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ABSTRACT

Sandf la t s i n t h e pro tec ted Bodega Harbor a r e in-
hab i t ed by a d i v e r s e  i n f a u n a l  assemblage (over
s p e c i e s )  c o n s i s t i n g  predominantly of molluscs ,
chae tes and o t h e r worm-like animals , and crus taceans .
Sediment g e n e r a l l y is w e l l s o r t e d , f i n e t o medium
grained sand wi th  smal l  amounts of s i l t and c lay .
Although r i p p l e s  a r e  formed by wind-driven and t i d a l
c u r r e n t s , micro- cross- lamination and o t h e r  p h y s i c a l  
sedimentary s t r u c t u r e s are later o b l i t e r a t e d by in-
tense b i o t u r b a t i o n . On t h e upper t i d a l f l a t t h e
t h a l a s s i n i d shrimp Cal l i anassa c a l i f o r n i e n s i s i s an
a c t i v e depos i t  f eede r .  It produces predominantly
staghorn-shaped burrow networks which extend 40 cm
o r more below t h e sediment-water- interface. The
deposi t- feeding b iva lve s e c t a inhab-
its t h e middle s a n d f l a t and is a l s o an important
t u r b a t o r . On t h e lower f l a t t h e phoronid Phoronopsis 
v i r i d i s is abundant,  producing dense c l u s t e r s of ver-
t i c a l tubes . I n genera l suspension feeder s l i v e
more deeply w i t h i n  t h e  sediment than do depos i t feed-
ers. Deposit f eede r s a r e abundant throughout t h e
f l a t ; they tend t o burrow more deeply i n sediment of 
t h e high f l a t than i n t h a t of t h e low f l a t .

Gradients i n s p e c i e s abundances from mean lower
lower water t o h igher areas on t h e f l a t suggest t h a t
phys ica l f a c t o r s such as exposure t i m e are important
c o n t r o l s of t h e s p e c i e s ' d i s t r i b u t i o n s . However,
exper imental f i e l d s t u d i e s i n Bodega Harbor have
shown t h a t e c o l o g i c a l i n t e r a c t i o n s between s p e c i e s
may a l s o  a f f e c t  d i s t r i b u t i o n s (Ronan, 1975). Pre-
sence of phoronids i n g r e a t abundance p r o h i b i t s at-
tainment of normal burrowing depths by M. s e c t a , and
i n a r e a s of over l ap between phoronids and Cal l i anassa
c a l i f o r n i e n s i s ,  t h e r e  i s a high incidence of broken
and d i s tu rbed phoronid tubes . Thus b i o l o g i c a l a c t i -
v i t y may a f f e c t ,  d i r e c t l y  o r i n d i r e c t l y , t h e d i s t r i -
bu t ions of i n f a u n a l animals. The same may a l s o have
been t r u e i n t h e p a s t , and ichnocoenoses should be
viewed as r e f l e c t i n g i n t e r a c t i o n s between animals a s
w e l l as between t h e animals and t h e i r p h y s i c a l envi-
ronment.

INTRODUCTION

Phys ica l S e t t i n g

Bodega Harbor i s a shal low c o a s t a l embayment
loca ted i n southwest County about 65 miles
n o r t h of San Franc i sco (Fig. 1 on p. 1 ) . The n e a r l y
landlocked embayment is s h e l t e r e d from p r e v a i l i n g
nor thwes te r ly winds by a rocky pen insu la , Bodega
Head, and a beach and dune-covered neck of land t o
t h e n o r t h t h a t a t t a c h e s i t t o t h e mainland (Fig. 1 ) .

Purpose

The purpose of t h e Bodega Harbor p o r t i o n of
t h i s guidebook i s f i v e f o l d : 1) t o b r i e f l y d e s c r i b e
t h e phys ica l and geo log ica l s e t t i n g of Bodega Harbor,
2) t o d i s c u s s sediment c h a r a c t e r i s t i c s of t h e
f l a t we w i l l be v i s i t i n g at t h e nor the rn p a r t of t h e
harbor , 3) t o desc r ibe t h e traces made by t h e domi-
nan t trace-makers and d e l i n e a t e t h e i r d i s t r i b u t i o n s ,
4 ) t o i l l u s t r a t e b i o l o g i c a l  i n t e r a c t i o n s  on t h e
Bodega sand f l a t and t h e i r impl i ca t ions regarding
t h e s t r u c t u r i n g of modern and anc ien t communities,
and 5 ) t o d i scuss d i s t r i b u t i o n a l c o n t r o l s of t r a c e s
and p o s s i b l e paleoecologic impl ica t ions .
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Geologic and l o c a t i o n map of Bodega Har-
bor . Arrow p o i n t s t o s a n d f l a t l o c a l i t y . (from Koenig,
1963).

The harbor is bounded on t h e sou th by Beach,
a dune-covered sandsp i t t h a t curves ou t from t h e
mainland toward Bodega Head.
Bodega Head, t h e sandsp i t is t runca ted by a narrow
t i d a l i n l e t and a s h i p channel t h a t is maintained by
dredging. Maximum depths f o r t h e harbor t o 25
f e e t ) a r e found i n t h i s channel. The harbor en t rance
is s t a b i l i z e d by two rock jet t ies t h a t p r o j e c t i n t o
Bodega Bay, a broad b i g h t of c o a s t l i n e t h a t s t r e t c h e s
s o u t h t o Point peninsula .

On i t s w e s t end, nea r

T i d a l exchange
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through t h e harbor channel exceeds 80%on t h e s p r i n g
t i d e and 50% on t h e neap t i d e (Boyd, 1970); condi-
t i o n s w i t h i n t h e harbor a r e f u l l y marine wi th s a l i -
n i t i e s from 32-34%.

The Bodega Bay a r e a inc ludes a v a r i e t y of ex-
posed, semi- protected, and p r o t e c t e d h a b i t a t s . I n
t h e pro tec ted environment of t h e harbor , sof t- bot tom
s u b s t r a t e s  a r e  e s p e c i a l l y  conspicuous. A t low t i d e
(0.0 f t , mean lower low water) some 500 a c r e s of
t i d a l sand and mud f l a t s are exposed, which accounts
f o r more than 60% of t h e t o t a l ha rbor  a rea .  The
seemingly monotonous expanses of sand support a d i-
verse marine community dominated by t h e b i-
valve bu t c o n s i s t i n g of more than 200 des-
cr ibed i n f a u n a l  s p e c i e s  (Standing e t a l . , 1975). The
i n t e r t i d a l f l a t s may be subdivided i n t o s e v e r a l major
s u b h a b i t a t s inc lud ing  h igh ,  mid, and low t i d a l f l a t ,
t i d a l channel and creeks , i n t e r t i d a l pond, and sa l t
marsh; each subhab i t a t i s charac te r i zed by p a r t i c u l a r
s u b s t r a t e  c h a r a c t e r i s t i c s  and s p e c i e s  a s s o c i a t i o n s .  

Geologic S e t t i n g

Bodega Harbor is t r a v e r s e d by t h e San Andreas
f a u l t zone which is l o c a l l y expressed a s a 2.5 km wide
zone of i n t e n s e l y sheared bedrock covered by Recent
marine and a e o l i a n sediments (Fig. 1). Northeast of
t h e f a u l t zone t h e Franciscan Formation of Lake
J u r a s s i c t o Late Cretaceous age ( B a i l e y , I r w i n a n d
Jones , 1964, p. 115-123) is exposed. Local ly i t con-
sists of t h i c k and massively bedded sandstones i n t e r -
pre ted as grain- flow d e p o s i t s (Chipping, 1971, p.
whereas elsewhere i t shows c h a r a c t e r i s t i c s of
d i t e depos i t ion . To t h e n o r t h t h e Franciscan is a
t e c t o n i c melange c o n s i s t i n g of blocks of i n t e n s e l y
deformed low-grade metagraywacke, s h a l e , c h e r t and
greenstone i n a sheared s h a l y mat r ix ,  wi th  r a r e blocks
of e c l o g i t e , glaucophane s c h i s t and o t h e r h igh pres-
s u r e metamorphic rocks. The co-occurrence of h igh
and low grade metamorphic assemblages i s d i f f i c u l t t o
i n t e r p r e t i n d e t a i l .  I n  genera l t h e sequence appears
t o have formed by t e c t o n i c mixing of wedges
shed i n t o a t rench environment and h igh  p ressu re  m e t a-
morphic rocks formed at much deeper l e v e l s w i t h i n t h e
subduct ion zone.

The San Andreas f a u l t zone s e p a r a t e s Franciscan
rocks on t h e mainland from Late Cretaceous
exposed on Bodega Head. S t r u c t u r a l l y  t h e  Bodega Head
g r a n d i o r i t e i s an ex tens ion of t h e Po in t grani-
t i c block and c o r r e l a t e s i n age and composition wi th
g r a n i t i c rocks on Pt . Reyes Pen insu la , P o i n t ,
t h e I s l a n d s , and Mountain t o t h e
sou th of San Francisco (Koenig, 1963, p. 6 ) . The
Bodega Head g r a n o d i o r i t e i s s i g n i f i c a n t as t h e north-
ernmost outcrop of g r a n i t i c rock w e s t of t h e San
Andreas f a u l t zone.

Marine t e r r a c e s and r e c e n t ear thquake a c t i v i t y
i n d i c a t e t h a t v e r t i c a l and lateral movement has con-
tinued t o t h e presen t . Late P le i s tocene t o Recent
u p l i f t r e s u l t e d i n t h e e l e v a t i o n of marine t e r r a c e s ,
and h igher t e r r a c e s o v e r l a i n by Upper P l iocene marine
sediments occur f a r t h e r in land . The most r e c e n t move-
ment along t h e San Andreas Fau l t i n t h e Bodega Bay
a r e a occurred dur ing t h e San Francisco ear thquake of
1906. Maximum r i g h t l a t e r a l displacement of 2 1 f e e t
dur ing t h a t event was recorded n e a r i n
County; v e r t i c a l movement a t Bodega Head w a s 1 8
inches ,  wi th  t h e w e s t s i d e (Koenig, 1963,
p. 7-9).

