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Introduction

Thc purpose ofthis stud_v is to identify cliatom taxa
rssociated with vert ical lv distr ibutcd cstuarinc
deposits ( i .e.,  high rnarshcs, low marshes, t idal
flats, sloughs. and banks) that can be used to recon-
struct small-scale (< 3 m) palco-sca-lcvel changes
l l r t ,  r l  t o  1 ' Jeo .e i -m ic i t \  n r  cu : t a t i r  l r o ,  c - sF i  i n
the Pa, i f i r ' \orthrrr '1. Tlu' i t iurr:  betrreen rnarine
ancl freshwater diatoms in co:r.stal cleposrts are com-
monlv used to identi fy rnajor transgrcssions and
regressions of Quatcrnarr sea level (e.g.. Palmer
and Abbott.  l986; l l ronen et al. .  1987). but the
recognition of srnall-scalc changcs in paleo-sea-leve1
mr r - t  b ,  Lc -ed  on  more  -uh t l e  c l r ange -  i r r  r ,  r t i -
cal lv distr ibuted asscmbl:ges. Such studies are in-
variably hindered bv the paucitv of detai led data
reea rL l i r r g  t he  rn ,  r l . r n , l i - t r i Lu l i uns  u lped inen t  I ' r r a
(e.g.. Eroncn er ol. ,  l987).

CompelJing stratigraphic. evidcncc now suggests
that some changcs in relative sea-level in the Pa-
cilic Northwest drrling the l{oloccnc mav har.e
resuited from large earthquakes, inclucl ing a rno-
ment magnitude (XI.)) {} event as rcccntlv as about
i300 years ago (Atrvatcr. 1987, 1992r Darienzo
and Pctcrson. I990; Attater and Yamaguchi.
l99l:  Att 'ater er al. ,  1991; Nelson, J992: Clarkc
an,l  Can.r. lqq2. \ ,  l .un .rnd Per-orr iu-. in lre.. :
Clague and Bobrowsky, 1994). Some of the
palco-ea hquakcs have been attributed lo fopture

along the Cascadia subduction zone. the boLrnd-
ar'_ betwccn thc Juan de I'uca plate and the over-
riding North America plaLe (Figrrrc l). rvhereas
othcrs arc bclicved to have been caused br clis-
placements on shallow crustal faults (Nelson. 1992;
Bucknem p i  o l . .  l aq2 ;  \ e l so r r  a r rd  P ,  r - , , r r i u . .  i n
prcss). Coseismic landJevel changes rnar result in

sudden subsidcncc (e.g., Plalker, 1969; Atrvater,
l9B7:. 1992; Darienzo and Pctcrson. 1990: Nel-
son, 1992; Clarke and Carver, 1992) or upl i f t
(Plalker, 1969; Bucknam et al. ,  1992) of coastal
and estuarine sites. The ecological conscquences
inr.olve either a rapid rise or llll in relativc sca lcvcl
strch that vegdatcd dreas normallv above the reach
oftides are suddenly inundalcd. or-conversely, nor-
mallv intcrtidal sullaces are elevated out o[ the in-
tert idal zone. Estimales of coseismic subsidence
r:aused bv the earthquakc about 300 years ago
range liom about 0.5 m (Clarke and Carr,cr; 1992;
Da|ienzo and Pctcrson, 1990) to 2 m (Atnater.

1987; Atwater and Yamaguchi, 1991). This range
in clcvatioral change tould be enough to quicklv
transforrn a lorvland coastal meadow or forest inlo
a tidal flat. Basccl on strati;paphic and biostrati-
graphic evidence in south*estern Washington, this
process mav havc bccn repeated at least six times
in about the lasL 3500 ycars (Atvater, 19BB:
Hcmphill-Hale,v. unpub. data).
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|igun. 1. \tl illupr Bav. a nisotidal ,istulri iii sodth{estern Washhgton. -samphrg localities: BC Bav Center tidal llat: BR Bone

Rivir tidal n!L: \l-traDse(r Nl. l,^'er Nia$ialum Rirer; -sP Stonl Point; Nu bansect \u. upper Niairiakun Riveu
'1 t'- li,L. l'(,nrr.

t 24'1svv

Various kincls oI coastal cnvironmenls can be
idcntficd basccl on thc classification olcliatoms into
ecological groups (Vos rnd clc Wol[.  19138; 1993;
Kosugi. 19BB). ln this papcr. Q-modc factor anal-
vsis is uscd to clustcr samplcs with similar diatom
asscmbllgcs from thc modcm surfaces oftidal flats,
intert idal r i , 'er banks. shal low srrbt idal channels,
low rnarshes, and high marshes in northern Wil-
lapa Bay. WashinSon (!igure l). Upland samples.
iound to be barren of in situ diatonrs. were ex-
cluded liom the factor analvsis.

Studies ol modern estuarine diakrms have
shown lhat manv taxa are cosmopoiitan (i.e.. have
a rvorldrddc clistlibution) (Mclntirc and frloorc.
1977; T,vnni. l986) and usuall ,v cxhibit  bloadcr
tolcranccs for salinity (Xloorc and Mclntirc. 1977;
Mclnt irc. l97B; Amspoker and Mclnt irc, l97B;
Admiraal. 1979) than l trr othcr factors such as ex-
posL.rre (Caslenholz. 1963; Sul l ivan, 197tl) and
subslrale (Amspoker and N{cInt ire, 1978; Whit-
i ng .  I 983 :  Wh i t i ng  and  Mc ln t i r c .  l 9B5 :  Kosug i ,
1987). A series of er:ological studies in Oregon
documented the rnodern r.ertical distributions of
attached or sediment-associated species in thc
lower part of the intertidal zone (Castenholz, 1963;

Riznyk and Phinney. 1972; Rizn_,-k, 1973; l \ lain
ancl McJntire. 1974; Moore and McTntire, 1977;
Amspoker and Mclnt ire, J97B). but othcl than
\el-on rn, l  Kr-himr t 19031. r l i f ference- in a--em
blages betrveen tidal llats, marshes. and uplands
have not been documented. and there are no such
pre\. ious studies fbr coastal south$'estern
Washinplon.

Background

General Eco ogical Zonat on Re ative to T da
LEVEI

The mixed tides oi the Pacilic coast along south-
wcstcm Washinlfon cause a fair ly predictablc
thrcc-t icrcd ;ntcrt idal zonation. with lowcr inter '-
t iclal f lats. " lot" 'marshcs. and "high" marshcs
(Macdonald, 1977at Macdonald and Barbour.
1977; Frc,v and Basan. l9B5). Thc clcrat ional
ranges of thesc zones depends on the local t idal
range, $hich vades both along the r:oast in the Pa-
cific Northvest and t'ithin individual estuaries. In
Wil lapa Ba,v, thc t idal rangc bctwccn mcan high
r,ater (MHS ) and mean lorv waler (llLS ) rangcs
from 2.3 m ncar thc mouth of the estuary to 3.4
m at j ts soulhcrnmost rcachcs (Nlajor, l9B9).

: ' i0 Hemphil l-Haley



Thc initiation of lorv mamh \'rgetation in thc Pa
cif ic Northu'est is approximately ecFivalent to lhe
r:lo'ation of mean lower high water (l\{T,HS ) (Mac-

donald and Barlnur'. 1977) ancl cxtends to approx-
irnatel;- rncan highcr high t'ater (SIHHW). although
lcgctrt ion is genefal lv thicker betwccn mcan high
uaLer'  (N'[HS ) and fr lHHW. Low marshes are com-
monlv suhmerged oncr: cach t idal dav ( l ' rev and
Basan. l985) and thus support macrophvtcs cupa-
ble of legular subrnergt:ncc. Sa,vce ( l9BB) l isred
the dorninant lol-marsh macrophvles in S i l lapa
Bav trs ^Salicorzia rirgi.niut. Jou.nrea camosa.
'Ihglochi.rt 

marititrtu. nnLl Plantago mtLtitima. High
m rshes e\tend liom NIHHST to nc:l crtreme high
water (EI{S ) (l'lacdonald ancl Barlmur. 1977) anrJ
are slrbmerge.l only (luring highcst spring tides and
-ctorrn surgcs. According to l-re1 and Basan (1985),
high m:tshes are prone to desi<rcation bccause thev
"mav rcmain continuouslv exposcd lbr pcriods ex
ceedinEl l0 clavs. betr,'rcn tidal inuntlations." Tvpi-
cal high-marsh macrophvtes of Willapa Bav incluclc
Distic hli.s spiru o. Dest:harLpsitt ( aespito sa. and
Agrostis o[ba" nith "/rrncas ba,ltictts ancl Potentillo.
pttci f i t t t  t tr  the highest le, 'els (Sayce, l9BB).

