he  ra tio  of num ber of schools on  the  cove  side  to


num ber of schools on  the  co n stru ctio n  side  of the  m o le 


w as a b out 2:1  on  pile  d riving  days an d  1:1  on  non-pile


driving days (F ig. 33), and  this difference  w as significant.


T he  distributions of fish  schools changed  as  a  function of


pile d rivin g  on The 60, but not on the  D B  P acific rig  (F ig.


34).


D rivin g  d a ys  N on-driving  days


F IG U R E  31. M ean  num ber of schools/round  at the  E verett


H om eport w ith  and  w ithout pile  driving  (p= O .228). Julian


dates 123/124, 127/128, and  134/135.
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F ish  sch ools about the m ole w ere usually 2  m  from 


shore  in about 1.2  m  of w ater. T here  w ere  no  significant


differences in  distance  from  shore  or w a te r d e p th  as  a 


function o f pile driving.


P ile  driving significantly affected  the size  of fish


schools present on  the construction  side, but not on the


cove  side  (F ig. 35). H ow ever, neither of the  pile  driving


rigs show ed differences in  fish schO ol size  distributions


w ith and  w ithout pile driving (F ig. 36).


T he  C hi-squared  distributions o f the  three  fish


behaviors changed significantly in  response  to  pile


driving on the  construction side  of the  m ole, but not on


the cove  side  (F ig. 37). F ish  behavior w as not


significa ntly d iffe re n t betw een  the tw o  rigs, so  the  data


w ere  pooled and there  w as a  significant difference in  the


distributions of fish behavior as  a  function of pile driving


(F ig. 38). C loud  cover had a  significant effect on  the


d istributio ns of fish behavior on the cove  side, but not


on the  construction side. T idal stage  had  no  effect on


the distributions of shoreline fish behavior. C loud


cover, tim e of day, and  tidal stage  did not affect the


distributions of fish behavior on either of the  tw o rigs.


T h e re  w as a  significant difference in the  d istrib u tio n s


of fish  school direction of m ovem ent as  a  function o f


pile driving on the  cove  side  of the  m ole, b u t n o t o n  the


construction  side (F ig. 39). T here  w ere  no  significant


differences in  the  distributions of fish  school direction


of m ovem ent on either of the  rigs (F ig. 40). C loud  cover


significantly altered the  distribution of fish school


direction o f m ovem ent on both sides of the


co n stru ctio n  site, but tidal stage  (ebb or flo o d


classification) had no  m easurable effect on  the


distribu tion s of fish school m ovem ent.
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F IG U R E  33. D istribution  of fish  schools on  e ach  side  of


the  m ole  for Julian  dates 116, 1 20 -1 30 , and  134-137


(p=O .O l 5).
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FIG U R E  34. D istributions of fish  schools about the  D B 


P acific and  T he  60  ri~g. N o  rainy dqys, one  observer only.


D B  P acific: T otal C hi-square= 6.717, p= O .O 8l. T he  60:


T otal C hi-square=10.665, p= O .O O .5.
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D riving  days N on-driving  days
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F IG U R E  35. D istribution of fish  school sizes w ith  and


w ith ou t pile  driving for each  side of the  m ole. Julian 


dates 116, 117, 124, 127  128, 131, and  134, no  rainy


days. C on stru ction  side: total C hi-square= 1  2.838,


p=O .O O 2. C o ve  side: total C hi-square = 0.162, p= O .922.
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F IG U R E  37. D istributions o f fish  b e h a vio r w ith  and  w ithout


pile  d rivin 9  on  the  construction  side  and  cove  side  o f the 


m ole. Julian  dates 89-143, no  rainy days C onstruction 
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F

side: total C hi-square=12.442, p=O .O O 2. C ove  side: total


C hi-square ~ 4.O 2 5, p = O .l 3 4 .
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F IG U R E  38. D istributions of fish  behavior w ith  and  w ith o ut


pile  d rivin g _ o n  both  pile  driving  rigs. N o  rainy days, one 


observer. T otal C hi-square= 9.009, p=O .O l 1.
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F IG U R E  36. D istribution  of fish  school size  around  the  D B 


P acific and  The  60  rigs w ith  a n d  w ithout pile  drivinq. Julian


dates 109/110, 116/117, 123/124, 127/128,


130/131, one  observer, no  rainy days. D B  P acific: total


C hi-square= 4.707, p= O .09.S . T he  60: total C hi


square= 2. 154, pm 0. 142.
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F IG U R E  39.’ D istributions of fish  school m ovem ent on  ea ch 


sid e  of the  m ole  w ith  and  w ithout pile  d riving . Julian  date


89-143, no  rainy days. C onstruction  side: total C hi


square= 0.0240, pm 0.9880. C ove  side: total C hi


square= 1  8.5300, p= O .0001.


22


AR010135



P O U N D  S O U N D S  F IN A L R E P O R T 


E lliott B ay


T he  im pacts of pile driving  w ere difficult to  m easure


at this site. Juvenile salm onids w ere never at high


densities like  those found  at th e  E verett H o m e po rt.


N evertheless, a  sim ple abundance estim ate w as possible


based  o n  beach  seine  data  (F ig. 41), w here there  w ere 


m o re  fish  captured on non-pile  riving  days com pared to


d rivin g  days, but this d iffe re n ce  w as not significant.


T 


T


F IG U R E  41. A bundance  of juvenile  pink and  chum  salm on 


at the  E lliott B ay site  as a  function  of p ile  d riving. Julian


dates 99-1  2 4, n= 8  for driving  days, 6  for non-driving,


p= O .49.5.


K ingston  and  B rem erton  ferry term inals


T he  effects of pile driving on juvenile salm onids


could not be  assessed at the  K in g sto n  site  because  p ile 


driving did not occur. A t B rem erton, there w as lim ited


pile driving activity that occurred  before  juvenile


salm onids a rrived  at the  site.