Submerged topography i n e s t u a r i e s around Bodega
i n d i c a t e s a s e a l e v e l rise dur ing t h e l a s t 11,000

y e a r s  s i n c e  t h e last g l a c i a l advance. The dynamic
i n t e r p l a y of v e r t i c a l and l a t e r a l movement, changing
sea- leve l , and nearshore  sedimentat ion processes  have
undoubtedly been complex during t h e  h i s t o r y  of t h e
Bodega Bay a r e a . Bodega Head and smaller c r u s t a l
blocks caught up w i t h i n t h e f a u l t zone probably have
played an important r o l e i n t h e evo lu t ion of Bodega
Harbor by c r e a t i n g  o b s t r u c t i o n s  t o southward flowing
sediment- laden longshore c u r r e n t s .

ECOLOGICAL STUDIES OF SOFT BOTTOM COMMUNITIES

AND THEIR IMPORTANCE TO

The u t i l i t y of trace f o s s i l s i n
t a l i n t e r p r e t a t i o n has been demonstrated repea ted ly
(Crimes and Harper, 1970; 1975; Frey, 1975). It is
based upon t h e  c o r r e l a t i o n  of changes i n ichnocoenoses
wi th changes i n depth and r e l a t e d
t o r s such a s wave and c u r r e n t a c t i v i t y and s u b s t r a t e
c h a r a c t e r i s t i c s . The assumption behind ichno log ica l
re sea rch  has  been t h a t most marine communities, especi-
a l l y shallow-marine communities a r e "physical ly
modated", c o n t r o l l e d by p h y s i c a l environmental
parameters (Sanders, and are maintained a t low
success iona l s t a g e s by p h y s i c a l environmental i n s t a b i-
l i t y (Johnson, 1972). 

As pointed out  by Rhoads Osgood (1975)
and P i c k e r i l l t r a c e f o s s i l s a l s o provide i m-
p o r t a n t informat ion about t h e n a t u r e of soft- bottom
communities. E s t i m a t e s of t h e percentage of
bodied s p e c i e s i n modem communities whose only record
would be a s t r a c e f o s s i l s i n paleocommunities range
from 7% t o 68% (Lawrence, 1968; Schopf,  1978).  Clear-
l y , sof t- bodied organisms are important i n t h e ecolo-
g i c a l s t r u c t u r e of modern and presumably anc ien t com-
muni t i e s . Knowledge of t h e t r a c e s made by var ious
soft- bodied animals and of t h e  i n t e r a c t i o n s  between
t h e s e organisms may a i d i n t h e  i n t e r p r e t a t i o n  of paleo-
communities. The use of x- radiography i n observing
and documenting t h e i n t e r a c t i o n s of i n f a u n a l  s p e c i e s  
wi th t h e  s u b s t r a t e  has been e s p e c i a l l y en l igh ten ing
(see Howard, 1968; Howard and Elde r s , 1970; Howard and
Dorjes , and t h i s technique a l s o has important
a p p l i c a t i o n s t o t h e s tudy of anc ien t sediment-organism
r e l a t i o n s h i p s

The most important advances i n t h e unders tanding
of t h e ecology of modern s o f t bottom communities have 
come through t h e a p p l i c a t i o n of exper imental f i e l d
methods similar t o those developed f o r rocky i n t e r t i d a l
s u b s t r a t e s by Connell Paine and Dayton 
(1971). S tud ies i n s o f t- s u b s t r a t e shal low marine
communities have revealed t h a t b i o l o g i c a l  i n t e r a c t i o n s  
p lay an important r o l e i n s t r u c t u r i n g  t h e  community
and i n modifying t h e p h y s i c a l environment San-
d e r s , 1958; Rhoads and Young, 1970; Rhoads, 1973;

1974, 1976); K i t c h e l l (1979) h a s suggested t h a t
t h e same may be t r u e i n deep sea environments. Ancient 
communities may a l s o have been s t r u c t u r e d i n p a r t by
b i o l o g i c a l  i n t e r a c t i o n s  which would have a f f e c t e d t h e
d i s t r i b u t i o n s of trace- producing animals.  Occurrences
of t r a c e f o s s i l s o u t s i d e t h e i r t y p i c a l i chnofac ies may
be a r e s u l t of e c o l o g i c a l i n t e r a c t i o n s . Perhaps more
informat ion can be gained about t h e s t r u c t u r e of paleo-
communities i f t h e  t r a c e- f o s s i l assemglage, t h e only
record of t h e s o f t bodied viewed as p o t e n t i a l l y
b i o l o g i c a l l y accommodated r a t h e r than n e c e s s a r i l y
p h y s i c a l l y con t ro l l ed .



SEDIMENT CHARACTERISTICS OF BODEGA HARBOR TIDAL FLATS

Sediment Source and Texture

The primary source of sediment i s medium t o f i n e
grained sand from t h e Salmon Creek dunes which is
c a r r i e d by wind southward i n t o Bodega Harbor. Al-
though i n t h e  p a s t ,  e s p e c i a l l y  a f t e r overgrazing i n
t h e mid 19 th century, t h i s h a s provided enough sed i-
ment t o p a r t i a l l y f i l l t h e h a r b o r , s t a b i l i z a t i o n of
t h e dunes by dune g r a s s i n t h e 1930's g r e a t l y reduced
t h e amount of sediment e n t e r i n g t h e harbor so t h a t now
t h e r e is very l i t t l e depos i t ion . Of secondary impor-

. tance is poorly s o r t e d coarse- grained sand der ived
from t h e g r a n i t e of Bodega Head and deposi ted nea r
t h e harbor en t rance .

There a r e s e v e r a l t r e n d s i n g r a i n s i z e of sed i-
ment w i t h i n t h e harbor . The f i r s t i s a genera l de-
c r e a s e i n g r a i n s i z e away from t h e i n l e t . Coarse
grani te- der ived sand i s presen t l o c a l l y nea r t h e
en t rance ,  bu t  passes  l a t e r a l l y  i n t o  moderately w e l l
t o w e l l s o r t e d medium t o f i n e grained quar t z- r ich
sand which covers most of t h e harbor ; at t h e nor th-
ernmost c o m e r f i n e sand, s i l t , and mud depos i t ed
during per iods of q u i e t water at maximum f lood t i d e
i s abundant. The second t rend i s a decrease i n sand-
g r a i n s i z e from high t o low e l e v a t i o n s ac ross t h e
t i d a l f l a t (Table 1). I n p a r t t h i s t r e n d is r e l a t e d
t o t h e dominance of a l g a l cover a t lower t i d a l
l e v e l s  o r  w i t h i n bodies of s t and ing water i n h igher
areas of t h e f l a t . The a l g a l cover i n many p l a c e s i s
dense enough t o decrease c u r r e n t v e l o c i t i e s  s u f f i c i -
e n t l y t o al low depos i t ion of f i n e grained sediment.
The a l g a l cover i t s e l f a l s o c o n t r i b u t e s f i n e organ ic
material. The t rend toward f i n i n g toward lower ele-
v a t i o n does no t hold f o r t i d a l channels , which a r e
f loored  wi th  coa r se r  sand and l a g d e p o s i t s of pebbles
and s h e l l s .

Grain s i z e Ca l l i anassa Macoma s e c t a Phoronopsis-
parameter bed bed Macoma s e c t a

coarse 13.72 13.0 6.12

medium (%) 70.24 62.76 

f i n e 12.46 13.87 30.61

silt + c lay 1.75 2.89 .51

s u r f a c e sand
+ mud 65.23 68.0 63.66

6 cm depth;
sand: mud 56.14 36.0 65.33

s o r t i n g
(graphic

w e l l s o r t e d moderately w e l l s o r t e d
w e l l s o r t e d

Table 1. Tex tu ra l of n o r t h sand-
f l a t sediment. The Ca l l i anassa bed is on t h e upper
f l a t , t h e s e c t a bed i s on t h e
lower f l a t , and t h e secta i s on t h e lower f l a t .
(From Ronan, 1975).
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Phys ica l Sedimentary S t r u c t u r e s

The most common p h y s i c a l s t r u c t u r e s observed on
t h e harbor sand f l a t s a r e t r a n s v e r s e r i p p l e s and drag
o r prod marks produced by f l o a t i n g a lgae o r wood

Bed forms usua l ly preserved were produced
by ebb t i d a l c u r r e n t s , a l though pa tches of i n t e r f e r e n c e
r i p p l e s may be presen t where t h e ebb t i d e r i p p l e s have
been superimposed over t h e f lood t i d e forms without
completely des t roy ing them. As i s t y p i c a l f o r most
t i d a l f l a t s , t h e ebb and f lood t i d e r i p p l e sets a r e
usua l ly developed a t a high angle  t o one another . Very
smal l r i p p l e s , generated by wind induced bottom cur-
r e n t s are o f t e n v i s i b l e on t h e  s u r f a c e s  of t h e  l a r g e  
t i d a l c u r r e n t r i p p l e s .
s m a l l r i p p l e forms r e f l e c t t h e nor thwes te r ly winds
which dominate t h i s a rea . Primary sedimentary s t r u c-
t u r e s a r e r a r e l y observed i n subsur face  co res  of t h e
Bodega Harbor sand f l a t s . Apparently, t h e i n t e n s e
reworking of t h e sediments by t h e burrowing
completely o b l i t e r a t e s t h e primary f a b r i c of t h e sand-
f l a t sediments i n a very s h o r t t i m e .

Usual o r i e n t a t i o n s of these

The presence of t h i n diatom m a t s which frequent-
l y cover l a r g e a r e a s of t h e upper and mid f l a t may
s e r v e t o s t a b i l i z e t h e sediment and i n h i b i t format ion
of r i p p l e marks. Ronan (1973) observed t h a t r i p p l e s
are usua l ly absent where t h e diatom m a t s are presen t .