' l ' idal 
l lats of the open cstuarv dnd channel

banks oi tidal rivers ieeding thc cstuary e)itend
dornrard irom \ILHW to appro\imalelv mean
lot'er lot tater (N'ILLSl. Thcsc fiats ard banks
, ' ,mpri-.  a Lr, ' r , l -  mu-th ,rn\eeclnlcd regiorr po1'rr-
latecl primari lv bv sedimentassociated diatoms
(Rizn1k. 1973: Rao ancl Lewin, 1976: Amspoker
and \lclrrtire, I978.). Ztstera spp. {eelgra-.s) beds
mav be presenL lo pro\'iclc a substrate 1or epiphytic
cl iatorns. l i th Z. ntaintt  commonl! lound ncar
\'ILLV ancl Z. rnno lotnd in thc upper part of
the zone, closcr-to MLHV. -qhal low subtidal chan-
ncls, as Lbed in this sludt. r-rfrr lo thc river-channel
llool less Lhan ,l m belrr,; MI-LW. which tere sam-
pled to cleLerminc t 'hcthcr this zone could be
di l fcrentiatcd from the loler interl idal zone. As
,.hor,;n bclol.  diatoms consisl dominantlv of al-
lochthonou-. r'alvcs from thc lo$,er intertidal zone.

Methods

Sample co lect on

Results arc basccl on diatoln counts for {}9 surfacc
samplcs collected in 1990 in northern S'illapa tsa1'
(Figure l) .  Samplcs tsC-1. BC-2, and BC-IJ. irom
lhc Bav Center sand l lat.  uere col lcttcd upproxi-

matelr 800.500, and 200 m l iom shore. resJrec-
tivciv. 

'l'he 
llat is vegetated rrilh sparse Zosterz

rdrra al the locat;ons of samples B(l 2 :rnd BC-iJ.
-qaml)les BR-l uncl BR-2 r 'ere col lected ffom thc
Lrnlcgetated su ece of a si l tv t idal f latnorthofthe
Bone River, approximatcl,-v 150 and 300 m f i trrn
shorc. Samples rrere collected lrorn thc marsh and
adjacenL t iclal t lat at Ston,v Point: SP-l and SP-2
are liom tlre un,regetated flat; SI'-3 is from the flat
adjacenL to a Jratch crf Tiglochin mo.itino: SP-A
is frorn a lot' marsh thicklv regetaLed with Tnglo-
chin maitinn ancl Salirnmio t:irginica; and SP-5
is lrom a high marsh in a thick stand ol Potentillo.
pu , i . l i r o -  3  m  l i om t l r "  ha - -  n f  r  P l ,  i - t u ,  nne  t e r
race. Samplcs lvcrc col lected l iom a marsh and
tidal slough at Toke Point : TIJ-I is from the 1loor
o[ a sardr tidal slough colered $,ith Ztttertt m.a-
dna beds; 

' l l '2 
from a l-m-diamctcr patch oi

'lhgLochin 
mrtiLirrut aL thc mar.sh-to-11at tran-ririon:

and TP-3 is from thc lov marsh thicklv vegetatcd
with T. nruitimo and S. r,irgrnirra.

Samples from t*o intcrt idal transects along t lrr
Niatiakurn lliver (Nl ancl Nu) u,erc analvzed in acl
dit ion to the intert idal sarnples l iom the open bav.
Transect Nl cxtends liom the channel floor to thc
transition liom marsh t() forested uplancl in the
lower Niawiakum Rivcr val lc,v (! igure t.  2). The
channcl f loor is approximately 3.5 m belorr
\ ' l LLV .  s r , l  t h -  mr r sh - r rp l nn r l  t r cn - i t i nn  i -  r - t . -
mated at 3.,X m above MLLW. Sampling stat ion
Nl-I is just belorv MLLW on a steep palt of thr:
chunrrcl bank thickly vegetated \\iIh Zostera ma
ina. Nl-2 is on an unvegctatcd arca of the chan-
nel bank. and sparsc Z nana is grorling at the ler.cl
oI sampling stat ion Nl- l l .  Nl-4 is on a stccp marsh
sr:alp legetated nith Solitomit t.irginica ancl rarc
TrigLochin maritimo.. Nl-5. Nl-6. and Nl-7 are on
a gentlv-sloping high marsh su ;ce, and dominanl
macrophytes are Disti.t:h.Lis spicata ntla SaliconLia
r,ir$nica at \l-5. anr) Deschampsia caespiutso and
PoterLtilla ptLcifica at Nl-6 and Nl-7. Nl-{3 is at the
lanch,".ard edge oI the marsh. vcgctatcd bv Carer
obnaln and Athi l lea sp.

Transcct Nu extends from Lhe channcl f loor to
the highest pafl  of a brackish marsh in the rrppcr
Niar,;iakum lliver valle,v (Figrrres l. 3). The floor
ol the channel is graded to ncar MLLW. :rnd Lhe
highest part of thc marsh is est imated at 3.2 rn
abovc MLT,V. Sampling stat ion Nu-l is on thc un
vegetated lo$er part of thc channel bank. Nu-2 is
just bclov the lower limit of r'egetation. Nu-3 is
on the sLeep marsh scarp r.egetated u,iLh Corcr

Tntcrticlal f)iatoms frorn Srillapa Ba1 3I



Transecl Nl - lower Nlawiakum River

10-27.5 %"
MEAN SALINITY:21 6%"
TEMP. RANGE:6'22.5" C

- MLLW

Marsh-Upland
Transition
(tactor 5)

High Marsh
(tactor 1)

I Low Marsh
{tacto. 3)

Nt-5 -
Nt-4

Channel Bank
(tacror 4)

Shallow Subtldal
(taclor 2)

I
0 2 0 3 0
Distance Along Transect (m)

E % sand E %sitt I %clay

Figure 2 t'.,njl. rlong traDi{! L \1. on rhe lo$er \i!{iakum Rirer. Cranr sire. sdnritv. and rrrnperarure meas,,nin!,nrs rfe for
1990 i  i ,n imsre  er i , r  i , r  r id l l  da tuns  is  +0 .10  n .

lngbei and rare TigLtchirt naitima. Nu ,X is near
MHHW. and dominant rnacropbytes are Dirrrclrlir
rpi(:ota nrTd Desdnnpsia (:oespitosa. with rarc C.
hzg6ei. Nu-5, Nu-6, and Nrr-7 are on the gentl ,v
J , ' 1 , i ng  mr rnh  -u f l a , l  shc re  t l r e  dnm in rn t  mcc -
rophvtes are D. cu,espitosa and Potcn.tilla paciJico;
Nu-B is at the highcst point on the rnarsh there
thc dominant macrophytes are,/lrr:rrs balticu.s and
l'. paa!,u.

l lelat ive elevations along lransecls \u and NI
wer-e rrcasured l,ilh a sclfJcr.eling ler,el. r,'hich is
accurale to + l  cm for both horizontal and vert i-
cal distanccs. Tidal datuns (f igures 2. 3) werc cs-
t ima ted  t o  be  w i t h i n  + I0  c rn  bascc l  on  6
observations of uatcr levels at high and low rides
during goorJ wcather, and comparison wirh r idal
charls corccted for tidal variation in the cstuarv
r l ' . r e i l l c  ( . o r rn t r  l ' l . r nn ing  D . l ' . r r tmen t .  \ r i l Fn
crrrnm.. 1990). Diatonr and grain size sarnplcs rvcre
col lected. and dornin:rnt rnacropir!  Les r!ere

recorded, in Apri l  I990 at eight sampling srat ions
along each transect. Acldit ional diatorn samples
\'!crc collected at thc stations in July, Septembe.,
and Deccmber I990 to tcst for seasonal .r.ariation

;n diatom distr ibutions. Prel iminarv analyses
sholved thut relat ive abundances ofspecies varied
amonpl samples collected during different tirnes ol
the vear. bLlt  cl istr ibutions rcmained const nt
throughout the year. Thcrcfore. the seasonal counts
were combirred for this report.  Samplcs l iom the
shallow subtidal channel of the Niawiakum River
wcrc col lected by using a small  drcdge deplovecl
from a canoc during low t idc.

l)iatorn samples consisted of about I cm3 of the
uppermost l-2 mm of surfacc sediment, scrapcd
t'ith a srnall spatula from and placed in buffered
2olo ftrrmaldehyde in a glass r,ial. All modern in-
tertidal surfacc samples collected in Willapa tsay
containcd abundant diatoms. somc cxceeding 5 x
l0s cel ls/cm3. Many o[ thc most prol i f ic spccies,

32 Ilemphil l-Hale1



Hlgh Ma.sh (factor 1)

Transecl Nu- Upper Nlawlakum River

SALINITY RANGE: 2-23 4 %-
MEAN SALINITY: 14.9
lEi lP.  BANGE:4 -22.5.  C

- MHHW

hor'ever. arc dclicate (e.g., small ,\iar;ica1a and
I '  huon th r ' t . r r r d  hu re  l i t t l .  chan , "  L , t  - u r r  i r  i ng  i r r

the fossi l  recorcl.  The disJr:rr i tv betueen Lhc tvpes
ol marine planktonic diatoms obscrvcd in producr-
tive surface natem (e.g.. Chaetoceros spp..
SkeLetonena spp.) and tara that actually survivc
dissolut ion and burial to becone fossi ls (e.g.,
'lhnlrLssionemt 

sytp. and Coscinodrscus spp.) is well
known. The sanc applies to bcnthic estuarine di-
aloms. such lhat manv ol the nlosl pnrl i f ic taxa
make poor fossils (e.g.. MeLtsint spp. and Sledrc
spp.). r ,hcleas some of thc rarer diatoms in mod
ern deposits (Caloneis s1t1t.. Carnpl.Lotttscu.. spp.)
mav becorne. by virtue ol their rcsi l icnce ro ne-
slruct ion, dependable ftrssi ls. 