D IS C U S S IO N 


T he  first few  w eeks in the  estuary is a  critical tim e


for juvenile P acific salm on (M anzer and S hepard 1962;


S im enstad  et al. 1982; Levings et al. 1989), during w hich


there  is  high m ortality (G odfrey 1958; R icker 1962;


F o e rste r 1968; P arker 1968; R icker 1976; P eterm an  1982;


B ax 1983). F ish  are  particularly subject to stress during


this period. In  this discussion, w e w ill address the 


potential im pacts of pile driving sounds o n  fish  at the


E verett H om eport, and the  general e co lo g ica l


inform ation garnered from  this study. T h e n , w e w ill


address the  re sults concerning changes in fish behavior


and  eco logy in response  to  pile  driving noise, and  the


lim ita tio n s of this study.


T H E  A C O U S T IC  E N V IR O N M E N T  A N D  F IS H 


E C O LO G Y 


C hronic exposure to m oderate sound levels can alter


fish ecology. F ry of C yprinodon variegatus and


F undulus sim ilis exposed to  a  S P L  20  dB  above  co n tro l


noise  levels exhibited dim inished grow th (B anner and


H ya tt 1973). M eier and H orsem an (1977), w ere able  to


influence fat stores, grow th rates, and  reproductive


indices in T ilapia aurea, by operating  a  buzzer w rapped


in plastic in aquaria w ith the  fish. C o n tra ry to  the  results


of B anner and H yatt (1973), sound appeared  to im prove


g row th  rates and  fat stores. T h e  reason  for this apparent


difference  m ight be  th a t M e ier and  H o re sm a n  used  short


(20 m in u te s/d a y) stim uli in a  P avlovian  classical


conditioning context, w hereby fish  learned  to  associate


the sound  w ith being fed. S ound  levels at the  H o m e p o rt


site  certainly w ere  at least 20  dB  above  am bien t, b u t


these w ere  tra nsient as  opposed to continuous sounds.


The question  of w hether or not pile  driving dim inishes


grow th in juvenile p in k and  chu m  salm o n  cannot be 


answ ered  in  the  scope  of this study.


H igh intensity sounds m ay te m po rarily or


perm anently dam age  the  hearing  of fish. P opper and


C larke  (1 9 76) found that goldfish (C arassius auratus)


dem onstrated  up  to  a  30  d B  d e crea se  in hearing


sensitivity w hen exposed  to 149  dB  re: 1  J.tP a  for 4  hours,


b ut that hearing  returned to  norm al after 24  hours.


E nger (1981) used a  S P L  of 180  dB  re: 1  l.tP a  to  d e stroy


bu nd le s of cilia on  the saccular m aculae  of codfish as 


evidenced b y scanning  electron m icroscopy. T his
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F IG U R E  40. D istributions of fish  school m ovem ent on  the 


D B  P acific and  T he  60  rigs w ith  and  w ithout pile  driving.


O ne  observer, no  rainy days. D B  P acific: total C h i


squ are= 4 .8 84 , p= O .299. T he  60: total C hi-square=2.93 1,


p= O ..569.


D rivüig  days  N on-drM ng  days


D riving  status


0


70


60~ 


50 


40 


30  

20 


10-

D riving  

days  

N on-driving


days


23


AR010136



P O U N D  S O U N D S  F IN A L R E P O R T 


treatm ent w as presum ed to cause  perm anent hearing


loss. C ox et al, (1 98 7) also  w ere able  to  destroy cilia  o n 


the  saccular a nd  lagenar m aculae  of goldfish w ith high


S P Ls. W hile the  S P L  at pile driving  sites does riot appear


to be  at intensities capable of this dam age, experim ents


regarding  the  m inim um  S P L  that dam ages fish hearing


have not been  conducted  for salm on. T herefore, it is


conceivable that fish in  close  proxim ity (< 10  m ) to  a  pile


being  driven  w ill experience tem porary or perm anent


hearing loss.


Juvenile pink and  chum  salm on  alm ost certainly


cannot perceive  the sounds of pile driving on the  cove 


side  of the  m o le  because  the  m ole  acts as  an  acoustic


m uffle. B ased on  the audiogram  generated  by H aw kins


and Johnstone  (1978), the sounds of pile driving on  the


construction  side of the  m ole  appear to  be  w ithin the


perceivable  fre q u e n cy range  of salm onid species (F igs. 1 


and  14). T he  question  rem ains as  to  w hether or not the


intensity is sufficient for audition. T here are  a  num ber of


lim itations on com paring the audiogram  produced by


H aw kins and Johnstone (1978) to  that of juvenile P acific


salm o n.


F irst, the  audiogram  w as derived from  A tlantic


salm on ranging in length from  32  to  36  cm  U , and  about


500-700 g. P ink and  ch u m  sa lm on  at the  E verett


H om eport w ere typically 38  and  44  m m  T L, and  about


0.5  to  1.0  g. S in ce  salm onids appear to  rely entirely on


their in ne r ear and lateral line  for hearing, and are  m ost


sensitive  to  p a rticle  velocity rather than sound pressure


(they d o  not appear to have  a  transducer such as  a 


W eberian apparatus for converting sound pressure  into


particle displacem ent), it seem s reasonable  to assum e 


that a  fish w ith larger o toliths (and  a  greater m om ent of


inertia) m ight have  a  different audiogram  than a  fish  w ith


sm aller otoliths. H ow ever, there  are  no studies on


salm onids to docum ent this.


S ince  the  sounds produced by pile driving  are 


“transient” in  nature, analysis of the  S P L  requires


sam pling  o ver a  se t tim e interval or integration  tim e.