E f f e c t s of Animals on t h e Sediment

animals a f f e c t t h e compaction and water
content of t h e sediment and t h e format ion of p h y s i c a l
sedimentary s t r u c t u r e s .

Compaction may be measured wi th a simple pene-
trometer c o n s i s t i n g of a b a r on which bar- be l l s of
v a r i o u s weights a r e placed. Penetrometer d a t a f o r
approximately t h e middle,  upper,  and lower p o r t i o n s
of t h e i n t h e n o r t h p a r t of t h e harbor a r e
given i n Table 2. The upper f l a t i s covered with a
c r u s t 2 t o 3 cm i n th ickness which resists penetra-
t i o n ; t h i s c r u s t probably i s r e l a t e d t o long emergence
t i m e and d e s s i c a t i o n by t h e wind. Below t h i s l e v e l
t h e sediment i s poorly compacted, as i n d i c a t e d by t h e
deep p e n e t r a t i o n (33 cm) when s u f f i c i e n t weight w a s
added t o break through t h i s c r u s t .

South
North Sandf l a t Sandf l a t

Loadings Ca l l i anassa Macoma Phoronopsis Phoronopsis 
Macoma Macoma

bed s e c t a Nasuta
--bed s e c t a

5 lbs. 0.5 1.0 cm 0.5 cm 1.0 cm

74 l b s . 1.0 cm 2.5 cm 1.0 cm 1.0 cm

12% 2.0 cm 5.5 cm 2.5 cm 1.5 cm

l b s . 33.0 cm 15.0 cm 7.5 cm 4.0 c m

Table 2.  Penetrometer d a t a f o r  l o c a l i t i e s  on n o r t h
and sou th s a n d f l a t s ( a f t e r Ronan, 1975, Table 3) .

Ca l l i anassa c a l i f o r n i e n s i s is a t h a l a s s i n i d c rus tacean
which c o n s t r u c t s burrow networks t o a depth of 40 cm.
o r more. Its burrowing a c t i v i t y s e r v e s t o loosen t h e
sand and reduce compaction. S i m i l a r l y , i n t h e mid
f l a t Macoma s e c t a bed, t h e maximum p e n e t r a t i o n depth
c o r r e l a t e s w e l l w i th t h e common burrowing depth of
t h i s mobile b iva lve . Near MLLW, t h e maximum
p e n e t r a t i o n depth (7.5 cm) corresponds roughly wi th
t h e average depth of t h e t o p s of phoronid tubes . . I n
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t h e sou th s a n d f l a t n e a r e where a c t i v e bur-
rowers are absent and only t h e sessile M. n a s u t a
and Phoronopsis are sediment i s more
h igh ly compacted (Table 2 ) . Apparently t h e burrowing
of Ca l l i anassa and Macoma s e c t a dec rease compaction
whereas t h e of t h e s e s s i l e Phoronopsis e i t h e r
i n c r e a s e i t o r do no t a f f e c t i t .

In t h e Callianassa bed (upper sand f l a t ) Water
content i n c r e a s e s wi th depth (Table 3); and where
M. s e c t a i s presen t (middle and lower f l a t ) i t
remains roughly cons tan t o r dec reases s l i g h t l y w i t h
depth.
Ca l l i anassa and Macoma s e c t a are bo th  absen t ,  b u t
where sessile forms a r e presen t (Table 3 ) .

by forms probably loosens t h e sediment,
allowing a g r e a t e r i n t e r s t i t i a l volume f o r accumula-
t i o n of water.

This c o n t r a s t s wi th t h e sou th s a n d f l a t where

South
North S a n d f l a t Sandf la t

Macoma Phoronop- Phoronop-
Core Ca l l i anassa

Increments bed bed s e c t a bed n a s u t a

Top 10 cm 19.85% 19.53% 20.45% 32.03%

Middle
(10-20 20.71% 18.61% 18.97% 19.15%

Bottom
(20-30 cm) 41.40% 18.42% 18.05% 11.91% 

Table 3. Averaged water con ten t , i n pe rcen t from
r e p l i c a t e cores on t h e n o r t h and sou th s a n d f l a t s
i n Bodega Harhor ( a f t e r Ronan, 1975, Table 2 ) .

Ronan (1973, 1975) suggested t h a t t h e tubes of
Phoronopsis v i r i d i s prevent t h e format ion of r i p p l e
marks a s w e l l as i n c r e a s i n g t h e shee r s t r e n g t h of
t h e subsurface sediments.  This i s i n accord wi th
Feathers tone and Risk (1977) who showed t h a t dense
s tands of tube- bui lding s t a b i l i z e s u r f a c e sediments
and i n h i b i t t h e format ion of r i p p l e marks on t i d a l
f l a t s i n t h e Bay of Fundy.

THE OF BODEGA

D i s t r i b u t i o n of t h e Animals on t h e Sandf la t

Transect  surveys  a c r o s s t h e n o r t h t i d a l f l a t of
Bodega Harbor over a per iod of y e a r s have demonstra-
t e d a d i s t i n c t p a t t e r n of zonat ion of i n f a u n a l spe-
cies wi th r e s p e c t t o e l e v a t i o n above MLLW (mean low-
er low wate r ) . The v e r t i c a l zonat ion f o r a few of
t h e most abundant of t h e more than 200 i n f a u n a l
s p e c i e s p resen t on t h e f l a t is i l l u s t r a t e d i n Fig. 2.

Salt Marsh

Figure 2. D i s t r i b u t i o n of major i n f a u n a l  s p e c i e s  
r e l a t i v e t o e l e v a t i o n above mean low t i d e , n o r t h
sand f l a t , Bodega Harbor ( a f t e r Ronan, 1973).

A t and of t h e eel g r a s s (Zostera) a r e
abundant and t h e common animals inc lude one s n a i l
(Po l in ices ) and s e v e r a l polychaete worms
Eupolymnia, Nepthys, P e c t i n a r i a , Notomastus, Glycera ,
and P i s t a ) . S l i g h t l y h igher a phoronid worm (Phylum
Phoronida, Phoronopsis) , an ech iu ro id worm (Phylum
Echiur ida , Urechis) , a t h a l a s s i n i d (w-
b i a ) , and t h e b i v a l v e s Macoma n a s u t a , Tresus , and
Saxidomus are common. The fauna of t h e con-
sists of polychaetes Lumbrineris), a
nermertean worm (Phylum Nermertinea, Paranemertes),  
b i v a l v e s (Macoma s e c t a , Transene l l a , Protothaca) and
a crustacean (Leptochel ia) .  The t h a l a s s i n i d
shrimp Cal l i anassa i s abundant i n t h e h igh i n t e r t i d a l ,
and i n t h e marsh t h e shore crab Hemigrapsus c o n s t r u c t s
burrow systems around t h e  r o o t s  of t h e marsh p l a n t s
S a l i c o r n i a and D i s t i c h l i s .

An i l l u s t r a t i o n such as Fig. 2 g ives t h e impres-
Actua l ly ,s i o n t h a t fauna l changes a r e  q u i t e  abrupt .

t h e s a n d f l a t is over km wide, s o t h a t changes i n
e l e v a t i o n and s u b s t r a t e  c h a r a c t e r i s t i c s  over t h e
f l a t are gradual . The f a i r l y continuous environmental 
g r a d i e n t s a r e  r e f l e c t e d  i n broad ecotones where spe-
c i e s i n t e r g r a d e .

Burrow Morphology and Feeding Type

Burrow morphology, maximum depth of burrowing,
feed ing type and h a b i t a t of t h e common t r a c e producers
on t h e  s a n d f l a t  a t Bodega Harbor a r e given i n Table 4 .
It should be noted t h a t many animals produce t r a c e s
which do no t f i t n e a t l y i n t o one category. For 

h a s a U-shaped burrow t h e arms
of cross-burrow, and t h e

shrimp Cal l i anassa produces a shaped
burrow network. Surface t r a c e s and burrow openings
of some of t h e t r a c e producers as w e l l as radiographs
of burrowed sediment a r e i l l u s t r a t e d i n P l a t e s 1, 2.
This t a b l e and t h e  p l a t e s  may serve as a guide i n id-
e n t i f y i n g b iogen ic s t r u c t u r e s on t h e  s a n d f l a t .  

An abbrevia ted form of t h i s t a b l e summarizing
some of t h e informat ion about t h e  t r a c e s  made by t h e

suspension and depos i t f e e d e r s i n high and low
t i d a l f l a t a r e a s is given i n Table 5.  Many of t h e
worm-like animals l i s t e d as depos i t  f eede r s  are actu-
a l l y omnivores feeding on a v a r i e t y of food resources
w i t h i n t h e  s u b s t r a t e  inc lud ing  enc rus ted  g r a i n s , f rag-
ments of e e l g r a s s , metazoans, and f e c a l  p e l l e t s ;  t h e
r e l a t i v e importance of food i t e m s d i f f e r s from spec ies
t o s p e c i e s (Ronan, 1977). Other animals a r e t r o p h i c
g e n e r a l i s t s , u t i l i z i n g both depos i t and suspension
feed ing , and t h e r e l a t i v e c o n t r i b u t i o n s of each are
d i f f i c u l t t o assess.

Discuss ion

Data given i n Tables 4 and 5 about t h e
sediment r e l a t i o n s of burrowers i n Bodega Harbor re-
v e a l s e v e r a l i n t e r e s t i n g f a c t s and t rends . The f i r s t
i s t h a t t h e sediment i s h igh ly reworked; r a t e of chur-
ning by animals c l e a r l y exceeds rate of sediment accu-
mulat ion o r reworking by wave and c u r r e n t a c t i v i t y .
Phys ica l sedimentary s t r u c t u r e s such as r i p p l e marks
a r e produced bu t would no t be preserved i n t h e sedi-
mentary record.