' lbere[ore, 
thc lac,

tor analys;s fcrcused on thc rnodern distr ibutions
of84 diatom taxa that ncre also observcd in Holo-
cene fossil dcposits around Willapa llay (Hemphill-
Halev. 1993a ancl unpub. data).

Macrophyte samplcs were also col lccted lbr
quali tat ivc assessment oi epiphytic popLrlat ions:
rcl ircnces to an epiphvtic l i le lbrm for indi l idual

Hl glvlow Marsh transition

Low Marsh
(tacto, 4)

/ Channel bank
(tactor 2)

/, Shallow sublldal
/ (tactor 3)

sJtcics are based on lhcse observal ions and the
detai led analyses b,v [ 'hi t ing (1983) and Main and
Mclntire (1974). Diatoms col lected in thc f ield (er-
cluding Tokc l)oint samples that dried out) rtcre
sla;ncd for e! idence of intact cytoplasm .with Fasl
(lreen FCF cytoplasm sLain in buflerecl 29lo for-
maldehvde. and mounted according to the Taft
Syrup Mount (TSl\{) mcthod (Taft.  1978: Steven-
son. l9B4). lhe refract ivc index of the TSNI is
sufficient lor rcsolr.ing the lalve characteristics of
mosL dialoms, although thc f ine structure of some
dclicate sper.ies (thich are lypicallv abscnt in fos-
si l  deposits) mav not bc rcsolvable. Stained sum
ples can bc r insed. dried onto a cover sl ip. and
mounted with Hyrax, thich improvcs resolut ion
of valve characterisl ics.

At least 400 diatom valvcs were countcd at
625x ahng random ,'ertical traverses near thc mid
dle of thc cover sliJr, t'ith magnifications increased
to 1250:. to cxamine smaller spccimens (He mplill-
Haley, 1993a). Intact frustules !!{-'rc counted as
two valves. For the factor analysis, total counts ol

g
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2

1 . 5

1

0.5

10 20 30
Dislance Along Transecl (m)

Nu-3 Nu-2 Nu.1 Nu.S

E %sand E ./. si[ I 9. ctay

FigL , r t  3  P( , l i l e  a long fans . i i r  \u  on  rhe  r rq lx r  N iawiakun R iv t r .  c r l in  s ize .  saL i r ih -  anr l  remperarur  ncasuremer ts  a r :  to r
l9g0:  cs l ima led  . f io r  fo r  l  d l  daru  s  i s  +0 .10  m.
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livc plus enptv frostules and singilc valr.cs were
used to al lo\r {or occurrences of both au-
tochthonous and probable al lochthonous diatorns,
as vould natLrfal ly occur in ibssi l  assemblagcs.
Reierences to the relat i lc abundanr:es ol diatoms
are based on the percentage oi cach spccies rela-
tive to the total numbcr of diabms counted in each
samplc, normalized by dividing several dominant
species (,llelosira n o n iliforrnis, XI. at m nttLo itl es.
S,tnedra fastiatloto, ancl ParaLia sulcata) by an ar-
bitrary factor of l0: ver;- rale : ( 2 0/o: rare =

2-4.90/o; frequent = 5-9.9?o; comrnon : I0-ill3o/o:
abundant = ) l j l lo6.

Grain size an:ilyses oINu. NJ. BC, and BR sam-
plcs vcrc completerl  with a ( i imax H,vdrophotom-
eter and Rapid Sett l ing Analvzer (RSA). '

Calibration tests indicate that thc hvclrophotorrre-
ter is precisc to *3olr ancl lhe RSA to +5yo
(Torresan. I9B7). Scdimcnt textures SP and TP
srmples r,rere eslimated in the field. Water tern-
perature and salinit_v data along lranseds Nu and
Nl verc col lccted from the adjacent channcl ncar
the surface at high tidc using a YSI \lodel 33
S-Cjl  mctcr rt i th reported accuracies of +0.5'C
and + 0.5 pprn, rcspcctivch. Sal init ,v data 1br the
{,fen ba}- were pro\.idcd b_-v the Washington
I)cpartment of Fisheries Laboratory dt Nah()tla.
Data used lbr this stud,v (liatom counts and tax-
onomy. grain-size results) are also avaihblc in tl.S.
Ceological Survey Open-Filc Repolts (Hemphill

Halev. 1993a, b).

Stat stics

The program CABIAC was Lrsed to generate a Q-
mode factor anahsis (Kloran and Imbric. 1971)
to iclentify end-member ppoups of surface samples
from three datd scts: ( l)  transect Nl; (2) transcct
Nu; and (3) the fbur sampling local i t ics bordering
the open bay. Variables for the {actor analvsis con-
sist of 8,1 ta:<a obsencd in Lhe rnodern samples
that rvere l ikel ise obserr.ed in fossi l  samples from
V i l lapa Bav. Somc larieLies of specres $'ere rn-
cludrd rvith lhe nominate fbrms whcre both r, 'ere
obserued to commonlr co-occur. including varie-
tlcs ol Ath onLhes hretipes. A. hauckiana. A- larr
.eolatd. !'rustulio rulgatis. ancl Nat'ir:ula Ltra.Tht
Artinoptychus spp. group incluclcs A. t-cnalius and
,'{. splendens. and the Odontello spp. group includes

'^nv us,, ol rr!d.i. prdd!.t. ot finn names in this rryrrt is ior

rlescriptiri: purqroscs onlr anil does not impl-r endors.rrnt br

rhe  L .S .  Cov . rnm.nr .

O. auita and 0. obnuta. Small forrns ol Paralio
rrrlcol.r (lcss than 20 pm diameterJ were countcd
separatel-y from largc forrns because of evidence
thaL valve size mav be ccologicallv contlolled (Roe-

lofs. l9B4) and obser!at ions that small  forms art:
more r,idelv distributecl in lower-salinitv areas ol
thc csluar, '  (Hemphil l-Halev. 1993a).

Thr results of the lactor analvsis arc bascd on
the relative abundanccs ofd;alom taria in each sam-
ple. Beginning with the rat 'ccnsus-data matrix [Xl
of n cnti t ;cs ( i .e..  samples) and m r.ariables ( i .c..

taxa). laluc counts rlere transformed to the per'
ccntage of the range of total numbcrs for cach vari-
ah le .  t l r e reb r  g i r i ng  r .  r n r r ,  h  se igh t  t n  r a re  -pec ie -

with limited distributions as to common spccics lhal
are pafiicularlv dominant in cerLain localities. The
varimax rotaLion method iras used to simpli f-v the
inter?r'etation of factor loadings (i.e., the contribu-
tions of each samplc b the fac{ors). The vadmax
firctorJoading ancl lactor-score matriccs provided
by CABIAC l ist thc contr ibutions ofeach sample
and cach laxon to the lbctors, respectivcl,v. Taxa
l i th the highest factor scores are indic'at ive ofthe
modcrn cnvironment in thich they are found ci-
ther because of thcir restrictecl distribution or their
particular abundance in that cnvironmenl. The fac-
tor assemblages in this report includc both au-
tochthonous and suspected al lochlhonous species
ancl shor,' the inlluence of resuspension rrnd mix-
ing ol diatom asscmblal ies in the intert idal zone.
For lhc anal,vses. lhe loi!'est number of lirctors cr-
plaining at least 7570 of the laf iance was used.
The sharp break liom rehtivcly high to low factor
scorcs \ras used to separate important from cx-
traneous t i lxa comprising each factor.