The duration  of this integration tim e changes the  pow er


spectra  of the  signal b e in g  analyzed. T he  lo n g e r the


interval, the  low er the  o ve ra ll S P L  w ill becom e  for the


sam e signal. Ideally, the  in te g ra tio n  tim e  should 


co rre sp o n d  to  the  m inim um  integration tim e  required


for the  target species to  perceive  so u n d  of a  given


source. T his critical interval w ill vary w ith source


frequency and intensity, and w ith fish  species. S ince  the 


critical interval fo r juvenile  P acific salm on is not know n,


it becom es difficult to  say for certain  w h e th e r or not


they w ill be  a b le  to  hear the  sounds of pile driving. F ay


a n d  C oom bs (1983) found that the interval at w hich


sound  pressure had to be  in cre ase d  in order for the  fish


to  co n tin u e  p e rce p tio n  of a  given frequency (400  H z


pure tone) occurred som ew here betw een  320  and  710


m s for goldfish. T he  analysis w indow  integration tim e


for this stu d y w as 160  m s. If the  critical interval of


juvenile pink and  chum  salm on  is greater than  this, the


levels presented  w ill appear high. If the  interval is less


than  this, the  levels presented w ill appear lo w .


In  order to  assess w hether or not pile d riving


sounds are  a u d ib le  to  juvenile  pink and  ch u m  salm on, w e


have  synthesized  the  follow ing criteria from  the


literature. F irst, the S P L  m ust be  at least that of the


m inim um  audible field of salm on  in  F igure  1  for the


fre q u e n cie s of interest. A nalysis of the  so u n d  field 593  m 


fro m  the  D B  P acific at the  H om eport show ed significant


acoustic en ergy betw een  200  and  400 H z. S econd,


am bient noise  should  be at le a st 24  dB  less than the


m inim um  audible field of the  fish; otherw ise m asking


w ill occur, and  the fish  w ill not hear the sound  stim ulus


(H aw kin s and  Johnstone 1978). A m bient levels at the


H om eport site  w ere 80  to  90  dB  re: 1  liP a, a n d  this is  10 -

30  dB  below  the  m inim um  audible field of A tlantic


salm on. T hird, O lsen (1969  and  1976) found that the


stim ulus S P L  had  to be  20-30  d B  higher than am bient


noise  levels in order to  in d u ce  a  behavioral response in


A tlantic herring. S ound  levels betw een 200  and  400  H z


at th e  H om eport w ere  at least 20  dB  above  am bient, 593 


m  fro m  the  source. F inally, broad -band , pulsed sound


rather than continuous, pure tone sounds are  m ore


effective at altering fish behavior (see  H ering 1968  in


O lsen 1971; O lsen  1971; B laxter et al. 1 9 8 1 b ; S chw arz and


G reer 1984). T he  sounds p ro d uce d  by pile driving are 


pulsed  and  broad-band.


A nother im pact that p ile  driving sounds m ig h t have


on juvenile  pink and  chum  salm on  is auditory m asking.


M asking  occurs w hen adjacent fre q u e n cie s to  the


stim ulus frequency are  present. T h e re fo re , it is


conceivable that pile driving  noise m asks the  sounds of


approaching predators m aking  them  m ore  difficult to


detect by juvenile salm onids. A nother possibility is that


juvenile  salm on  m ay habituate to the sounds of pile


driving  and  “ignore” the  sound  of an  approaching


predator. Q ualitatively, fish schools o n  the  co n stru ction 


side of the  site’w ere  less apt to  startle  w hen approached


by observers com pared  to  schools on  the acoustically


isolated cove  side of the  site, indicating habituation to


the  sound m ay have  occurred.


In sum m ary, it is conceivable  that the sounds


produced  b y a  pile driving  rig are  audible to juvenile


P acific salm on from  m ore than 600  m  from  the  source.


In  trying to assess the  im pacts of any stim ulus on  an 


organism , one  m ust consider the biological relevance  of


that stim ulus, Juvenile  pink and  ch u m  salm on  m ay


clea rly hear the  sounds of pile driving from  great


distances. H ow ever, the  perceived relevance of that


signal to  the  fish  cannot be  answ ered  w ithout further


research  concerning salm onid audition.
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G E N E R A L  F IS H  E C O LO G Y 


T he follow ing discussion  does no t p rovide  particular


insight into the  effects of pile d rivin g  on the ecology of


juvenile pink and  chum  salm on. H o w e ve r, it does


present pertinent inform ation  regarding salm onid


ecology at the  m outh of the  S nohom ish  R iver (E verett


H om eport), and  the  K in g sto n  F erry T erm ina l.


E verett H om e port


T he  precise co rre la tion  of w estern grebes w ith the


first peak of the  outm igration suggests th a t these  diving


birds w ere feeding on outm igrating juvenile salm on.


W hether or. not this predation contributed significantly


to pink and  chum  salm on  m ortality is not know n.


W ood  (1987a  and  1987b), found that predation on


juvenile salm onids by the co m m on  m erganser (M ergus


m erganser) had  a  significant im pact on juvenile coho


salm on  in their natal stream s, but did not have  a 


significant im pact on fish in  tidal w aters.


T he observation that 11 of pink and  chum  salm on


did not increase  over tim e is consistent w ith previous


research in  the P ort of E verett and  other nearshore


estuarine  areas. B eaucham p  (1986) and  B eaucham p  et al.


(1987) found that pink and  ch u m  salm on  U  did not


increase significantly in  freshw ater sam pling areas near


the  m outh o f the  S nohom ish  until late  M ay. M cE ntee  et


al. (1985), did not observe  an  increase  in fork length  (F L)


for juvenile pink and  chum  salm on  sam pled  w ith a 


beach  seine at the  H om eport site, but did  see  a n 


increase  for purse  seine  sam pled  fish. S turdevant et al.


(1991) also fou n d  that juvenile  pink salm on  did  not


exhibit an  increase  in F L  through A pril and early M ay in


P rince W illiam  S ound, A laska. T h e re fo re , it seem s


logical to  assum e that the  fish  ob serve d  at the  H om eport


w ere probably transient, m oving ra pidly through the


area. T he  possibility that the  fish  w e re  holding-up and


not grow ing is conceivable. H ow ever, this becom es


unlikely w hen the  rate  of feeding is considered.