A second n o t a b l e f a c t is t h a t d e p o s i t f eede r s are
abundant throughout t h e sand f l a t , even i n t h e h i g h e s t
areas where t h e sediment i s very c lean a e o l i a n sand.
This i n d i c a t e s t h a t suspension feeder s i n v e r t i c a l  o r  
U-shaped tubes a r e no t t h e only o r n e c e s s a r i l y even
t h e dominant i n f a u n a l elements i n c lean i n t e r t i d a l
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sands. Encrusted g r a i n s and p l a n t fragments, and fe-
c a l  p e l l e t s  apparen t ly provide s u f f i c i e n t food re-
sources even though t h e percen t of s i l t and c l a y ,
which c o r r e l a t e s wi th  o rgan ic  carbon con ten t , is low.

Other p o i n t s of i n t e r e s t involve t h e maximum
depths t o which suspension and depos i t  f eede r s  bur-
row. Suspension f e e d e r s l i v e much more deeply than
depos i t i n both high and low t i d a l a reas .

(1967) found t h a t suspension feeder s on t i d a l
f l a t s l i v e much more deeply cm) than do
t i d a l depos i t  f eede r s  cm). The deeper burrow-
i n g of suspension feeder s w i t h i n t h e t i d a l f l a t may
be r e l a t e d t o mobi l i ty . Suspension feeder s tend t o
be more sessile than depos i t f e e d e r s (Schopf, 1978)
and thus a r e less a b l e t o move t o avoid environmental 
pe r tu rba t ions . (The suspension f e e d e r s a l s o tend t o
be l a r g e r , which would a l s o dec rease  mobi l i ty . )  
deep burrowing h a b i t provides a b u f f e r as p r o t e c t i o n

changes a f f e c t i n g  t h e  sediment-water i n t e r f a c e ,
The f a c t t h a t Urechis burrows more deeply on t h e mid
f l a t , where exposure would be g r e a t e r than on t h e low
f l a t , suppor t s t h i s hypothesis . Conversely, a l g a l
and b a c t e r i a enc rus ted sand g r a i n s , metazoans, and
f e c a l p e l l e t s would a l l be most abundant i n t h e upper
p a r t of t h e sediment column; t h u s , i t i s no t s u r p r i-
s i n g t h a t most d e p o s i t  f e e d e r s  are r e l a t i v e l y s h a l-
l o w

S i m i l a r l y ,

A

A f i n a l obse rva t ion i s t h a t on t h e average depo-
sit feeder s burrow more deeply on t h e upper f l a t than
lower f l a t (Table 5 ) ; t h e deep burrowing Cal l i anassa
and Macoma s e c t a a r e respons ib le f o r t h i s t r end .
Poss ib le reasons f o r t h i s may be t h a t t h e upper f l a t
i s exposed f o r longer pe r iods of t i m e dur ing t h e ti-
d a l cyc le and thus t h e animals must burrow deeper t o
avoid d e s s i c a t i o n o r t h a t  b i r d  p reda t ion i s more in-
t e n s e on t h e upper f l a t .

t o Maximum
LOW FLAT Deposit  Feeders Depth ( i n cm)

U-shaped :
max depth: Eupolymnia, Glycera

cm; Y o r J shaped: 22, 15
s .d. Ci r r i fo rmia ,
range : 10- Complex branching :

25 cm Glycera I r r e g u l a r : 10, 15 , 25
P e c t i n a r i a , Nepthys, Notomastus

SUMMARY:
max depth:

cm;

range:
cm

Suspension Feeders 
U-shaped : Urechis 45
Y o r J-shaped: Upogebia 70
V e r t i c a l : P i s t a , Tresus  65,  120

I r r e g u l a r : Macoma n a s u t a 10

I r r e g u l a r : P o l i n i c e s 15

Phoronopsis, Saxidomus 25, 95

Preda to r s

MID TO
UPPER FLAT

Deposit  Feeders SUMMARY:
max depth: Y o r J-shaped: Ca l l i anassa 60

Complexly branching:
s.d. Lep toche l i a ,  Ca l l i anassa  12 ,  60
range: 12- V e r t i c a l : Axio the l l a 15

60 cm I r r e g u l a r : Macoma s e c t a 50

SUMMARY: Suspension Feeders 
max depth: U-shaped: Urechis 60

cm; V e r t i c a l : Phoronopsis 25
s.
range:

60 cm

NATURAL HISTORY AND ANIMAL SUBSTRATE RELATIONS OF
DOMINANT ANIMALS I N BODEGA HARBOR 

C a l l i a n a s s a c a l i f o r n i e n s i s

One of t h e most abundant animals i n t h e middle
t o h igh i n t e r t i d a l a r e a s i n Bodega Harbor and o t h e r
w e s t c o a s t lagoons i s t h e burrowing t h a l a s s i n i d ghost
shrimp Cal l i anassa c a l i f o r n i e n s i s ( P l a t e

shrimp are decapod crus taceans , of t h e Suborder
Rep tan t i a which inc ludes crawlers such as l o b s t e r s ,
hermit c r a b s , and crabs . Because one t h o r a c i c appen-
dage is reduced i n t h a l a s s i n i d s , they are included i n
t h e Sec t ion Anomura (hermit c rabs ) by some taxono-
m i s t s ; o t h e r s put them i n t h e Sec t ion Macura (lob-
s t e r s ) . Tha lass in ids are widely d i s t r i b u t e d i n mar-
i n e and e s t u a r i n e environments, where they a r e  a c t i v e  
burrowers. Burrows a r e h i g h l y v a r i a b l e , b u t most
c o n s i s t of deep networks w i t h bo th h o r i z o n t a l and
v e r t i c a l components marked by expansions se rv ing as
turn-around a r e a s . Trace f o s s i l s i n t e r p r e t e d a s
t h a l a s s i n i d i n o r i g i n inc lude Thalass inoides and
iomorpha; t h e lat ter h a s been e x t e n s i v e l y reviewed by
Frey e t a l , 1978.

Along t h e c e n t r a l coas t of C a l i f o r n i a t h e r e are
3 s p e c i e s of t h a l a s s i n i d shrimp: c a l i f o r n i e n s i s ,
C. and Upogebia p u g e t t e n s i s . i s r a r e .
Upogebia p u g e t t e n s i s b u i l d s from U- o r Y-shaped bur-
rows i n mud o r muddy sand (Smith and Car l ton , 1975).
MacGinitie (1934) genera l i zed t h a t c a l i f o r n i e n s i s
p r e f e r r e d muddy sand s u b s t r a t e s .
Mugu Lagoon ( loca ted 50 mi les o r Los and
Bodega Harbor i t i s most abundant i n c lean sand, oc-
c u r r i n g i n d e n s i t i e s of (Mugu Lagoon) and

(Bodega Harbor) (Ronan, 1975; Miller,
I n some a r e a s t h e s u r f a c e is covered wi th mounds,
c r a t e r s and burrow openings which a r e t h e s u r f a c e
r e p r e s e n t a t i o n s of t h e t h r e e dimensional burrow sys-
t e m s of c a l i f o r n i e n s i s ( P l a t e

However, i n both

___-Burrows and burrowing: Ronan (1975) s t u d i e d t h e
morphology of burrows cons t ruc ted by Cal l i anassa
c a l i f o r n i e n s i s i n Bodega Harbor and determined t h a t
t h e burrows are b a s i c a l l y shaped wi th  hor i-
z o n t a l branches ( P l a t e 2C). I n a r e a s of Bodega Har-
bor where sediment is poorly oxygenated and b lack ,
-C. c a l i f o r n i e n s i s burrows have rus t- colored, oxygen-
a t e d h a l o s ,  i n d i c a t i n g  t h a t they are o f t e n f lushed
wi th oxygenated water.

The number of burrow openings p e r burrow system
is n o t known, nor is i t r e a d i l y determined by r e s i n
c a s t i n g . (1967) found t h a t under
cond i t ions c a l i f o r n i e n s i s burrows have two o r more
openings.
i n g s than shrimp i n Mugu Lagoon.
openings at t h e s u r f a c e and number of shrimp presen t
t o a depth of 50 cm were determined f o r 48 cores from
muddy and sandy sediments i n Mugu Lagoon (Mi l l e r ,

r e s u l t s are shown i n Fig . 3.

There a r e apparen t ly many more burrow open-
Numbers of burrow

C. c a l i f o r n i e n s i s unl ined burrows c o l l a p s e read-
i l y when excavated.
(Thompson and P r i t c h a r d , 1969; MacGini t ie , 1934) t o
suggest t h a t t h e burrows are impermanent. However,
us ing radiography and labora to ry  obse rva t ions  Ronan found

system were co l l apsed . The f a c t s t h a t

This has l e a d  s e v e r a l  workers

only d i s t u r b e d o r abandoned p a r t s of t h e burrow

Table 5. Common producers of b iogen ic s t r u c t u r e s
on t h e lower and middle t o upper sand f l a t
and t h e i r burrow shapes and maximum depths . D a t a from
Table 4 .
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-sis c o n t i n u a l l y removes f e c a l material from t h e bur-
row, t h a t is c o n s t r u c t s turn-around s p o t s and s i d e
branches , and t h a t i ts burrows a r e inhab i t ed by com-
mensals Cryptomya c a l i f o r n i c a )  a r e  evidence
t h a t burrows are permanent, f o r t h e s e a r e a t t r i b u t e s
c h a r a c t e r i s t i c of o t h e r shrimp i n h a b i t i n g permanent
burrows.

SANDY
MUDDY

0

# HOLES

Figure 3. Number of burrow openings a t s u r f a c e vs.
number of Ca l l i anassa recovered from .06 cores
taken i n sandy and muddy sediments of Mugu Lagoon
(from Miller, Fig . 19) .