Results

Lower Niawlakum transect (Nl)

Salinit ics ranged f lom 100/oo to 27.50/oo at
transect Nl. \rith { mcan rI 21.6n/rxt (Figure 2). r\
fi,'e-lacLor model (Figure 4) idcntified thc marsh-
upland tr:rnsition (N1-8; Factor 5). high marsh (Nl-5

to Nl-7; Factor I) .  lot '  marsh (Nl-4: Factor 3),
channel bank (Nl-]  to Nl-3; Factor '4). and shal-
lor,r channel (N]-S; Factor 2). Of the 84 spccics ancl
groups considcrcd in this slLldv. 77 were obsen'ed
along lhis transect. and 57 ss)rc.l high in the fac-
tor analysis. The five-Iactor modcl cxplains 789/o
of the total variancc. or 13806 of the data (Table 1).

ilforsh-uJt Lo.nd trunsition - Factor 5 (Figure 1e.).In-
portant autochthonous dialoms in<:l:U(Ie Denticula
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Transect Nl: Factor Scores

(c)(a)
HIGH MARSH

Factor 1 Scoiss
SHALLOW SUBTIDAL

(b) ::3."*T
LOW MAFSH

Faclor 3 Scorss
2.5 0

Endiclya sp.1

Adnanthes lanceolata

Melosira nummuloides
Gyr$igma balticun

Panlia sulcata

Navicula lyn

Diplneg interruPta

Melasin nonilifomis

Caloneis westi

subtil|, NiLzs.:hio plr\ilkr, and Nauicula tenelloidcs.

Nitzschio terrestis was rare but scored high in thc

factor analysis because of its limited distribution.

Nit ztchil commutata. Fnutulia tulgais, CaktneLs

bacillum, Nitzschia cf. nona. and Nitzsr:hia debiLis

ar.c found ;n both low and high marshes. Alloch-

thonous diatoms include very rarc valves of

Raphoneis d. morgoitaLimbata ̂ Ld l)imcroglamrrut

minor.

Actinoptychus spp. Mastoglia exigua
Paralia subata Cerakulus tutgidus

(small lorm)
Nitrschia cdnprcssa psammook
Nitzschia coarctata Ni?schia naviculatis

gute um Gyrosigna einiumvar paNa
Otuite aspp. Bhopabdia acuninata

NiEshia fascbulata

GHmnatophua N itz s h i a scape I lif o m i s
&eanica Navbula digitoradiataC,Moneis scutellun

Synedn fasiculata Frustulia linkei

C@oneis placentula Nitzshia cf. nana

Navicula ttipunctata

Nitr*hia constticta

Delphineis cl.
- surrela

High monh- I'trctor I Eigure 1a1. Autochthonous
diatoms that can be used to define the high marsh
inclLtd.e Pinulaia lager;tetltii, liat;icukt pusilkL,
and,\lasclr.ia breuisima. Nat:icula cirtcta. Naxic-
uLa mutica, Diploneis pseudoualis, D, rlk\nm, ancl
tY. de6ift.s arc distributed in high and lorv marshes.
Allochthonous diatoms include very rare valves ol
Rhaicosphenia abbreuiata anil Achnanthes delicat-
ukt. NoxicuLtL pypgnnea is also vcry rue. and its sig-
n;ficance is uncefiain.

P inn ularia lagerstedtii

Navicula cincta

Navicula mutica

Navicula pusilla

debilis

didyna

Nitzschia brevissina
Achnanthes delbatula

Oiploneis pseudovalis

Navicula Wgnaea

CHANNEL BANK
Factor 4 ScoFs

(d) 3.0 o

MARSH -UPLAND TRANSIIION
Factor 5 ScorDs

(e) 3.0 o

Figure .1. Factor stores rtlons trannr.t Nl ior autochthonous species (black bars) and susprlLcd allrthrhonous species (whne barsl.

Frustulia wlgais
Nizschia pe ucida

Dimercgnmma ninol

Nitrschia pusi a

Nitrschia cqnnutata

Tntenidal Diatoms from Willapa Bay
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lactor-. for ralh sarnpling statior.

\ t s
\ l l

\ t-2

\|-]
\ l  1

N t 5

N l 6

N l - ;

\ 8

0.0; ;

0.002

0. l , l ( ,

0.091

0 . 1 5 5

0.658

0 . 9 1 9

0.820

0.278

23.I i l6

2:1. IBa)

0.92;

0 .616

0.I8t)

0..157

0.090

0.019

0.069

0.0,1(,

0. l i i t

| 6.96:l

40 .118

0.021

0 .1 t2
.o.o25

0.2;8

0.860

0 . t  08

0.I i t5

0.0.10

0.0i10

r).61

.19.;59

0 .  t 2 l
-0.51;

-0.832

-0.i?2

0.0i19

0.291

0.081
.o.o2,t

-0.0;6

1.1.3:1.1

6.1.103

0.0u6

0 . 1 1  t
,0.029

0. _118

0.086
,0 .18 i

0.(nl0
-0.3.17

-0.89i

1U.117

;7.58

0.il8.l

0.6t9

0. ; l ;

0.529

0.7111

0 . ; 6 9

0.Bi,l.

0 . B 0 1

0.! )25

raien(e

.uhuLLiil, reidrce

[,orc ntLtsh- Fo,ctor 3 (!'igLre,trq. Autochthonous
diatoms that identi f t  thc lorv marsh include Gi.
rosigrLa eriniunr (common to abundant). \iit.zsclria
tlaricukLris. Nitzschia, stnlpeLlifttnnis. and Inr.rru-
Lio linkei. Masngloia etigua nar bc primaril,v a
lorv-marsh spccies, brrt it rtas also obser,'ed on the
acljaccnt channel bank (Nl 3). It is frcquent in lo*-
marsh samples frorn Tokc I'oint. Rluytalodia
oumtirata. Natitula digitorudktLo " .|rld N itzschia
tnnsticLo are lbund in both lo$ marshts and ad,
jrcenL flats, anLl \ itzsr:hio. .fast iculara and ,\ cl.
narra are lounrl in low arrd high marshes. A1-
lochthonous diatorrs include ver-r rarc valves of
Cerat au l t u t u rgidus, Rlnp ho t Leis p s arnm knkt, an d
DeLphinei^s cl. surirello.

ClmnneL banh-Foctor 4 lFigure !d). Au-
toch thonous  channe l -bun l i  d i a toms  i nc lude
lleLosira nonilifonnis. M. rtunmu,loide;, and Para
IiL nLL:ota: Cyosigrna bahiaun. NoicuLa Lyra. and
ELdict, \o sp. 1 (Hemphil l-Halev. 1993b) are rare
but srtrred high in the factor analvsis because ot
rheif  l imitcd distr iburion. I l .  abbret: iatu, anl Ach-
rtantltes kuu:eoktto are inclicativc ofchannel banks
in less s:rline arcas of norLhern S illapa Bav
(t lernphi l l -Hale;-.  1993a). and rnav indicale
periocls of lot-salinitv runoff at this siLr. Trola!-
sionento nitzschioides is a r idel-v tlistributed rna-
r ine nc t ic diatorn (Cupp. l9. l i3). brrt  r ,"as also
rccorded br Nlclnt ire ancl Orcrton (1971) in ar-
lached lowcr intert idal samples in Yarluina cstu-
ary' (Oregon). Allochthonous diatoms probabl,v
include rare valvcs ofl)iloneir interntpta. uhi<:h
was ft-cquent in the tr-ansitional marsh at tlansect

Nu, and rar-e valves of Caloneis a'est i i .  which las
lrcquent in the lot' marsh at Toke Point and Sronv
Point.

Shallou subtitlal zone - l'attor 2 (Figure 4b). By
d ' f i n i t i on .  c l l  d i d l um-  i r om rhe  h igh .  n ,  r g r  r i r e r
channel arc allochthonous (Vos and de WoU,
I9BB). Species that scored high in thc factor anal-
vsis consist of lover-intertidtrl epiphyres (Gnrrrr
nuttophortL or'.eorLit:a. CocatneA sur,telLun, C.
sculellum \ar. pano. Sq edra fasciculatu). epipe-
lon (Nitzschio contpre-sso. i-itzschi,a coarduta, Coc-
cone:"r plcrt:entula). or tlchoplanktonic diatorns (ie.,
both bcnthic and planktonic Actlnopnclras spp..
P. nrlcria (small form). and OdontelLa sp1t,).

Upper Niawiakum transect (Nu)

Salinit ics ranged lrom 2?oo to 23.40lo0 at tr .ansect
Nu, tith a mcan of 14.9{/oo (Figure l3). A fir.e-
lactor model (Figure 5) iclentified rhe high marsh
(Nu-5 to Nu-8; Factor I) ,  lou,-ro-high transir ional
marsh (\u-,1; !actor 5), lor. marsh (Nu-2, Nu-3;
Factor 4). channel liank (Ntl; Fa<ror 2) and chan-
ncl f loor (Nu-S; l 'actor 3) (Figurc 2). Of Lhe 84
sprcics and groups considererl  in this studv. 73
1!ere obseNcd along this tr-anscct. and 58 scored
high in the lactor analysis . The fivc-factor rnoclel
explains 133?o ofthe total rariance, or 919/o ofthe
daLa (Tab1e 2).