T he  co-occurrence  of pink and  chum  salm on in  fish


schools has been  d ocum ented  in the  literature  (Irie  et al.


1981), a n d  the  E ve rett H om eport w as no  exception.


V irtually all dip-net and beach  seine sets produced p in k


and chum  salm on together.


T he dietary com position  of fish sam pled at the 


H om eport site  w as w ithin established  norm s given  the


e nviro n m e n t they w ere  captured  in. F ish w ere  sam pled


from  steeply sloping rip-rap shores, hardly an  optim al


environm ent fo r epibenthic organism s to flourish. Irie


(1987), found that juvenile chum  salm on (47  m m  m ean


F L) prim arily fed  on  sm all calanoida  o r harpacticoida in


sm all harbors around  eastern H o kka id o , Japan, an 


environm ent sim ilar to that of the  H om eport site.


S tom ach  content studies co nducted  in  the  E verett


H arbor area  prior to  H om eport construction activities


(S chadt and  W eitkam p  1985), indicate that juvenile  pink


and chum  salm on p rim a rily fed on  e p ib e n th ic


organism s such as  gam ~ narid  am phipods and


harpacticoid copepods, but there w ere significant


quantities of pelagic species, such  as  calanoid and


cyclo p o id  copepods in the  diet. F ish  sam pled by purse


seine  sets in  the  sam e  area  prim arily had  insects,


euphausids, and calanoid  and cyclopoid copepods, a 


m ore  pelagic diet (S chadt and W eitkam p  1985).


T herefore, it is not surprising to find  that the fish in this


study fed alm ost entirely on pelagic prey item s like


calanoida.


T he suite of behaviors exhibited by juvenile pink


and  chum  salm on at the  E verett H om eport is significant


if w e w ish to understand how  pile d riving  m ight affect


fish at th is particular site. F ish  school w ere  alw ays


surface oriented  and w ould m ove  laterally in  the w ater


colum n rather than  vertically to avoid a  disturbance.


S uch disturbances w ould include w aving your hand  over


the w ater, or throw ing a  pebble at the  fish.


E lliott B ay


T he  increasing  lengths of the  ju ve n ile  salm on


indicate  that the  fish  w ere  grow ing during the  study


p e rio d . Ju ve n ile  salm on  w ere  probably m igrated


directly from  the  D u w a m ish  R iver and  w e re  passing


through the  area on  th e ir w a y to  o th e r fe e d in g  grounds.


W e itka m p  and  S chadt (1982) in  a  beach  seine study in


the  S m ith  C ove and  P iers 90-9 1  area  obtained sim ilar


results.


Juvenile salm onids w ere rarely sighted at locations


other than in  the intertidal zone. T idal currents and  w ave


action m ade visual observation difficult, how ever,


salm onids w ere rarely seen  even  in  sheltered  locations.


W eitkam p and  S chadt (1982) found that the m ajority of


the  juvenile salm onids fro m  the  D uw am ish R iver m igrate


around A lki B each  rather th an  P iers 90  an d  91  and  the


M a g n o lia  areas. T h is could explain  the lo w  num ber o f


juvenile  salm onids observed and caught in  this study.


T he  pier 90/91  and  M a g n o lia  B luff area  is rocky and 


exposed  to w ind and  w aves w hich create  a  high energy


environm ent. U nder these  conditions, selection m ay


favor organism s that can  to le ra te  an  exposed location.


T he types of food organism s that juvenile salm onids


prefer, such as  the  sm a ll epibenthic crustaceans, can


usually be  found in m ore  sheltered  habitats located


elsew here  in  P uget S ound.


G reater num bers of juvenile salm onids w ere


captured in beach seine  sets during flood tides. A n 


explanation for this m ight be  that the fish  m oved


offshore  d u rin g  ebb tides to  avoid  b ecom in g  stranded as


the  tid e  falls. B each  seining  during flood tide probably


optim ized captures of juvenile salm onids. N evertheless,


the  data  should be  considered  skew ed  because of this.
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K ingston 


T he  observational technique  used at K ingston w as


originally developed for the  E verett H om eport study.


H o w e ve r, several im portant differences exist b etw een


the sites w hich, reduces the  applicability of the


te ch n iq u e . F irst, fish  at E verett w e re  alw ays in  distinct


schools, w hile at K ingston, fish  schools w ere  usually


large, diffuse  aggregations w ith no clear separation


betw een schools. E stim ating the abundance of fish


under such conditions w as d ifficu lt, and the ability to


distinguish  betw een  1000S  of fish and 10,oo0S  of fish  w as


som etim es difficult. A t tim es, an  entire  observational


area had  thousands of fish,. A nother difference w as


ve rtica l distribution of the  fish. W hile they tended to be 


surface  oriented at E ve re tt, fish at K ingston w ere


distributed from  the surface  to at least 1.5  m .


A bundance estim ates w ere  difficult since  fish deeper in


the w ater colum n  w ere  not visible  especially under


adverse  conditions. A nother problem  w as tha t fish


w ere not alw ays associated  w ith any given  structure, such


as  a  dock or shore, therefore, they w ere often out of


visual range. In the  first stages of the  study, the  presence


of fish could  often be  determ ined only by the  presence 


of jum ping fish or their characteristic dim ples at th e 


su rfa ce , a n d  e stim a te s of num bers or density w ere


im possible. Later in  the study, the fish appeared at th e 


su rfa ce  less frequently, so  large  num bers of fish  m ay


have gone unnoticed.


Thus, overall, the visual observations at K ingston


m ay give only lim ited inform ation on relative  abundance


of the  juve n ile  salm onids. T hese  observations are 


probably m ore  useful in  identifying behavioral


differences that exist betw een  juvenile  salm onids in  area 


such  as  E verett, w here there is considerable freshw ater


influx, and K ingston, w here  the fish  are  fully adapted  to


the  m arine  environm ent (T able 5).