The depth t o which Ca l l i anassa c a l i f o r n i e n s i s
burrows i s not c e r t a i n . Although Thompson and
chard (1969, 116) d i d no t f i n d Ca l l i anassa i n t h e
upper 45 cm dur ing low t i d e , and Warme (1971) i n d i-
ca ted t h a t i ts burrows extend 75 cm o r more i n t o t h e
sediment, o t h e r evidence sugges t s t h a t most of i t s
a c t i v i t y occurs c l o s e r t o t h e SWI. MacGinitie (1934)
found t h a t t h e burrowing mostly i s confined t o t h e
upper 45 cm. Fig. 4 shows t h e depth d i s t r i b u t i o n of
C. c a l i f o r n i e n s i s recovered from hand excavated cores
i n sandy o r muddy sediments i n Mugu Lagoon dur ing low
t i d e . Most i n d i v i d u a l s occur from 15 t o 30 cm deep,
a l though some may extend beneath  t h e 50 cm core depth.
I n muddy sediments c a l i f o r n i e n s i s  r a r e l y  recovered
from depths g r e a t e r than 40 cm.

MUDDY

I 2 3

0-15 cm deep

Figure 4. Vertical d i s t r i b u t i o n of C a l l i a n a s s a
c a l i f o r n i e n s i s w i t h i n sediment column i n sandy and
muddy s u b s t r a t e s , Mugu Lagoon (from Miller,

17).

The burrowing of c a l i f o r n i e n s i s profoundly
a f f e c t s t h e sediment. Burrows provide condu i t s f o r
w e l l oxygenated water t o p e n e t r a t e t o g r e a t e r depths
t h a t would otherwise be poss ib le .
ment des t roys primary sedimentary s t r u c t u r e s and re-

Reworking of sedi-

duces compaction, which, i n conjunct ion wi th void
space by the burrows themselves, r e s u l t s i n
a very l o o s e l y packed, water- rich substratum. Bur-
rowing a l s o alters t h e v e r t i c a l g r a i n s i z e d i s t r i b u-
t i o n of t h e sediment.

Ronan (1975) implanted laminae of f ine- grained
l e a d i n t h e Ca l l i anassa beds i n Bodega Harbor and
documented subsequent l e a d movement wi th a s e r i e s of
radiographs of cores ; t h e r e w a s s i g n i f i c a n t l ead  d i s-
p e r s a l a f t e r 7 days. MacGinitie and MacGinitie (1949,

287) es t ima ted t h a t 20 t o 50 cc of sand are depos-
i t e d around t h e en t rance of a burrow of 
i e n s i s pe r day. Using observed d e n s i t i e s of shrimp
and burrow openings p e r core i n sandy and muddy
sediments i n Mugu Lagoon, and making t h e assumption
t h a t each i n d i v i d u a l  d e p o s i t s  sediment around only
one burrow opening i n a 24-hour per iod , i t is esti-
mated t h a t i n a 24-hour per iod c a l i f o r n i e n s i s de-
p o s i t s on t h e s u r f a c e a l a y e r of sediment 3.4 t o 8.5

t h i c k i n t h e sandy areas, and 1 .5 t o 3.8 mm t h i c k
i n t h e muddy areas . This impl ie s t h a t populat ions
of c a l i f o r n i e n s i s i n Mugu Lagoon over tu rn t h e top
50 cm of sediment, i n which most l i v e , i n a per iod of
117 t o 330 days. As Warme (1967) pointed o u t ,  t h e  
r a t e of reworking g r e a t l y exceeds t h e sedimentat ion
rate of approximately yrs .

Mass p r o p e r t i e s of t h e sediment inc lud ing water
content and s t a b i l i t y are s t r o n g l y  a f f e c t e d  by
c a l i f o r n i e n s i s burrowing. A s shown i n Table 2 ,
Ronan found a two-fold i n c r e a s e wi th depth i n t h e
w a t e r content of cored sediment from t h e c a l i f o r-
n i e n s i s zone i n Bodega Harbor. This c o n t r a s t s wi th
cores from o t h e r p a r t s of Bodega Harbor, i n which
water content dec reases  wi th  depth. Penetrometer d a t a ,
which r e f l e c t s sediment s t a b i l i t y , is given i n Table
2. I n Mugu Lagoon where t h e sediment t e x t u r e i s s i m-
i l a r t o t h a t of t h e n o r t h of Bodega Harbor
bu t t h e dens i ty of C a l l i a n a s s a i s h i g h e r , t h e pene-
trometer sank 6 cm wi th t h e maximum loading o r 5
This i n d i c a t e s t h a t sediment s t a b i l i t y is c o r r e l a t i v e
wi th amount of burrowing a c t i v i t y .

S u b s t r a t e p re fe rence f e e d i n g h a b i t :
Although MacGinitie (1934) repor ted t h a t c a l i f o r-
n i e n s i s  p r e f e r s  muddy sediments , wi th in Bodega Harbor
and Mugu Lagoon i t occurs i n g r e a t e s t  d e n s i t i e s  i n
c lean sands. I n Bodega Harbor, however, i t is presen t
i n impacted c l a y muds of t h e high i n t e r t i d a l f l a t a t
t h e sou theas t end of t h e harbor . Another t h a l a s s i n i d
shrimp, Upogebia p u g e t t e n s i s , is more c h a r a c t e r i s t i c
of muddy sediment than c a l i f o r n i e n s i s . Miller

q u a n t i t a t i v e l y compared d e n s i t i e s of
f o r n i e n s i s i n sandy (mean 2.9% silt and c l a y ; mean
2.05 p h i sand f r a c t i o n ) muddy (mean 15.9% silt
and c lay ; mean 1.99 p h i sand f r a c t i o n ) sediments
w i t h i n Mugu Lagoon. For 24 samples each .06 i n
diameter excavated t o a depth of 50 cm, t h e r e was a
mean of 10.2 shrimp i n t h e sandy sediments compared
t o 4.7 i n t h e muddy sediment.

Feeding h a b i t and s u b s t r a t e p re fe rence a r e
c l o s e l y r e l a t e d f o r many b e n t h i c marine i n v e r t e b r a t e s .
As documented by many a u t h o r s Sanders, 1958;
Purdy, 1964) depos i t f e e d e r s dominate i n f i n e grained
sediments whereas suspension feeder s are more abun-
dant i n sands depos i t ed under h igher energy condi-
t i o n s . I n f ine- grained sediments  sma l l p a r t i c l e s of
o rgan ic d e b r i s are included i n t h e sediment, and t h e
s m a l l s i z e d  g r a i n s  provide a l a r g e s u r f a c e a r e a f o r
attachment of micro-organisms. I n c o n t r a s t , food
p a r t i c l e s i n h igher energy environments tend t o be
kep t i n suspension, l ead ing t o a predominance of 



pension feeders .

Feeding h a b i t s of c a l l i a n a s s i d shrimp vary from
spec ies t o spec ies ; t h e r e is a l s o evidence t h a t some
spec ies combine suspension and depos i t feeding.
l i a n a s s a f i l h o l i p r imar i ly  depos i t  feeds ,

(1967) observed a specimen i n an aquarium
f l i c k i n g sediment i n t o t h e water column and feeding
on t h e material a s i t s e t t l e d .
t o be a suspension feeder ,  bu t  a l s o been found t o
s i f t sand f o r microscopic p a r t i c l e s of organ ic matter

1946, p. 7 7 , 80).

C. major is considered

There is l i t t l e agreement about t h e d i e t of
l i a n a s s a  c a l i f o r n i e n s i s  o r about t h e method of feed-
ing. According t o (1934, p. 169) *-
i f o r n i e n s i s is a depos i t  f eeder ,  feeding on minute
d e t r i t a l p a r t i c l e s i n t h e sediment. He observed
c a l i f o r n i e n s i s feeding on f i n e grained sediment and
a l s o  c i t e d  t h e presence of ch i t inous s t r u c t u r e s with-
i n t h e gut as evidence of a deposi t- feeding h a b i t .
R icke t t s and Calvin (1968) and (1971) concurred
with t h i s i n t e r p r e t a t i o n , and Peterson (1978) consi-
dered c a l i f o r n i e n s i s a depos i t  f eeder  i n h i s s tudy
of t h e s t r u c t u r e of t h e soft- bottom community i n Mugu
Lagoon. However, Powell (1974) suggested t h a t &-
i f o r n i e n s i s may obta in a s i g n i f i c a n t p o r t i o n of i t s
n u t r i t i o n from suspension feeding. He noted t h a t g-
l i a n a s s a c a l i f o r n i e n s i s is most abundant i n very c lean
sands i n Bodega Harbor, where the supply of organ ic
d e b r i s would be quickly dep le ted by a populat ion of
depos i t  f eeders .  Although he i n t e r p r e t e d s t r u c t u r e s
of t h e as adapt ions f o r dea l ing with inorgan ic
g r a i n s , he d i d  n o t  see t h e i r presence a s n e c e s s i t a t i n g
a depos i t feeding h a b i t ; they would a l s o handle g r a i n s
inadver ten t ly taken i n t o t h e  d i g e s t i v e  system dur ing
burrowing a c t i v i t y . Powell (1974, p. 29) found t h a t
t h e mouth p a r t s of c a l i f o r n i e n s i s c l o s e l y resemble
those of the suspension feeding Upogebia puge t t ens i s .

I n Bodega Harbor dur ing much of t h e year t h e t i d e s
depos i t l a r g e  q u a n t i t i e s  of a lgae on t h e
c a l i f o r n i e n s i s bed; t h e a lgae i s subsequently bur ied
by d r i f t i n g sand and sand brought t o the s u r f a c e by
C. c a l i f o r n i e n s i s . Ronan (1975, p. 139) found s i z a b l e
p ieces of i n 29 of 40 samples excavated by hand
i n t h e c a l i f o r n i e n s i s bed; some even had ghost
shrimp c l i n g i n g t o them. The presence of p l a n t mate-
r ia l i n t h e gu t  con ten t s  of shrimp i s f u r t h e r evidence
t h a t t h e d e t r i t u s and its e p i f l o r a is an important
food source.