High rnarsh-Factot l /Fig&r"e 5al. Aurochthonous
diatoms indicative of the high marsh inclucle P.
lagerstedtii, N. pusiLLa. D. subtilis. N. tenelloides.
l. tlebilis. and ,\il.asc,4ia pellut:ida. N. rwtti:a-
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Transect Nu: Factor Scores

HIGI{ MARSH
Facto.l scorss (b)

Pinnulaia lagestedtii

Navicula pusilla

NiEschia pellucida

Dentbula subtilis

Navbula nutica

Nizschia cdnnutata

Diploneis didyna

Nitzschia debilis

Nitzschia fasciculak
Navicula cincta

Frustulia wlgais

Navbula tenelloides

SHALLOW SUBTIDAL
Factot 3 Scores

CHANNEL BANK
Fac'toa 2 Scoa€s (c.l(a)

spp.

Delphineis cl. su rclla Diploneis smithii
var . rnonDrca

Rhaphoneis psannicola
aphoneiscl..
marganaltnDaa

Endbtyasp.l

Rhaphoneis amphicet$
Syne&a fasciculata
Melosira monililotmis

Achnanthes lanceolata
Odontela spp.

Hyalodiscus scotcus

Gytosigma baltbun
Gramnatophoe &ean

Centaulus tutgidus
Dimerogranna ninor

Navbula slesvicensis
lnlia sulcata
(small form)

Nitzshia coarctaE AnphoQ venlicosa

Parclia subak
GranmaWhorc

oceanca

(d)

LOW MABSH
Factoa 4 Scor9s

2.5 0

HIGH io LOW-MARSH TRANSITION
Factor 5 scoros

(e) 3.0 o

granulata

*utellum
uat. paNa

Nitzschia constrhta

i\i .incr.r" ,li t:onmultota. ]i. :fa.tciculatu. Diphneis

di$tna and FnLttuLio Lulgaris are distributcd in

high and low marshes.

Lou;to-high LratilionaL marsh lot:tor 5 (Figtre

5el. Sampling stat ion Nu-21 is posit ioned near
N{HHV t'here it cxpcr-icnces substantially morc
tidal submergencc than thc high rnarsh stations and
somel{}rat morc cmcrgence than stat ions lo$cr on

Caloneis bacillun
Achnanthes hauckiana

Diploneis interrupta

Anphoa cofteitomis
mugulus

Diploneis pseudovalis

Navicula slesvicensis

Navicula pygmaea

Nitrschia cl. nana

Rhqalodia gibberula
exmum

pusilla

Diploneis didyna

the transcct. Autochthonous diatoms incluclc C'.

haciL[urn antl D. pseur1ornls, which were abundant

al Nu-4 but also obscr"rcd in high-marsh samples.

D. inkmlpta totaled 3.47o of the assemblage at

sampling stat ion Nu-4, but nas less than l lo in

trther rnarsh samples, D. didlzna. li, cl. no.na. ancl

\at;icuLa pusilla 'tar. I are distributed in lov and

high marshes. C. eximiunr and Rhopalodia

Interlidal Diatoms liom Willapa Bay 37
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Gytosigma exinium

Hyalodiscus laevis

nitzschioides
Caloneis westi

Nitzschia terestris
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i fg  lac rors  fo r  each san, t ) l ing  s t !1 ion .

Factor '1

\ r r',s

\ u I

\u-2

\ r  3

\u .l

N u 6

N u ;

N r - B

0 .9 i  1

0.888

0.1171

0.B01

0.92'

0 .710

0.7,t0

0.768

0.1J21

0.032

0_038

0.076

0.295

0 . 3  t 2

0.628

0 . i 51

0.826

o.492

29 .215

29.215

0.1.1:]

0.8?5

o . l 2 l

0..135

0 .186
-0.1 t5
,0.0i0

0 .197

0.099

t2 .233
.11..t.19

-0.97t|

0.196
,0.201

0.090

0.01:J

0.038

0.043

0.090

0.052

I l 58il

53.O3i

-0_ t  t  0
-0.265

-0.888

-0.71,1.

0 .138

0 .198

0.:322

0 .107

0.061

17 .31 i )

70.356

0.002

0 . 1 0 9

0.I  i l { r

0.087

0.8?B

()_50: l

0.2;5

0 . 1 6 ?

0 . 0 9 1

12.9,'t6

83.302c u n n  a t i r e  \ a r i a n ( 1

nrtr.rcalas vere rare in thcsc samples. A1-
lochthonorrs dirtoms include \erv rarr valves o1
Achnanthe-s haw:l;itLna and Amphoro. utffetLefomis.

Lou: nursh-Factor ztr l!'igw 5t11. Autochthonous
,.pecies indicativc of the low mafsh inclucle 6.
eritniunr. Nitzs(hia gruruiota. C. r.r,estii. ancl ,\
cozrli.aal. Allochthonous dialom-q includc vcrw rare
valves \rashed in lrorn the adjaccnt muddr bank
(,\. cornprer.sn. Epithemit turgitlu.. .toLodisctLs
laer,u. arrd 

'liat:hlneis 
aspera . 1'. nitzst:hioides) ot

high m.ush (1. tenevris l. Prirnarilv empr]- fruslules
ol C. sulellun and C. scutellurt var. parua ma!
also be al lochthonous.

Channel bank-Futtor 2 l f igure 5b). A:u-
lochthonous diatorns inc:l.lrle P. suLcata. C. ocean-
ica. D. l. surirella. l. coati.th. C. balticurr.
Othor possibl l  authochthonoLrs. but rerv rarc. di-
attrms incluclc Endictva sp. l, 6'. ntrgi.dus, R. psarn-
mi&la. R. arnph.iteros. and Olontella spp. R.
ahbret:iatu anLl A. La,nr:eoktu. arc liket'ise dis-
tribLrted on the channel Lank aiong transect Nl. A1-
lochthonous diatons include verl  rare valvcs of
,\iallctlrz rlesr,icensis. lhich is a high marsh spe-
cies rt  Stonv Point.

SfutlLor subtitlal- Facror .3 fFlgare 5c7. All diatoms
lrom the channel arc considered to lie al-
lochthonou-" and inclucle species dist l ibutcd in
lor,rer-interticlal flaIs anel Zostera bc.ds. Diploneis
snithi,i yitr. rionr6ica scorecl high in the f:rctor anai-
r'sis because of its lirnitcd dishibulion. No lir.c celLs
were obscned in S i l lapa Bav samples. but this
-pe ,  i e -  ,  omrn , , n l r  uc . J f -  \ 1 i t h  L .  u . . r i i  i n  i t e r -

t idal marshes in thc Copper Rirer delta" Alaska
(Hcmphil l-Halev. unpub. data).

l r t e r l d a l  S a r p e s  F  r g n g  r 1 e  O p e r  B a y

-saliniq, data lbr nolthern Willapa Bav. collectr:d
by the Washington l)epartment of Fisheries
Laboratory at Nahcotta, ind;cate typical rangcs ol
l0-3001)0, u, i th rxrcasional poiyhalobous ( ) 300/oo)
levels. An eight factor rnodcl (l'igure 6) enLificd
t&'o sandv-ticldl-flat assemblages (BC-1, BC-ii; Fac-
tor 1: ancl BC-2; Factor 7). tu,o si l t ,v-t idal-f lat as-
scmblages (SP-I to SP-3; Factor i3; and samplcs
BR-1, BR-2: i'actor 4). a sancll.-tidal-slough a-ssern-
blage (TP-l; Factor B), tr,".o TnglorAil lol-marsh
a-ssembiagcs (SlL.l; Factor 6r and'[}'-2. TP-IJ: Fac-
tor 2). and a Potentilla, high,marsh asscmblage
(SP-5; Factor 5). Ot Lhc 84 taxa considercd lbr
this studv. 70 r'cre observed in thcsc surr4les. ano
68 scored high in thc factor analysis. Thc cight-
lictor rnodel crplaim 810/o of the varinnce, or 90o/o
of the data {Table l l ) .

Sondl titlu,l Jlat I -Fat:br I (Fig;u,re 6a1: lndi<:a-
tivc sandilat species include abundant vahcs of C
scutelLum \ar. pana and ,4. del icatrr la. Other au-
tochthonous specics include Trat:h1 splrcnia aus-
tral, Cwatosira belgit:a. liadcuLa granuktta, N.
cancelklta, a:l) N. c4ptollra. Allochthonous dia-
torns int: ludc vcrv lare \,al!es ol C. pLacentuLa.