E lliott B ay


Juvenile salm onids d id  not appear to reside in  the


area  of the  p ile  driving activity. H ow ever, the  densities


of fish found  at the  E verett H om eport w ere not found at


E lliott B ay. W eitkam p and S chadt (1982) found that the


m a jo rity of the  ju ve n ile  sa lm o n id s from  the  D u w a m ish 


R iver m igrate  a ro u n d  A lki B each  rather than  P iers 90  a n d 


91  and  the  M agnolia  areas. T his could  explain  the low 


num ber of juvenile salm onids observed  and caught in


this study.


T he presence and/or absence  of juvenile salm onids


did  not appear to be correlated  w ith pile driving


activities, based  o n  fyke and beach seine  sets R egardless


of pile driving  activity, juvenile  salm onids w ere not


observed in  the vicinity of the  pile driver, but they w ere


routinely captured along shore. H ow ever, the  am ount of


pile driving  activity w as relatively low  at E lliott B ay


com pared  to the E verett H om eport, for exam ple. In


addition, since the behavior of juvenile salm onids at


E lliott B ay is virtually unknow n, and because  few  fish


w e re  ca p tu re d  in  beach  seine  and  fyke net sites,


conclusions regarding the im pacts of pile driving on


these  fish at this site  are  sheer sp eculation .


T able  5.
 S um m ary T able  o f contrasts a n d  co m p a riso ns o f


E verett H om eport and  K ingston  F erry T erm inal.


S alin ity  

T e m p erature  8.12°C  

D O E S  P ILE  D R IV IN G  A FF E C T  F IS H  D IS T R IB U T IO N 


A N D  B E H A V IO R ? 


F ish  w ere not u n ifo rm ly distributed  at the  E llio tt B ay


site. In contrast to the east beach  e xp erim en ta l unit, the


w est beach  experim ental u n it generally had  few er


ju ve nile  salm onids. W hether this phenom enon w as


correlated w ith construction activities is not know n. In


addition, fish apparently resided m ore in  the intertidal


zone rather than in m ore pelagic areas.


E verett


O utm igrating salm onids e xperience  a  variety of


sensory stim uli w hen they encounter a  pile driving site.


H ow ever, certain stim uli m ay have  g reater sig nifica nce 


th an  others. T he  prim ary concern behind the


regulations restricting  p ile  driving is that the sounds


generated b y pile  driving  underw ater w ill disturb the


fish. V isu a l disturbances are  certainly another potential


disturbance to  consider. T he  d iffe re n ce s observed  in 


fish  behavior and  presence/absence  m ay have  been  a 


P aram eter E verett K ingston


S chool H igh  • less  diffuse  Law  • m ore  diffuse 


density


R eaction  to  Lateral • horizontal V ertical • dive 


disturbance 


F ish  size  C onstant In cre asing 


O ffshore  Y es


m ovem ent


S w im  under Y es


floating  oblects


V ertical S urface  to  < 0.3  m  S urface  to  >1  in 


distribution  in 


w ater colum n


P roxim ity A lw ays (0-2  m l S om etim es


to  shore 


P eak Last w eek of A pril M iddle  tw o  w eeks


abundance  to  first w eek o f M ay of M ay


R esponse  Y es N ot clear


to  shade 


Less  saline  at 28% ~  throughout


surface  (1  1.26% ~l w ater colum n


11.12°C 
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result of the  skiff and  w orker activity surrounding the


rigs on pile driving days. H ow ever, this explanation does


not apply to  sh o re lin e  data  since  m iscella ne o us


construction activity along shore  w as considered  to be


constant throughout this study, regardless of pile driving


status. W hile the activity of construction w orkers along


shore could not be  quantified, it is reasonable  to  say that


the  activity w as con sta nt from  day to  day w ith such


activities as  cutting the tops of piles off, m illing about in


m otor pow ered w ork skiffs, dropping item s in the


w ater, and pounding  nails into  concrete form s.


H ow ever, there w ere gradual changes in  the  shoreline 


structure over tim e, since  w ooden and  concrete


structures w ere  being  extended  out in to  the w ater in


order to  pour concrete  for the  m ain  carrier pier. T hese


types of gradual changes over tim e  co uld  not be 


accounted for in the context of this study, b ut still


require consideration w hen exam ining the  results of this


study. T herefore, w e  assum ed  that sound  and  visual


distu rban ces w e re  the  prim ary stim uli present at pile


driving projects, and  salm onids are ce rta in ly capable  of


detecting these  stim uli.


A ssum ing juvenile  p in k and chum  salm on found  the


sounds of pile driving  aversive, fish schools in this stu d y


w ould be  expected  to ball-up, dive, polarize  or sw im 


aw ay in response  to  the  sounds of pile driving. O f these 


re sp o n se s, polarized behavior w as observed at the 


H om eport. H ow ever, differences in the  b e h a vio r of fish


in  this study w ere evident over tim e. F or exam ple, fish


schools w ould rarely polarize  w hen a  given pile driver


started driving. S om e  schools w ere sim ply polarized,


b u t the incidence of polarized behavior w as higher on


n o n -p ile  driving  days com pared to pile  driving  days on


both  rigs and  the  shoreline observations. T he data 


changed  as  a  function o f pile driving during the  day, but


not if there  w as p ile  driving at th e  m om ent a  school w as


observed.


The prevalence  of fish schools at or near the  surface


w here salinities w ere  the  low est is consistent w ith other


studies (T yle r 1963; Iw ata  1980; Iw ata  et al. 1982; Iw ata  and


K ornatsu  1984; Irie  1985). F ish  schools rarely w ould dive


deeper than  1  m  in the  w a te r colum n in response  to 


distu rb an ce s such  as a  rock being throw n  at them  or a 


gull shadow  passing  over. H oar (1951), n o ted  diving and


scattering behavior in  pink and  chum  salm on  fry in


response  to a  hand  w ave. H ow ever, these  fish  w ere  in


freshw ater. It is generally assum ed that juvenile p in k and


chum  salm on reside near the surface in  the  fre sh w a te r


lens (10-14% o  sa lin ity) at the  m outh of a  river because  of


osm otic stress (Iw ata et al. 1982). A s a  result, they are


apparently reluctant to  dive  into the  w a te r co lum n  in


response  to any aversive  stim ulus and  “chose” to escape 


laterally instead.