I n Mugu Lagoon t h e r e i s n o t enough p l a n t  d e b r i s  
p resen t i n t h e c lean sands t o support t h e l a r g e popu-
l a t i o n s i z e of c a l i f o r n i e n s i s . Miller
suggested t h a t t h e main food source may be ep ig ranu la r
f l o r a . Rapid replenishment of b a c t e r i a l f i lms on
gra ins would be enhanced by t h e d i u r n a l movement of
n u t r i e n t and oxygen-rich waters through t h e h igh ly
porous sediment honeycombed w i t h burrows.

Conclusions about c a l i f o r n i e n s i s are d i f f i c u l t
t o draw, although it is l i k e l y  t h a t  depos i t feeding
provides some o r a l l of i ts n u t r i t i o n a l needs.

A b i l i t y c a l i f o r n i e n s i s withstand sedimen-
ta t ion : There have been no sys temat ic f i e l d s t u d i e s i n
Bodega Harbor on t h e a b i l i t y of c a l i f o r n i e n s i s t o
withstand rap id sedimentation. However, an ex tens ive
bed of c a l i f o r n i e n s i s is loca ted  nea r  d r i f t i n g
blowing dunes so t h a t c lean sand is added t o the sand
f l a t by p r e v a i l i n g winds. Storm induced dune slumps
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can r e s u l t i n as much as a foo t of sediment being ad-
ded t o t h e f l a t . Apparently l i t t l e m o r t a l i t y r e s u l t s
from such m a s s depos i t ion , f o r wi th in 24 hours numer-
ous mounds and crater- shaped burrow openings appear ,
i n d i c a t i n g t h a t shrimp have regained con tac t  wi th  t h e
sediment-water- interface.

S tud ies i n Mugu Lagoon have shown t h a t &-
f o r n i e n s i s responds d i f f e r e n t l y t o d i s tu rbance and
sedimentat ion i n s u b t i d a l vs . i n t e r t i d a l areas.
Pe te r son (1978, p. 345) e f f e c t i v e l y removed &-
f o r n i e n s i s from a l a r g e a r e a (6 x 20 of the sub-
t i d a l channel by walking over t h e s u r f a c e and
bing t h e top 5 t o 10 cm of sediment; 24 hours l a t e r
no burrow openings had reappeared. Based on rate of
reappearance of burrow openings, i n t e r t i d a l ghost
shrimp are more a b l e t o surv ive  d i s tu rbance .  Miller

trampled a 25 square f o o t area i n t h e i n t e r-
t i d a l zone densely populated wi th c a l i f o r n i e n s i s .
Af te r a week i t w a s impossible t o d i s t i n g u i s h between
t h e trampled and undisturbed areas. R a t e of appear-
ance of burrow openings appeared t o be uniform
throughout t h e d i s tu rbed  a rea .  
bodies were not seen on t h e sediment s u r f a c e , many
Cal l i anassa must have been k i l l e d by t h e vigorous
stomping.
may occur by migrat ion of Callianassa i n t o d i s tu rbed
areas r a t h e r than re- establ ishment of con tac t with
t h e sediment-water i n t e r f a c e by t h e o r i g i n a l inhabi-
t a n t s .
t i d a l sediment is (Mi l l e r , whereas i n
t h e s u b t i d a l sand i t is (Peterson,
1978).
t i d a l areas, r e s u l t i n g i n more r a p i d reburrowing of
d i s tu rbed areas.

Although ghost shrimp

Apparent recovery i n t h e i n t e r t i d a l zone

Average d e n s i t y of ghost shrimp i n sand i n t e r-

Space may be a t a h igher premium i n t h e  i n t e r-

I
A f i e l d method f o r determining t h e a b i l i t y of

c a l i f o r n i e n s i s t o withstand rap id sedimentat ion w a s
designed by Miller Roughly c i r c u l a r r i n g s of
t h i n f i b e r g l a s s were sunk s e v e r a l cen t imete r s i n t o
t h e sediment; t h e  r e s u l t i n g  enc losures w e r e
mately 1.5 m i n diameter and high. Before em-
placement, t h e number of burrow openings w a s de te r-
mined. For each treatment a l a y e r of sand of a pre-
determined th ickness w a s added. Burrow openings at
t h e s u r f a c e of t h e sand were subsequent ly counted at
i n t e r v a l s of hours t o days.

This method has s e v e r a l inheren t d i f f i c u l t i e s ,
of which t h e primary one is t h e  l a c k  of one-to-one
correspondence between c a l i f o r n i e n s i s and burrow 
openings.
such as t h a t by Kranz (1974) have been labora to ry
s t u d i e s on animals which do n o t produce burrow sys-
t e m s . However, t h e advantages of adding sediment i n
t h e f i e l d where t h e ghost shrimp are undis turbed out-
weigh t h e d i f f i c u l t y of no t knowing how many shrimp
are presen t and a c t i v e l y burrowing before and a f t e r
a d d i t i o n of sediment. Other unavoidable problems in-
clude t h e f a c t s  t h a t  it is d i f f i c u l t t o accura te ly
count t h e  l a r g e  number of burrow openings, and t h a t
t h e areas surrounding the  enc losures  are d is rup ted by
the procedure.

Other i n v e s t i g a t i o n s of a n a s t r o p i c b u r i a l

Resu l t s of the b u r i a l experiments are shown i n
Fig. 5. Clear ly Ca l l i anassa was capable of r a p i d l y
re- es tab l i sh ing  con tac t  wi th  t h e a f t e r b u r i a l
sediment, and i ts rate recovery tended t o be f a s t e r
when t h i n n e r l a y e r s of sediment w e r e added. The dis-
crepancies between t h e  r e p l i c a t e  experiments r e f l e c t
t h e l a r g e experimental e r r o r caused by t h e procedural
d i f f i c u l t i e s discussed above. The d i f f e r e n c e between
va lues f o r t h e 10 cm tr ia ls w a s p a r t l y due t o t h e
f a c t  t h a t  no count of one of t h e burrow openings w a s
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taken a f t e r 25 hours ; t h e recovery p a t h s of o t h e r
experiments show t h a t t h e recovery rate i s u s u a l l y
g r e a t e r dur ing t h e f i r s t day, and l e v e l s o f f i n t h e
second and t h i r d days.
cm experiment w a s c l e a r l y i n e r r o r ; t h i s can be at-
t r i b u t e d t o d i f f i c u l t y  o r  e r r o r i n count ing h o l e s ,
e i t h e r i n i t i a l l y o r , more l i k e l y , a f t e r 75 hours.

The recovery pa th f o r t h e 14

w

w

0 40 SO 80
HOURS AFTER BURIAL

Figure 5. of C a l l i a n a s s a burrow
opening at s u r f a c e a f t e r b u r i a l wi th v a r i o u s th ick-
nesses of sediment (from Miller, Fig. 21).

To test whether o r no t b u r i a l w a s f a t a l t o
anassa , buckets con ta in ing i n d i v i d u a l s were f i l l e d
wi th 10 and 15 cm of sediment and bur ied so t h a t t h e
top of t h e bucket w a s l e v e l wi th t h e sediment sur-
face. None of t h e ghost shrimp had d ied a f t e r two
days, i n d i c a t i n g t h a t t h e weight of t h e sediment
alone does no t harm Cal l i anassa .

Although t h e exper imental d i f f i c u l t i e s p r o h i b i t
drawing f i r m conclusions , Ca l l i anassa  apparen t ly  is
capable of su rv iv ing b u r i a l by sediment , and t h e rate
of recovery is i n v e r s e l y  p r o p o r t i o n a l  t o t h e th ickness
of sedimentary overburden. The rate of reburrowing
when t h i c k e r l a y e r s w e r e added may w e l l have been as
f a s t o r f a s t e r than when t h i n n e r l a y e r s were added,
but less of t h e burrowing a c t i v i t y may have r e s u l t e d
i n burrow openings a t t h e  s u r f a c e .  The r a p i d r a t e of
recovery shown i n both b u r i a l and trampling exper i-
ments probably r e f l e c t s t h e pressu re t o use a l l a v a i l-
ab le space caused by t h e h igh  popu la t ion  d e n s i t y of
Ca l l i anassa i n t h i s h igh i n t e r t i d a l a r e a of Mugu
Lagoon.

Commensal r e l a t i o n s h i p s : Severa l s p e c i e s live wi th
C. c a l i f o r n i e n s i s , inc lud ing a polychaete worm, two
spec ies of c r a b s , a clam, and a f i s h . The r e l a-
t i o n s h i p s have been d i scussed i n d e t a i l by
(1934, p. 171-173). The polychaete and t h e
c rabs , both of which are s m a l l and l a t e r a l l y elonga-
t e d , s u b s i s t  l a r g e l y  on organ ic d e b r i s uncovered by
burrowing of c a l i f o r n i e n s i s ;  t h e  c rabs may a l s o be
f a c u l t i v e suspension feeder s . Cryptomya c a l i f o r n i c a
i s a s m a l l suspension feed ing clam wi th s h o r t siphons.
It accrues t h e  b e n e f i t s  of a deep burrowing l i f e s t y l e
by l i v i n g ad jacen t t o t h e burrows of 
sis which provide i t wi th a supply of oxygen and
food- rich water . The f i s h feeds o f f d e b r i s with-
i n t h e burrow 1934, p. 173) ; these f i s h
commonly f l o p out on t h e sediment-water i n t e r f a c e
during excavat ion of Ca l l i anassa .