Sartdt tidal flat 2-Factor 7 (Figure 69l: Sample
BC-2 r,".as separatecl from samples BO-1 and BC-3
in the factor analysis because of thc high relatir,e
abundances of the autochthonous species ' \ :  h/o.
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Op€n.Bay Samples: Facror Scores

SANOY TIDAI FLAT I

3 5  0

Nilzsch ia scapel lifotm is

T?chysphenia austahs
CYnatosira belgrca Mastoglia exigua

Rhopalodia musculus

cryplalyra
Navhula gtanulala Ampho@ colfoilomis

Nilzschia fasciculala

POIEf,'TLI HIGH MARSII N av i cu I a d i9 ilo r a d i al a

sp.1

su/cata (smalllonn)

rutgtca

Gann4tqhota

Navbula ct pwa

Synedra la*iculata
Italdiscus scolklrs

cl. nana
tra

lagetsle.llii

Dinete$ahfia ninol

knnqtychls sW.
O<kntalla spp.

ligure6. Foctor scores of irtcrnhl surluce sanples collected {rorr the ope. L,a! ior outochrhonous spe.ies ,! blacl, barsl un,l
suspected allochthonous spccies l$hile bars).

{h)

Tl\BLll 3. Factor L,adings br tnltl llat and marsh samples coller:trd fron northcrn trillapa Bar. Boldface rurnh*s dcnore rlefin
ing  lac to rs  lo r . rch  s rmt , l ing  s t l l i on .

cornmura l i t r  f ' ! .1 , ) r l f . r ,  r  2  f r " t o "  . t  f a ,  , , r  |  1 " ,  r , , ,  J f r r lo r  r r  F i . to r  7  l r ( t t r  a

lasbulala

odantella spg,

Ftustulia wlgais

Caloneis bacillun

Cabheis vl€,slii

Mebsna nunmulcides

S P . ]

S P 3

st, I
SP ar
BIt 1
tsH,2
B C ]

B C 2

tsc3
11 , , t

t  t ,-2

11 , -3

0.806

0 . ;17

o. '1.), '

0.862

0 .93 r

0 . ; 75

0. ?9:l

0 .52 ;

0.907

0.1196

0.86;

0 . 8  r 9

0.l l1.1

0.050
-0 .153

-0 .  r 98

0 . l 0  L

0 . 0 1 I
-0.824

-0.862

-0 .163

0.0!)t)

0.0,1r1

0.22{)

0.052

0 . t08

t2.24;

18.1;9.umulatile rariar(1

0.0:J'1 0.079 -0.832

0.039 0. l :1.6 -0.56:J

0.032 0.107 -0.u33

0.008 0.252 -0-024)

0.008 0.015 -0.03.)

0.022 0.035 -0.0r)?

0.143 0.0B5 -0.06,r

0-553 0.022 0.0t7

o.t23 0.0.1:J -0.t  82

0.9.11 0.016 -0.028

0.0.18 0.291 0.109
0.055 0.888 0.064
{).o2..t 0.840 0.060
9.51 13.02 | l3.arl :J
9.5 |  22.5:tI  36.1;,1-

0.0:11 0.030
-0.196 0.505

0.1,t3 0.060

0.195 -0.{165

0 .958  -0 . t 01

0.061 .0.227

0.085 0.050

0.0,t4 0.100

0.0:J6 0.026

0.011 0.0:1.5

0 .113  -0 .023

-0.051 -0.0 t l

0.078 -0.20!)

8.091 i1.695

56.55 65.244

0 .215  0 .237

0.029 -0_300

0.02; 0.160

0.029 0.025

0.026 0.0i.1

0 .  r 31  0 .116

0.002 0.096

0.3,1q 0.2.15

0.919 0.01:l

0.007 0.066

0.033 -0.f1.10

O.l2 t- -0.01(,

0.075 -0.19,1.

n.729 7.78,1

73 .373  8 l . l 5u
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S. fascir:ulota, C. oceanictL. a:r:rl Hvtktdiscus sr:oti-
cos. ancl the restricted ocr:Ltrrent:e of Atn.phrtrL pnr
tetLs. Cocconei^; diminuta and,\: rrry2lohrc lr.crc
obseNed attached to sand grains. R. psan.nicoLa
nas originall_v described b_"- Rizn_,-k (1973) from
ticlal flats in Yaquina Bay, Oregon. ,\it;rdtio sigrrzr,
a cosmopoli tan mesohalobous bcnthic diatorn
(Hender. 196,1). l r .as Icrv rare at this site. Al-
lochthonous diatoms inclucle very rare valves o[ '\i

p|gmaeo ar\d R. tLbbretiato.

Sil4' ti.dat Jlat I - lroctor 3 lli3'ure 6cl: Dominant
autochthonous spccics include.l l .  noni l i fonnis, S.

fasr: it ukta. Od,ontella spp. - liitzschia compressa
lar. rerans. R. psanrmit:ola, 

'I'. 
ni.tzst:hioiles. Nitz-

schia l':)reizi.1na, \i. t'it!)ressaj and Compiodisctts
echireis. Al lochthonous diatoms include verv rare
valve-" o[ D. ilLteffuptd.

Si/4 tidal JIat 2 lactor 4 (Figtre 6d1: Av
Lochthonous diatoms'. R. actLntinata. C. or:eonirn.
and C. s(utellun. Rare live cells cf Ttachtneis
utpera and Plagiogrrunnrt stnurophonLm mat lr
autochthonous. r 'hich is consi-"tenL u,i th t idal-f lat
distr ibutions reporled elsewhere (Hendev. 1964;
Riznyk. 1973; ' fvnni. 

l9B3). The highest relaLive

llercenfages ol P. su,lcu,ta (large ibrm) were ob-
selved in Lhese sarnples. Allochthonous diatoms in
clude verv lare valvcs of I). interntpta- D. dilyna.
Epi.thentia uugitla. l. tenelktides. a:nLl C. placen-
tzla. possiblv r,".ashcd onto the tid:J flat bv the Bone
R i r  c r .

Sanch tidaL slouglr-Fador B Figure 6h1: An-
tochthonous diatoms include species that favor a
sandv substratc lD. minor. N. coatd.lt(r. Anrphor.l
t:entitosu,). are epiphvtic on Zrstera iC. scutel[un-
l '1. mtni l fomis)- or are genefal ly . l istr ibLrled on
tidal flat,. (,\. con-snicxL. OrbnteLLrL s].t1t.. P. sulutto,l).

Triglu hirt1, w marsh I -l'lctor 2 (]'igure 6b): Au-
tochthonous diatoms includc comrnon valr.es of, l l
crigrra. plus Rhopo.Lrxlia nusculu: \. stnlpel-
lifonnis. \auir:uh phyLle.puL. \. digitorotliota, C.
aestii. :rnd Atrqhorc nlfeaeflnnis. St:olioplcura
tunida. A. t'enLriutstt, and ,\i. conslricrla are rare
bLrt probablv aLrlochthonous. Al lochthonous dia-
tonrs: r'err rare ralvcs ol AmphLtro protetu ancl En
dictr a sp. l. which rnav harc br-'cn rvashcd in from
thc adjacent tidal slough.

'liiglot:ltinlot+ 
rnarsh 2-Factor 6 (Figure 6i): Au

tochlhonoLrs spccics incl icat ivc of the low marsh in-
cludc common ccls of C r lest i i .  C. btLr: i lLun. \ .

.ottsticta, i\-. tJ. nana, aml tratittt|o t:4ptot.eneLla.
Rare vah es ol ,\ noriculons, ,\.fasciczlata, ancl
F. tt guis are probably also autochthonous. Al-
lochthonous diatoms ircrludc vcn rarc viilvcs of l).
cJ. surireLla. Odontella spp.. M. nunntuLoitLes, M.
nonilifomris, antl P. sulcata, (small folrnl.

PotentiLla high marsh (Factor 5; Figule 6f: Au-
tochthonous diatoms include common cel ls ol
,\iar iczla slesaicen sir. \. nLuLit:o. and Stuuloneu an-
.e?s, and frequenl ccll,s Ltf P. ktgerstedtii. N. rnn-
nutkrttt. N. pellucid,tL. and l. c:1. nano.. Ii. r:int:ta.
N. debiln, and D. pseudotoli.s, also obserr.cd in
marsh samples from transctts Nl and Nu. $'ere rare
at this localitr. Allochthonous diatoms indude vcn
rare valves Lt[ R. ttbbrericr,ttt.