A  m ajor concern  of W D F  w as that fish w ould be 


driven offshore  in to  the neritic zone in  response to pile


driving. H ad this been the case, w e w ould have  expected 


fish  schools to  be  less abundant on  pile  d rivin g  days, if


not absent entirely. T his did not occur along shore.


H ow ever, few er schools w ere observed around pile


driving rigs o n  pile driving  days com pared to non-pile


driving  days. T h is difference  could  have been due to 


either pile  driving  or the  associated  a ctivitie s (such  as 


w ork skiffs) of pile driving. F ish  schools th a t w ere


observed along shore  did not change their distance  fro m 


shore, suggesting  they w ere  n o t b e in g  driven to  deeper


w ater. S ince w e  relied  o n  hum an  o b se rva tio n  for


quantifying fish  abundance, there  is a  possibility that fish


schools w ere driven offshore, undetected by observers.


W e  w ould estim ate  that schools > 10  m  from  shore


w ould not be  visible to observers. A ctive


hydroacàustics and  purse  seinin g  w ould help answ er that


question.


O ther studies have  used  hu m an s for observation of


fish schools, b ut m et w ith lim ited success for various


reasons. S chreiner et al. (1977), visually surveyed over 13 


K m  of shoreline by boat. S ince  schools are  easily


startle d  by boat m ovem ent, o bservation  w as d ifficult. In


addition, observations w ere  only possible on clear,


sunny days, and  the  shear m agnitude of shoreline  to be 


observed  w as too  m uch. A llen (1974), w as also


constrained by the  sam e  lim itations. F or this study, a 


short length  of shore  (488  m ) w as su rve ye d  not from  a 


boat, rather, observers w alked slow ly along shore  in 


order to  a vo id  startling  the  fish  schools. O bservation 


averaged  5-6  h  each  day, 5  days a  w eek. In addition, fish


schools w ere easily observed on overcast days.


T idal stage  did not appear to play a  significant role  in


the abundance or behavior of fish in  this study. W hile


juvenile  salm onids m ay alter their distributions vertically


in  the w ate r colum n  in  response to salinity, this behavior


could  not be  m easured  in this study. M igration from  the


S nohom ish R iver w as believed to be  strongly correlated


w ith tidal ~tage, but not w ith tim e  of day according  to 


T yler (1963). H o w e ve r, T yler w as referring to  fish  in  the 


river channel. T he  m ole  area at the  H om eport did not


have  sw ift currents that could sw eep fish aw ay.


T he  ultim ate question of w hether or not pile driving


has an  im pact on the  fitness of juvenile p ink and  chum 


sa lm on  ca n n o t be  answ ered  based  on  the  results of this


study.


S T U D Y  LIM IT A T IO N S 


E verett H orn e p o rt


T his study w as designed  to  test the  feasibility of


various m ethods to assess the  im p a ct of pile driving  on


juvenile  salm onid distribution  and behavior. T here are 


no  other studies to date  that have  exam ined this issue.


W hile in som e  instances it is  difficult to  separate  all o f
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the  factors contributing to  fish  behavior and ecology at


th e  H om eport, w e  have tried  to restrict the variability


introduced by tidal stage, different observers, w eather,


and  fish  be havior.


A n o th e r lim itation of this study is the


d isp ro p o rtio n a te  ratio  of pile driving to  non-pile driving


days (too  m any pile  driving days). H a d  there  been  an


equal sam ple  size, m a n y of the  variables such  as  tidal


stage, tim e  of day, cloud cover, and  observer su b je ctivity


w ould have  been norm alized. F or exam ple, m ost non-

pile driving  days h ad  > 50%  cloud cover, hence, it w as


difficult to  separate the effects of cloud cover and pile


driving  on  fish behavior and/or observer p ercep tio n  of


fish  behavior. N evertheless, there  w ere  m any instances


w here  fish  behavior w as affected  b y p ile  driving and/or


its a ssociated  activities, w hen tidal stage, observer,


w eather, and  tim e  of day w ere  accounted for.


T he E verett H om eport is one  site, studied fo r one


season. T he  results of this study cannot necessarily be


extrapolated  to other sites w here pile driving is


occurring. F or exam ple, the juvenile  pink and  ch u m 


salm on  co n sid e re d  for this study w ere  new ly em erged


and apparently m oving rapidly along shore. Juvenile


pin k and chum  salm on  at other sites th a t are  not in  close


proxim ity to  a  river m ight m ove slow ly through the  area


and  be  subject to  p e rtu rb a n ce  from  pile driving because


of increased  e xp o su re  tim e.


T he  m ajority of data  collected for this study w ere


based  o n  hum an observation, w hich, has its lim itations


and  biases. O n w indy or rainy days it w as particularly


difficult to cbserve fish schools. E ach  of the  four


observers had  slightly different opinions concerning the


size  an d  behavior of any given  school. Fish schools


could  have been  deeper in  the  w ater colum n, or further


from  shore  on pile  d rivin g  days and  this w ould not have


been  a p p a re n t to  observers. T he  possibility that


schools w e re  d e e p e r an d  hence  not visible is not likely


since  Iw a ta  et al. (1 9 8 2 ) never saw  chum  salm on fry


belo w  the freshw ater lens based on 5  years of


underw ater observations. In  addition, other species of


fish  w ere  observed  deeper in the  w ater colum n by


observers in  the study. F ish schools m ay also  have 


a vo id e d  the  site  entirely on pile driving days and  h e a d e d 


to  d e ep er w ater of P ort G ardner or the  gently sloping


beaches of Jetty Island.