Macoma

General: The cosmopolitan b iva lve genus Macoma
is a h igh ly s u c c e s s f u l component of many s o f t sed i-
ment marine communities of i n t e r t i d a l and shal low
t i d a l nearshore environments (Thorson, 1957). Macoma
is t y p i c a l l y most abundant i n muddy s u b s t r a t e s of silt
o r f i n e sand (S tan ley , 1970). Species of t h i s genus
have long, f l e x i b l e s iphons t h a t can be extended t o
many t i m e s t h e s h e l l l e n g t h , and most a r e  a c t i v e  bur-
rowers. Depth of burrowing i s i n t h e range of 4 t o
40 cm; most s p e c i e s show depth s t r a t i f i c a t i o n by s i z e .
The u s u a l l i f e o r i e n t a t i o n is h o r i z o n t a l on t h e l e f t
va lve  wi th  t h e s iphons p r o j e c t i n g upward t o t h e sed i-
ment-water i n t e r f a c e ( P l a t e

The feeding biology of t h e is poorly
understood (see reviews by Yonge, 1949; Pohlo, 1969).
Macoma b a l t h i c a is a t r o p h i c g e n e r a l i s t (Bra f i e ld and

1961). T u n n i c l i f f e and Risk (1977) concluded
t h a t i n t h e Bay of Fundy b a l t h i c a o b t a i n s much of
i ts n u t r i t i o n a l requirements from b a c t e r i a a t t ached
to sand g r a i n s ,  b u t  t h a t suspension feeding is a l s o
important .

Macoma s e c t a : Although 5 s p e c i e s o f Macoma
have been repor ted from t h e sand f l a t s at Bodega Har-
bor only two s p e c i e s , s e c t a and n a s u t a a r e abun-
dant a t mid to high t i d a l l e v e l s . These two s p e c i e s
l i v e sympa t r i ca l ly i n t h e h a r b o r ,  b u t  t h e i r r e l a t i v e
abundances change both wi th regard t o e l e v a t i o n above
MLLW (increased e l e v a t i o n r e s u l t s i n inc reased expo-
s u r e t ime) and s u b s t r a t e c h a r a c t e r . Macoma s e c t a i s
p r i m a r i l y a depos i t f e e d e r t h a t burrows t o depths of
10 t o 30 cm, and i s most common i n t h e b e t t e r s o r t e d
l o o s e r sands at in te rmed ia te e l e v a t i o n s . Maximum den-
sit ies on t h e n o r t h sand f l a t a r e between 60
and 80 cm above MLLW (Fig. 2 ; Ronan, 1973).
i s uncommon a t e l e v a t i o n s above 100 cm, probably due
t o t h e i n t e n s e  b i o t u r b a t i o n  of t h e sediment by C a l l i -
anassa c a l i f o r n i e n s i s a t t h e s e  e l e v a t i o n s  and t h e
s i g n i f i c a n t change i n m a s s p r o p e r t i e s t h a t r e s u l t from
its burrowing a c t i v i t i e s .

--

When depos i t  f eed ing ,  Macoma secta ex tends i t s
i n c u r r e n t s iphon t o t h e s u r f a c e and vacuums d e t r i t u s
from t h e upper 3-5 mm of s u r f a c e sediment. It

produces s u r f a c e mounds of sediment and f e c a l
p e l l e t s up t o 1 cm high. Often a siphon h o l e , 5 mm.
o r l e s s i n diameter , is found a t t h e c e n t e r of t h i s
mound. Most s u r f a c e traces produced by Macoma s e c t a
dur ing feeding are s t e l l a t e o r a r c u a t e r i l ls of l i g h t -
er- co lo red ,  coa r se r  m a t e r i a l t h a t were l e f t as a l a g
depos i t by t h e  i n c u r r e n t  s iphon ( P l a t e This
c o n t r a s t s wi th t h e t y p i c a l s u r f a c e traces repor ted f o r
M. b a l t h i c a i n t h e Bay of Fundy which a r e shal low
p r e s s i o n s 5 cm. i n diameter (Tunn ic l i f f e and Risk,
1977). However, d e n s i t i e s of similar s i z e d
ca i n t h e Bay of Fundy averaged many times
g r e a t e r than i n Bodega Harbor.

Macoma nasu ta : Below an e l e v a t i o n of 40 cm, and--
along t h e margins of s t and ing ponds a t h igher eleva-
t i o n s , Macoma s e c t a numbers d e c l i n e and t h e d e n s i t y
of n a s u t a reaches a maximum.
lower burrower than be ing found a t depths
of 10 t o 12 cm.
reached below 40 cm. on t h e sou th where t h e
s u b s t r a t e is muddier, f i r m e r , and d r y e r (Ronan, 1975).
The s u r f a c e t r a c e s produced by n a s u t a are no t d i s-
t i n g u i s h a b l e from those of al though stellate
depos i t feeding t r a c e s a r e produced in f requen t ly .
Th i s s p e c i e s i s p r i m a r i l y a suspension feeder on
p lank ton ic diatoms and f l a g e l l a t e s .

nasu ta i s a shal-

M a x i m u m d e n s i t i e s of are
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Polychaetes f o r e taxonomically s i g n i f i c a n t , is open t o quest ion.

COMMUNITY STRUCTUREPolychaete worms are abundant i n t h e lower por-
t i o n s of t h e sand f l a t a t Bodega Head.
morphology and feeding h a b i t s of 5 common s p e c i e s
have been s t u d i e d  e x t e n s i v e l y  by Ronan 1977)
and w i l l only be b r i e f l y summarized here .

The burrow

Radiographs of some polychaete burrows are
i n P l a t e 2 , and s u r f a c e t r a c e s  a r e  i l l u s t r a t e d in
P l a t e H. Ronan (1977) found t h a t one s p e c i e s
could produce a v a r i e t y of b iogen ic s t r u c t u r e s ; even
Ci r r i fo rmia  b ranch ia ta  which l i v e s i n a v e r t i c a l bur-
row could move l a t e r a l l y . Burrow morphology does
not c l e a r l y r e f l e c t f eed ing h a b i t ; a l l t h e s p e c i e s
s tud ied were d e t r i v o r e s o r omnivores, y e t two produ-
ced U-shaped burrows. Gut con ten t s of a l l s p e c i e s
included a v a r i e t y of food i t e m s al though some had
food pre fe rences .
meandering and similar t o traces a t t r i b u t e d t o t h e
a c t i v i t y of depos i t f e e d e r s , none were f i l l e d w i t h
f e c a l material.

Although some of t h e burrows w e r e

Phoronopsis v i r i d i s

The Phylum Phoronida c o n s i s t s of a s m a l l group
of worm-like, v e r t i c a l tube- dwelling lophophorate 
suspension feeder s . They occur i n pa tches i n densi-
ties up t o i n t h e sand f l a t s of Bodega
Harbor (Ronan, 1978).

The tubes of P. v i r i d i s are about 3 mm i n dia-
meter and up t o 25 cm long, and a r e composed of ag-
g l u t i n a t e d sand g r a i n s i n a c h i t i n o u s matr ix . Orien-
ted v e r t i c a l l y , t h e top of t h e tube is about 8 cm be-
low t h e sediment-water i n t e r f a c e ( P l a t e t h e top
of t h e tube is connected t o t h e SWI by a w e l l formed
burrow. During low t i d e t h e phoronids r e t r a c t  i n t o  
t h e i r tubes , l eav ing a s m a l l h o l e i n t h e  s u b s t r a t e  
( P l a t e G).

Ronan (1975, 1978) s t u d i e d t h e n a t u r a l h i s t o r y
of Phoronopsis v i r i d i s inc lud ing i t s feeding h a b i t s
and a b i l i t y t o wi ths tand r a p i d sedimentat ion. During
high t i d e P. v i r i d i s extends i t s lophophore and col-
l e c t s food items resuspended from t h e sediment-water
i n t e r f a c e ; gut a n a l y s i s i n d i c a t e t h a t i t p r e f e r s
small 100 encrus ted g r a i n s f l o c u l e n t m a t e r i a l ,
and f e c a l p e l l e t s (Ronan, 1978, p. 483). In dense
patches lophopheres a r e s t r a t i f i e d , a l lowing each
t o be f u l l i n g extended.

I n labora to ry and f i e l d experiments Ronan (1975)
found v i r i d i s a b l e t o withs tand anas t roph ic b u r i a l .
Under labora to ry  cond i t ions ,  100% had
t a b l i s h e d con tac t  wi th  t h e sediment-water i n t e r f a c e
wi th in 45 minutes of b u r i a l by 2 cm of sand.
s i x hours a f t e r b u r i a l by 16 cm of sand, 92%
had burrowed t o t h e SWI.

Ronan (1975) added sediment t o f i e l d enc losures
2 cm at a t i m e , and t h e number of lophophores presen t
observed a t t h e nex t  h igh  t i d e . Af te r 15 c m had been 
added, 90% of t h e specimens were above t h e SWI.
Careful d i s s e c t i o n of t h e con ta ine r i n d i c a t e d t h a t
many of t h e phoronids had abandoned t h e i r tubes , and
some were i n t h e process of tube  rebu i ld ing .  

Phoronopsis h a s been suggested as a modem pro-
ducer of t h e ichnogenus Sko l i thos .  Cer t a in ly  t h e
s i z e , morphology and o r i e n t a t i o n of t h e two t r a c e s
a r e very s i m i l a r . Sko l i thos a l s o o f t e n occurs i n
dense patches , as does However, whether
o r no t t h i s is a behav io ra l c h a r a c t e r i s t i c and

Community Concepts and t h e Macoma Community

The Macoma community of Bodega Harbor is
recognized as one of Thorson's (1957, 1958) now clas-
s i c p a r a l l e l communities which he def ined a s r e c u r r i n g
a s s o c i a t i o n s of c h a r a c t e r i s t i c genera o r s p e c i e s t h a t
a r e found i n similar environments throughout t h e world.
The wide recur rence and h igh f i d e l i t y of t h i s associa-
t i o n l e a d s t o t h e ques t ion of whether t h e Macoma com-
munity is a b i o l o g i c a l e n t i t y t h a t through

has become i n t e g r a t e d a t a h igher l e v e l , o r
whether it is a group of s p e c i e s brought toge the r be-
cause of s i m i l a r phys io log ica l t o l e r a n c e s , bu t l i t t l e
evo lu t iona ry i n t e r a c t i o n . I f t h e s p e c i e s merely l i v e
t o g e t h e r because of congruent t o l e r a n c e s , t h e bounda-
ries of t h e assemblage may r e p r e s e n t environmental
d i s c o n t i n u i t i e s t h a t exceed t h e t o l e r a n c e s of t h e com-
ponent spec ies . On t h e o t h e r hand, i f t h e boundar ies
are i n t e r f a c e s of b i o l o g i c a l  i n t e r a c t i o n ,  t h e  group
may represen t an i n t e r a c t i n g ,  b i o l o g i c a l l y  accomodated
community. These two p o s s i b i l i t i e s rep resen t t h e end-
p o i n t s i n t h e c l a s s i c a l debate concerning t h e n a t u r e
of communities ( see 1962, f o r review).