Discussion

The cl istr ibutions of intcnidal diatoms in south-
rvrstern Siashin;1on reflect the tlree-tiered inter-
tidal zonation driven h'- differing anounts of tidal
submergcncc. similtrr to the distributions of rnarsh
macrophltes (Macdonald, 1977a, b; lrey and Ba-
san. 1985; Sa1ce. 1988) and benthic foraminifcrs
(Jennings and Nelson. 1992). Thc 84 tara dis-
cussed in Lhis report shot 'variable al l ini t ies for
cliffcrcnt parts of the intertid:rl and shallow subti-
dal zone in norlheln Willapa Ba-v (Figurc 7). Many
spocics arc distr ibuted irr rnore lhan one zonc.
whereas others are rnore rcstrictcd. The sampling
intcrlal in this studv did not clearlv cl i f fcrcntiatc
the boundaries betwren intcrt iclal zones, but as
shrxn b,v Jcnnings nnd Nelson (1992) and Ncl-
son and Kashima (t99i l) .  these bounrlarics mav
be tr':rnsitional over sevcral tens of ccntimeters. Al,
though thc factor analysis separ-aLed shalJor,;-
subtidal iron lorver- intcrt iclal-channel oaln sarn-
plcs. the shallol-subtidal samples predominantlv
contain allotllhonous tliatoms from lot'er intertidal
l lats ancl channel banks, and thus i t  could bc ar-
gued that lower-intertidal and shallot-subtidal lbssil
assemblages rrrruld bc indist inguishable. There is
sonc indication that deeper r:hannels ()4 m clccp)
nrar be distinguishablc from shallot' subtida.l chan-
ncls in \{ illapa Bav bv higher planktonic dia-
lom/bcnth;c diatom ratios (Hemphill-Halev. unpub.
r l r t . r r .  hu t  t h i -  . " , l r r i r * -  f u r t h - r  i n r r  s t i gu t i un .

Ovcrlappirg salinities among the transccls and
open brry local i t ies al lowed frrr similar diatom as
semblages in ecologicil zoncs at difierent sites. This
agrees t'ith published observatiorrs ofbrotd salinitr
rangcs lor manv brackish species. with dramatic:

,10 Hemphill-Halev
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Navicula phyllepta

l,lavbula pusi av. 1
Navbula pygmaea
Navbula slesvbensis
Navbuh tenelloidos
Navbula tipunctak
Nhzschia brevissina
Nhzschia commyessa
Nitzschia conpreisa v. vexans
Nhzschia coatctala
Nitzschia commnala
NiEschia consticta

Nitzschia fasciculata
Nitzschia granubta
Nilzschia lorenziana

Nitzschia naviculais
Nitzschia pellucida

N it zsc h i a scalp e I I ilo rm i s
Nhzschia signa
Nlzschia terestis
&ontella+p.

P su/cala (smallform)
Pinnuhie lagerstedtii
P I ag i og n mm a sE u to p ho r u i1
Rha,cneis amphicercs
Rhaponeis cl . maryaitalitnbata
Rhaphoneis psammicola
Rhopalodia gibbetula
Bhopalodia musculus
R lm bo sp h e n i a ab b rev i ata
Staurcneis anceps
Scoliopleura tumida
Synedrc lasciculata
Thalassionema nitzehioides
Trachyneis espera
Trcchyspenia australis

Achnanthes brcvipes
Achnanthes delicetula
Achnanthes hauchata
Achnanthes lanceolata
Actinoptychus +p.
Amphon colleaelomis

Amphoa venlicose
Caloneis bacillum
Cahneis westii
Campydiscus echineis
Certaulus turgidus
C@coneis diminuta
Cocconeb placentula
Cocconeis scutellum
Cocconeis sc utel I um v, pava
CytBtosira belgica
Delphineis cl . suirclla
Denticula subtilis
Dimercgramma minor
Dipbneis didyma
Diploneis intetrupta
Diploneis pseudovalis
Endbua sp.1

Fntstulia vulgatis
Gammatophon oceanica
Gyrosigma balticum
Gyrosigma eximium
Hyalcdiscus laevis
Hyalodiscus scoticus
Mastogloia exigua
Mastolgloia smithii
Melosin npnilifomis
Melosia nummuloides
Navicula cancellata

Navbula cryptotene lla
Navicula cryptolyn
Ilavic u|a dig itoad iata
Nevicula gnnulata
Navicula lyra

F i g u r e 7 ' h * ' r t a | r a n g ( ] s l i , r 8 . 1 d i a l o m s p e c j e s a n d g r 1 , L l l ) s | r o n n o r l h t r n s ] l l a p a B a r ' ' S o l i t l l i r l ' s . d o
poss ib le range i f ]n 'a | ( I ] l , l r l ]occ lnenceS 'A l ,so lu tee1e! !L i l [ s l ; rLh l ] in | . j

. r l . r la l ions  are  corsnanrcd  br  lo ,a l  t i , lo l  rnDge and ran  r i th  l , x r l t i , ) t r  in  a r  i \ (uon.
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shif ls in diatom populat ions (tr iggered bv thc os-
motic capabilites of various lil\a) occlrfring al sa-
l ini t ies eithel belor '50/oo or above 30700 (Xloorc

and Nlclnt irc. 1977: NlcInt ire. 197ti ;  Amspoker
and Mchrt ire. l97B; Vos and dr Solf.  l9tt t l ;
HemphilJ-Haiey. 1993a). Honevcr, lc,!!rr :rvcr agc
salinities at transcct Nu, higher arnounts of liesh
$ater run-off from Lhe Pleistocene te ace at Stonv
Point, and geomorphic dif l i ' rcnces beL$een the
lor,,.-marsh zones of the open bay and Niat'iakum
Iliver ma,v havc contributcd to some differences
among diatom populat ions in this studl-.  Muddv
banks of the river and siltt intertidal flats of thc
open bav 1r 'erc dominatcd by prol i f ic species such
as Paralio su/,t:oto. MeLosint monilifomi^s, Sytedra

litst:icultLta, ar:'d CranLmatophor(L ocearLica. The
opcn bav sand 11ats, however. hosted assemblaples
that were dist inct from thc mudrJv eJripel ic assem-
blages. Several species that arc commonly ob-
sr:rvcd in late Holocene deposits (particularly

Caloneis nestii, ScoLiopleuro tumiiLo. Naticukt
t l igi torut l iato. ard CanLprLodiscrls echineis:
Hemphil l-Hale,v. unpub. data) $crc cithcr rare of
abscnt in the steep 1o\! marsh zone along the ri!er,
but \ l ,ere i iequent in the gcntly sloping, thickly
vegelated, rhgbcAir-dominated lot' marshcs of the
opcn bal. Sclcr:r l  small .  slofdr- species (e.€i. .  Pin
nulain kLgerstethii. Nauiar.la puilla. li. mutica.
Denticula subtilis) appear to be reliable for iden-
Lif,ving the high marsh, particularly Deschantpsia-
dominatcd high marshes.

'l'he 
{actor anal-vsis identified a strbzone at the

marsh-upland transition bccausc of the h;gher ()n-

ccnlrat ir)n ol cerlain species (e.g., D. subti l ru. l .
pusilla) in that area. Regarclless o[ rvhether a par
t icular lossi l  assemblage can be reco€inizcd, thc
marsh-upland transition can br: iclentified bv the
disappcarance of diatoms in samples deposited
ahn re  EH\ \ .  t  n l e - .  . t r r nJ ing  \ r r ,  r  i .  f , f r - . n l
r r ' h i , l r  T  "1 , ' - ned  nn l )  oncc  d r r r i ng  r c .unn , r i - - . r n , ,
slrn'e,vs in variorrs :rreas oi Willapa Ba,v). upland
surfaces above the rangc of highest t ides border-
ing cstuarine marshes in southt 'estern WashinEi-
lon do not support diatom populat ions, including
freshrvatcr spccics (see also Nelson and Kashima.
I9913). Therelore, the posit ion ofpalco-EHW can
bc idcnti f ied bv the transit ion l iorn peaty diatom-
rich marsh deposits to upland peaLs barren of
cl latorns.

The amount of submergencc or dcsiccal ion al
dilfercnt intcrticlal elevalions is reflected in the
phrsiolrgl of the diatom species that inhabit diffcr'-

cnl inle ;dal zones and inl luences how lel l  a lbs
si l  record is preserved. For cramplc. the
high-rnarsh diatoms obsen'ed in this studv are
dominatcd b,v small. solitary. heavil;- silicified spe-
cies that ar.e tolerant of largc fluctuations in ten-
pcrature. sal ini l ! .  and periods ol desiccation
imposed by thc highcr clcvation of the marsh cn-
f.ironmenl (e.g., D, sttbtiLis. P. lagerstedtii. N.
pusilkL). I'or example. thc diurnally submcrgccl
bank and low marsh along transect Nl experienced
a!ela€te 1\'atcr tcmperaturrs that ranged frorn
2t).5o(l  in Julv 1990 to 5.9oC in Deccmbcr 1990.
In ()ntrasl, the high marsh i!'as desiccated at air
temperatures of 25.5oC ;n Julv 1990 and lrozen
in Decenber 1990, yet ahundant Jive aratoms $'ere
, , h ta i r r ed  i r r  - u r [ . r ee  - cmp le .  on  bu t l r ' ' . . r . i uns -  u t -
tcst ing to the resi l ience o[ the species observed
there. Manv of thcsc spccics can bc expected to
ftrssilize well, in contrast to some lor'-marsh clja-
toms that unclergo tidal submergence at least once
per da,v and are more delicatcly silicificd or lire
in gclat inous tubes (e.g., G. exint ium. N. scalpel-
lfrrnir (WilJiams. 1965)).