E lliott B ay


T he  results gathered fro m  the E lliott B ay M arina


regarding the  im p a cts of pile driving on  juvenile


salm onids are  unreliable for a  num ber of reasons. F irst,


very few  fish w e re  captured  and/or observed  over the


study period. T his m akes for sm all sam ple  sizes on data 


that are  inherently highly variable. S econd, virtually


nothing can  be  said  about the  behavior of juvenile


salm onids in response to  the perturbations from  pile


driving, since  fish w ere never observed by hum ans.


T hird, a  vibratory ham m er w as used  to  drive  sm all steel


I-beam  type  piles. It w ould be  reasonable  to  say that


juvenile salm onids m ight respond differently to the


sounds of a  vibratory ham m er, com pared  to that of a 


diesel com pression  ham m er.


B rem erton  and  K ingston 


S ince  lim ited pile driving occurred at B rem erton


w hen there w ere alm ost no fish present, nothing can  be


said  a b o u t the  im pacts of pile driving  on the ecology


juvenile pink and  ch u m  salm on. A ll w e can  say w ith


reasonable  confidence  w as that ju ve n ile  pink and  chum 


salm on  w ere  n o t present at the  site in large  n um be rs


w hen pile driving occurred.


T he  K ingston  site  provided am ple  opportunity for


observation  and capture of juvenile pink and chum 


salm on. H o w e ve r, a  pile w as n e ver driven at this site.


A gain, nothing can  be  sa id  about the im pacts pile driving


m ight have on juvenile  salm onids


S U M M A R Y 


B ased  prim arily on the  results fro m  the E verett


H om eport, p ile  driving apparently has a n  im pact on the


distributions and behavior of juvenile pink and chum 


salm on (F ig. 42). W e  did not observe  sig n ifica n t changes


in  overall fish  abundance  as  a  function of pile driving  at


th e  site. H ow ever, caution  m ust be  observed  w hen


interpreting this result, since  it is  based  o n  a  sm all


sam ple size  and  o n  data  that are  inherently highly


variable. H ow ever, fish appeared to change  their


distributions about the  site, orienting and  m o vin g 


tow ards the  acoustically isolated  cove  side  of the  site  on


pile driving days m o re  than on  non-pile  driving  days,


a n d  this result has m ore significance since  it is not


skew ed by changes in  fish  abundance over tim e, o r sm all


data  sets. T here  appear to  be  changes in  general


behavio r and  school size, as  a  function o f pile driving,


but again  this result is based  on highly variable data  since 


there  w ere so  m any variables that could  affect the fish


behavior, and/or perceived fish behavior by the


observers. Fish w ere  fe e d in g  w ell the  day th e y w e re 


sam pled  a b o u t the  rigs an d  a lo n g  shore.


W hile any one variable that w as m easured  in  this


study should not be  considered by itself as  an  indicator


of the  im pact pile  driving has on  juvenile  salm dnids, it


w ould seem  re a son a b le  to  consider all of the  m easured 


param eters as  a  w hole. In  doing this, w e  see  a  collection


of results th at in dica te  there  is a n  im pact from  pile


driving  on  juvenile P acific salm on. U ltim ately, it is


difficult to  ascertain  the  im p a ct of pile driving  noise on


juvenile salm onid fitness. In order to answ er this
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regulations im posed by W D F , further research  w ould be


necessary.


FIG U R E  42. S um m ary fig u re  o f results from  E verett H om eport.


B ehavior m easured  w as passive  m ill, active  m ill, and  polarized.


S chool sizes w ere  10’s, 100’s, and  1000’s. D irection  of


m ovem ent w as north, east w est, and  south. D istributions w ere 


for each  side  o f the  m ole, or va rio us locations ab o u t each  o f


the  rigs. N o. of schools w as per round  of the  m ole, or hour on 


each  rig. S hore  distance  w as in  m eters, and  depth  w as depth 


of w ater fish  schools w ere  sighted  in, in  m eters.
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G LO S S A R Y 


dB : D ecibel. T he u n it of sound m easurem ent defined as


20  tim es the  log  of the  product o f the  so u n d  pressure


being m easured tim es the  inverse  of the  reference


pressure.


S P L: S ound  pressure  level.


T I: T o tal length of a  fish, defined by the  distance  from 


the  tip of the  snout to  the  trailing edge  of the  caudal


fin .


F l: F o rk length o f a  fish, defined by the  distance  from 


the  tip o f the  snout to  the  fork of the  caudal fin.


W D F : W ashington D epartm ent of F isheries


A coustico-lateralis system : T h e  lateral line system  and


inner ear of fishes.


C ochlea: A  sm all, spiral shaped, bony tube found  w ithin


each of the paired inner ears of terrestrial


vertebrates w here  the sensory ha ir cells are  lo ca te d .


E m ergence: T he  tim e  in a  P acific salm on’s life  history


w hen juveniles em erge fro m  the gravel after yolk sac


absorption.


E pibenthic invertebrates: Invertebrates that inhabit the


surface  of subm erged  substrates in  an  estuary.


H abituation: A  type  of learning in organism s w hereby


repeated e xposure to a  given stim ulus yields


decreased  behavioral response over tim e.


N a uplii: Lifestage  in m any groups of larval C rustacea,


characterized by 3  pairs of appendages and a  single


m edian  eye.


N earshore zone: O ceanographic term  describing the


area  betw een the  shore  and  the  surf zone.


N eritic zone: O ceanographic term  describing the  zone


exten ding  fro m  low  tide  level to a  depth of about 183 


m .


P article  d isplacem ent: T he  com ponent o f sound that is


the to-and-fro m ovem ent (on the order of


nanom eters) of w ater m olecules, and is a  vector


quantity.


P elagic invertebrates: Invertebrates that are  free


sw im m ing and  in habit open  w aters of the  estuary.


S ound  pressure: T he  com ponent o f sound that is the


oscillatory change in  pressure  above  and below 


hydrostatic pressure, and  is a  scalar quantity acting


in all directions.


S tartle  response: A  reflex response  of organism s to a 


stim ulus in w h ich  the  o rg a nism  darts suddenly and


for short duration in order to  escape  the  stim u li.


S ublittoral zone: O ceanographic term  describing the


zone extending from  low  tide level to a  depth of


about 21  m .
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A P P E N D IX  1A : S H O R E LIN E  R A W  D A T A 


J.D  Julian  date 


ID  O bserver: B F=B lake  F eist, LS = liam  S tacey, LC = lori C hristensen, K K = K evin  K um ag ai


R ound  Y es  is  a  com plete  round  a bout the  w hole  m ole  and  the  14  zones, no  is  not a  com plete  round


S tart T im e  w hen  observation  of a  given  school w as initia ted 


S top  T im e  w hen  observation  of a  given  school w as term inated 


A M /P M  T im e, cla ssifie d  as before  or after 1 300  hrs


T .S tg  T ide  stage  cla ssifica tio n  as ebb  or floo d 


T ide  T ide  elevation  (m )


W ave E stim ated  w ave  height (m )


W d E stim ated  w ind  velocity (km /h)


— > E stim ated  w ind  direction  (north, east, w est, or south)


R ain  Y es o r no 


A ir A m bient air tem perature  (°C )


C Ids E stim ated  cloud  cover (% )


C lds 2  E stim ated  cloud  cover as  > or < 50% 


D B  S tate  A ll is  pile  driving, none  is  total shutdow n  (non-pile  d rivin g  days), standby is  operational but not


d rivin g  at the  m om ent


60 S tate  A ll is  pile  driving, none  is  total shutdow n  (non-pile  driving  days), sta nd b y is  operational but not


d rivin g  at the  m om ent


D rive  Y es  is pile  d riving  day, no  is  non-pile  driving  day


D B  P ile  E stim ated  school d istan ce  from  D B  pile  being  driven 


60 P ile  E stim ated  school d ista n ce  from  60  pile being  driven


D B  S h  D istance  that D B  P acific rig  w as from  shore 


60 S h  D istance  that The  60  rig  w as from  shore 


D B -Z  W hich  of the  1 4  zones the  D B  P acific rig  w as in 


60.2  W hich  of the  14  zon es T he  60  rig  w as in 


O bs’ A m ount of tim e  spent observing  school (m inutes)


#‘s E stim ated  size  o f school (1 0 ’s, 1 0 0 ’s, o r 1,000’s)


A ctual E stim ated  a ctu a l num ber of fish  in  school


Z one  W hich  of the  1 4  zones the  school w a s sig h te d  in 


A re a  C o n s= co n stru ctio n  sid e  (noisy) of m ole, cove=cove  side  (quiet) of m ole


D epth  E stim ated  depth  of w ater school w as observed  in  (m )


S hore  E stim ated  d istan ce  from  shore  school w a s ob se rve d  in  (m )


B ehav F ish  school behavior w here  P a  m ill= passive  m ill, A ct m ill= active  m ill and  P olar= polarized


B ehav D ir D irection  of m ovem ent (if any) of school (north, south, east, w est. or stationary)


B ehav D ir 2  D irection  of m ovem ent (if any) of school (east, w e st. or unknow n/stationary)
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P O U N D  S O U N D S  F IN A L  R E P O R T 


‘A P P E N D IX  1 B : P ILE  D R IV IN G  R IG S  R A W  D A T A 


J.D  Ju lian  date 


ID  O bserver: B F=B lake  F eist, K K = K evin  K um agai


R ound  Y es is  ≥60  m inutes spent on  the  rig, no  is  60  m inutes spent on  the  rig 


S tart T im e  w hen  observation  of a  given  school w as initiated 


S top  T im e  w hen  observation  of a  given  school w as term inated 


A M /P M  m e, classified  as  before  or after 1 300 hrs


T .S tg  ide  stage  classification  as ebb  or flood 


T ide  T id e  elevation  (m )


W ave E stim ated  w ave  height (m )


W d  E stim ated  w ind  velocity (km /h)


E stim ated  w ind  direction  (north, east, w est, or south)


R ain  Y es  or no 


C lds E stim ated  clo ud  cover (% )


C Ids 2  E stim ated  clou d  cover as or 50% 


D B  S tate  A ll is  pile  driving, none  is  total shutdow n  (non-pile  d rivin g  days), standby is  operational but not


driving  at the  m om ent


60  S tate  A ll is  pile  driving, none  is  total shutdow n  (non-pile  driving  days), standby is  operational but not


driving  at the  m om ent


D rive  Y es is  pile  driving  day, no  is  non-pile  d rivin g  d a y


D B  P ile  E stim ated  school distance  from  D B  pile  being  driven


60  P ile  E stim ated  school distance  from  60  pile  being  driven 


O bs’ A m ount of tim e  spent observing  school (m inutes)


#‘s E stim ated  size  of school (1 0 ’s, 100’s, or 1  ,000’s)


A ctual E stim ated  a ctua l num ber o f fish  in  school


Z one  W hich  of the  zones about the  rig  the  sch o o l w as sighted  in 


Z one  2  M ore  generalized  classification of zone school w as observed  in. S tern, side, or bow 


D epth  E stim ated  d e p th  of w ater school w as observed  in  (m )


S hore  E stim a ted  distance  from  shore  school w as observed  in  (m )


B ehav F ish  school behavior w here  P a  m ill= passive  m ill, A ct m ill= active  m ill and  P olar= polarized 


B ehav D ir D irection  o f m ovem ent (if any) of school (north, south, east, w est. or stationary)


B ehav D ir 2  D irection  o f m ovem ent (if any) o f school (east, w e st. or u n know n/stationary)


In  Line2  Y es=straight shot acoustically from  the  pile  being  driven  to  the  school being  observed


G rebes E stim ate  of num ber of w estern  grebes w ithin  300 m  of the  co n stru ctio n  site 


O th e r A ct O ther activity near the  sch ool b e in g  o b se rved 


R ig  D B  P acific or T he  60


50 
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