Substrate and sedimcnt grdin sizc are strong
fontfolling factom in the distribution ofbenthic cs-
tuarine diatorns (e.g., l \{clnLire and N{oore. 1977:
Amspoker and f i lc lnt irc. 1978: WhiLing, 19813.
Whit ing and l \ Iclnt ire, I9B5: Kosugi, l9B7). lhe
propensitl for orgflnic carbon to acoumulate in fine

€iraincd or poorly sorted silly sediment. as opposed
to well-sorted sandv deposits, inllucnccs thc clis-
tribution of intertidal dialoms. In general, diatoms
are more {bundant on silty tidal flats than on sandv
tidal flats (OoJijn and Dijkema. l9BJ ; l.arvs, l9BB)
if thev are not dominated by other organisms (Riz

nyk and Phinne,v. 1972). l hcrcforc, fincl grained
piileocstuarinc dcposits can be expecled to be more
diatomaceous than sandv deposits. even cxclud-
ing thc cffccts ofr, innowing. In addit ion, diatoms
are t,vpicall,v more abundant i|'hcrr: ccrtain mar'-
rophvLes are present-either to trap fine-grained
scdimcnt or to ad as substfate for ep4)hytes- than
rvhere they are absent ( l lound. l97l;  fr lain and
\lclnt irc. 1974; NlcTntirc and Moore, 1977). On
thc channel banks and tidal llats in Willapa Ba,v,
epiphvtes iuc prolific on Zrten. especiall, M.
noniliJirmis. M. nrlnLmuLoides, a,i(l S. ftutittLlata.
Howcrcr, these large. delicale species leave a poor
lbssil rcc,ord. Although solitar,r species on silty llats
(e.g., Nitzst:hin or:untinttkt, C. cchineis) itrc Lr lcss
prolific than cpiph,vtes on Zosteftr. thet- are much
more to likelv to sulvive lbssilizatior,.

42 Hcrnphil l -Halc,v



'l'ransport 
and redeposition of diatorn fiustules

in co:rstal arcas cannot bc ignorccl in biostrati-
graphic studies (e.g., Beyens and Den_,-s. l9{:}2;
Vos and de \{ ol1. l9BB; 1993). ln this stud_v. r.ir
lual ly al l  modern sarnples contained suspected al-
lochthonous diatom lalvcs, indicating vhat could
be expected for frrssi l  deposits. Spring high t idcs.
parLicularly in associat ion r, i i th sLor-m srrrges, are
capable of topping the highest marshes in Willapa
Bal and scattcrin;1 diatom frustules across upland
surfaces. During tvpical i{eather conditions. rnanv
scdimcnFassocjatcd diatoms, cspccially such largc
chain-forming ta\a as Me[osira or Paralia lhat <:an-
not \rithstnncl strong \rater turbulence. lvill read-
i lv bc l i f tcd into thc plankton. Whit ing (1983)
l ikewise noted occurrences of benthic species in
plankton samples.

Vith r:ach rising tidc. cpipclic diatoms that fuil
to lithdraw below the sediment surface may be
liftcd up and trlnspoficd up csturry as a sur{dcc
"f i lm." Casual observation shovred that most dia-
toms in the surface lilm ale small, delicate epipelic
spccics (c.g., ,\haicrr.la Aalophilo group: Hemphill-
Haley. 1993b) that arc not tell rcprcsentuJ in fos-
sil deposits. Excluding the eifects of localized
cl i f fcrenc es in sc{l ;mcnt tcxl(rre causing patchy di-
atom distributions, this regular miring anrl reseetl-
ing b,v t idcs rcsults in a gcncral ly homogcncous
lorvcr intert iclal zonr (see Riznyk and Phinncv.
1972: Rizn,vk. 197i3: Amspokel and Xlclnt ire,
r97B).

However. althorrgh cl iatom cel ls can be as-
sumed to be redeposited on a regular basis in anv
esluarv. observations of the modern Wil lapa Ba;-
samplcs indicates that autochthonous benthic spe-
cies t)-pical ly far outnurnber suspeclcd al-
lochthonous benthic species. Thus. this suggests
that in rnost cases (assrrming good preservation) i t
should bc possiblc to rcconstluct thc dcpositional
environment of a lbssil deposit based on its au-
Lochthonou-q cdrst i tuents. Sul l i ran (1975) noted
that live allochthonous cells did not suni\.e and
reproduce in intert idal habitats for r, ;hich thcy rrerc
physiologically unsuited. i rther suggesting that
redistr ibutcd dialoms arc unl ikcl,v to complctcly
mask in ritz assemblages associated $'ith particu-
lar intertidal settings. Therefore. althorrgh al-
lochthonous cel ls ui l l  almost certainlv be present
in a sample. it is reasonable to expect that the
cleposit ional sett ing of a f trssi l  chposit mar be in-
lerred based on i ts autochthonous cornponents.

l lsing the results ol the factor analvsis as an
cxamplc o{what can be expected in fossil deposits,
allochthonous diatoms ale present in mosl samples.
with iewer al lochthonous valves in bigh-marsh
dcposits and morc frcquent allochthonous r.alves
in lor.marsh and tidal-flat samples. Thus, because
of thc occurr-cnccs of allochthonous valvcs, low
marshes and tidal llats and banl.is rnav be more
clif{icult to recognize on the basis of diatom assem-
blages, unless auLochthonous valves are dominant
and/or bcttcr prcscrr;ccl (i.c., shot'cr,idencc for be-
ing in siru.).

Stdining thc diatom samples used for this stud,v
provided valuable insight into the distr ibutions of
moclern estuflrine species (see also Kosugi, I9B7).
Although acid cleaning removcs organic mdterid
that mav obscure the ornamentation on sorne
, 'alves. i t  prohibits Lhe identi f icat ion of cel ls that
*crc livc or rcccntlv dcceasecl at the time of col-
lection. Although epilithic or epiph,vtic samples can
be assurned kr be in sita (c.g.,  \ Iclnt irc and Olcr-
ton, 1971: S1ain and Xlclnt ire, I974; Moore and
Mclntire, I977), scdimcnFassociatcd diatoms
found on tidal llats and salt marshes mav or may
noL be in place. and once a samplc is clcanccl i t
is impu-sible tu r l iscern r^hether of nol f l  -pecic-

was a living part of the assemblage (e.g.. Riznvk,
1973; Tynni, 1986). AlLhough idcnti f ,ving a l ivc
cell does not guarantee that it is autochthonous (as
live cclls of such casily transportcd species ns P.
srrlcola ivere commonl,v obsen'ed). recognizing the
cxtcnt of probablc allochthonous input pror.ides the
kind of inlbrmation necessarv for improving
paleoecological inlerpretat ions rvhich ult imatclv
rnust bc birscd on co-occurrcnces of autochthonous
and allochthonous taxa.

Conclusions
Diatoms rvcrc collcctcd ;n surfacc sediment sam-
ples from tidal llats, intertidal channel banks, shal-
low subtidal channels. and lorv and high rnarshes
in norlhern W illapa tsay, Washington. Diatom
liustules were stained in order to identify possible
iillochthonous ta-ra in \.a ous ecolopiic settings. Q-
mode lactor ana]vses identi f ied groups oi intert idal
samples composed of comparable diatom assem-
blages; a.lthough autochthonous species dominate,
some al lochthonous species also scorcd high in thc
factor analysis indicating thc rcgular influence ol
reworking in the estuary and the pre,'alence of a
mixcd biocoernosis/thanrtocoenosis in potential Ibs-
si l  deposits.

lntcrticlal l)iatoms liom Willapa Ba,v



The re-"ults sugge,(t that diatoms can be used
to identi iv thrcc cnrironrnenlal zones relat ivc to
t iclal le, 'el :  ( I)  t idal l lats, channcl banks. ancl shal
Lxr, sLrbtidal channels belon Nll .HS; (2) lo*
rnrrshes bctNccn N{LHW and NIHH\\: and (3)

high rn:rrshes betwccn \ ' IHHS'and EHW.In some
placcs. un addit ional zone mav be lecognizablc on
thc lrasis o[ :rssemhlagcs that thri \e near EHS at
the marsh-uplancl lransit ion. but the posit ion of
paleo-EHs. is so identi f iablc bv the rJisappear-
ancr of diatorns in sample-s deposited abovc llHW.
The absolute elcvations oi inLert idal zones depend
on the local t idal range.lhic* v:rr ics wiLhin a large
estuary such as S' i l lapa Bav.

Becausc manv of the species obsen'ed in this
studv hare c(rsmopoli tan di-. tr ibutions. these data
a r -  I ' r " l , . r h l '  . r 1 ' p l i , . r b l "  t i ,  Q , r r t r r nan  e - l uJ r i np
palcoecological studies in othcr lcmpcrate area-r of
the r orld. as wc'll as lhroughout the coastal I'acifit:
Nolthrvest.
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