The ques t ion of t h e importance of b i o l o g i c a l in-
t e r a c t i o n s i n soft- bottom b e n t h i c communities h a s been
of recen t i n t e r e s t . Severa l s t u d i e s have shown t h a t
a range of b i o l o g i c  i n t e r a c t i o n s  probably a r e impor-
t a n t . and Young (1970) found t h a t
i n g a c t i v i t y may a l t e r s u b s t r a t e c h a r a c t e r i s t i c s a t
t h e sediment-water i n t e r f a c e so t h a t t h e sediment is
e a s i l y resuspended; t h i s e f f e c t i v e l y excludes suspen-
s i o n feeder s . Sanders e t a l . (1962) documented t h e
d e l e t e r i o u s e f f e c t of massive popu la t ions of a shal low
burrowing mud s n a i l on a tube- bui lding on
t i d a l f l a t s i n Barnstable Harbor (Mass.) and Peterson
(1978) provided evidence t h a t compet i t ion f o r space
is important i n s t r u c t u r i n g  t h e  t i d a l channel
community of Mugu Lagoon. S t u d i e s by (1974,
1976) a l s o using f i e l d exper imental  techniques  demon-
s t r a t e d t h e importance of a d u l t- l a r v a l i n t e r a c t i o n s
i n determining boundar ies  of c l u s t e r s of animals , and
t h e e f f e c t s of i n t e r a c t i o n s between s p e c i e s i n de te r-
mining t h e abundance of po lychae tes w i t h i n a
t y ; she a l s o reviewed t h e s u b j e c t .

B io log ica l I n t e r a c t i o n s i n Bodega Harbor

To determine t h e importance of b i o l o g i c a l  i n t e r-
a c t i o n s in c o n t r o l l i n g  t h e  d i s t r i b u t i o n s of some dom-
i n a n t  s p e c i e s  i n t h e i n t e r t i d a l sand f l a t s of Bodega
Harbor, Ronan (1975) conducted s e v e r a l manipulat ive
f i e l d experiments. The experiments focused on

c a l i f o r n i e n s i s,Macoma s e c t a , and Phoronopsis
v i r i d i s ; each is abundant in t h e h i g h , middle o r

p o r t i o n s ,  r e s p e c t i v e l y ,  of t h e n o r t h sand f l a t
i n Bodega Harbor.
techniques and methods of d a t a p rocess ing are given
i n Ronan (1975).

Phoronopsis v i r i d i s - Macoma secta

Details rega rd ing t h e exper imental

I n Bodega Harbor, Macoma secta is rare o r absent
where dense s t a n d s of Phoronopsis v i r i d i s occur nea r
o r on t h e southern sand f l a t MLLW where i n d i v i d u a l s
o f s e c t a found i n phoronid beds on t h e n o r t h sand
f l a t are recovered from u n c h a r a c t e r i s t i c depths and
i n abnormal o r i e n t a t i o n s . Ronan's (1975) experimental
f i e l d methods t e s t e d  t h e  hypo thes i s t h a t tubes of
Phoronopsis v i r i d i s prevent t h e lateral and v e r t i c a l



migrat ion of Macoma s e c t a , thereby l a r g e l y exluding
i t from the lower s a n d f l a t .

To test t h e e f f e c t of v i r i d i s on lateral
migrat ion of s e c t a , Ronan t ransp lan ted l a r g e clams
( 3 cm) i n t o p l o t s densely (7 s p a r s e l y

o r unpopulated by phoronids. Careful
excavat ion showed t h a t t h e mean depth of burrowing
(11 cm) of w a s s i g n i f i c a n t l y less i n t h e
densely populated p l o t than i n t h e s p a r s e l y and un-
populated p l o t s (15 cm, 1 7 cm, r e s p e c t i v e l y ) ; t h e
burrowing depth c o r r e l a t e d wi th t h e tops of t h e
ronid tubes , which terminate at about 8 cm below t h e
SWI. Although i n t h e low d e n s i t y and phoronid- free
treatments t h e r e w a s a s t r o n g  c o r r e l a t i o n  between
depth of burrowing and s i z e of s e c t a , t h i s re la-
t i o n s h i p  d i d  no t hold i n dense s tands of v i r i d i s .

The south s a n d f l a t i n Bodega Harbor c o n s i s t s of
less w e l l s o r t e d and more compacted sand than t h e
nor th s a n d f l a t , wi th a g r e a t e r p ropor t ion of f i n e
grained sediment. s e c t a burrowed t o shal lower
depths i n phoronid- free p l o t s on t h e sou th p l o t , pre-
sumably because of t h e  g r e a t e r  degree of compaction.
The burrow depths were shal lower  than sediments t rans-
plan ted from t h e n o r t h t o sou th s a n d f l a t o r from t h e
south t o nor th s a n d f l a t , o r i n phoronid- free sediment
i n the  nor th  f l a t . L a t e r a l migrat ion of Macoma s e c t a
was not s i g n i f i c a n t l y  a l t e r e d  by presence of phoronid
tubes.

The r e s u l t s of t h e v e r t i c a l burrowing experi-
ments suggest t h a t a l though dense s tands

do prevent deep burrowing by Macoma s e c t a , t h e
mass p r o p e r t i e s of t h e sediment, p a r t i c u l a r l y w a t e r
content and degree of g r e a t l y a f f e c t s
mobi l i ty of t h i s b iva lve .
n i d tubes are two f o l d : they provide o b s t a c l e s t o
burrowing and they a l s o se rve as sediment s t a b i l i z e r s
which f u r t h e r i n h i b i t s burrowing.

The e f f e c t s of t h e

Cal l i anassa c a l i f o r n i e n s i s - Phoronopsis v i r i d i s

Although v i r i d i s t ends t o l i v e i n lower ele-
va t ions on t h e t i d a l f l a t than c a l i f o r n i e n s i s ,
P. v i r i d i s extends h igher onto t h e f l a t and i n t o con-
t a c t with Ca l l i anassa on t h e margins of s e v e r a l drain-
age channels. Zones of over lap 1 t o 5 m wide between 
the  spec ies  are s p a r s e l y populated; these a r e a s pro-
vide oppor tun i t i e s f o r s tudying i n t e r a c t i o n s between
these two animals.

-~

Ronan (1975) assessed the impact of
n i e n s i s on v i r i d i s by p l a n t i n g v i r i d i s i n p l o t s
wi th in  Ca l l i anassa  bed and i n a caged p l o t wi th in t h e
Cal l i anassa bed from which t h e shrimp had been exclu-
ded. Excavation and radiography of box cores from
t h e p l o t s revealed t h a t when Cal l i anassa is p r e s e n t ,
t h e phoronid tubes w e r e commonly at unna tu ra l depths
o r o r i e n t a t i o n s (20% of tubes ; P l a t e o r a c t u a l l y
broken (about 10%). This c o n t r a s t s with t h e p l o t
from which Cal l i anassa w a s excluded, where only about
1%of t h e phoronid tubes w e r e broken and 2% were dis-
or ien ted .

Ronan (1975) found former occupants of t h e d i s-

Ronan suggested t h a t t h e problem of maintain-
turbed tubes  f r e e i n t h e sediment, cons t ruc t ing new
tubes.
i n g contact wi th t h e sediment-water i n t e r f a c e and
r e p a i r of damaged tubes is e n e r g e t i c a l l y expensive
and t h a t t h i s may r e s u l t i n v i r i d i s being abundant
only when Cal l i anassa is rare. He genera l i zed (1975,
p. 156) t h a t ex tens ive sediment d i s r u p t i o n by
anassa may p r o h i b i t development of l a r g e populat ions

of any a n i m a l dependent upon constant con tac t with
t h e sediment-water i n t e r f a c e .

Importance of B io log ica l I n t e r a c t i o n s
I n Determining Community S t ruc tu re

The work of Ronan (1975) on eco log ica l and
s u b s t r a t e  i n t e r a c t i o n s  i n Bodega Harbor i n a d d i t i o n
t o o t h e r recen t s t u d i e s 1974, 1976) re-
v e a l s t h a t b i o l o g i c a l i n t e r a c t i o n s p lay an important
r o l e i n s t r u c t u r i n g t h e communities of s o f t s u b s t r a t e
i n t e r t i d a l h a b i t a t s . Some animals wi th in t h e s e com-

profoundly a f f e c t t h e phys ica l environment
through burrowing a c t i v i t y which can a f f e c t t h e m a s s
p r o p e r t i e s , water con ten t , g r a i n s i z e and d i s t r i b u-
t i o n and organic  content  of t h e sediment. This e f f e c t
on t h e sediment i n a d d i t i o n t o s p a t i a l compet i t ion,
commensal r e l a t i o n s h i p s (commensals a r e abundant on
t h e sand f l a t s i n Bodega Harbor; see discuss ion of
Cal l ianassa) and predator- prey i n t e r a c t i o n s is an i m-
p o r t a n t component i n t h e  i n t e g r a t i o n  and s t r u c t u r e of
these communities.

Is t h e Macoma community i n t e g r a t e d i n t h e evolu-

Although the evidence is
t i o n a r y sense, o r is i t a group of spec ies with no
r e a l i n t e r a c t i v e  s t r u c t u r e ?  
prel iminary, recen t s t u d i e s do suggest t h a t b io log i-
cal i n t e r a c t i o n s are important i n producing eco tona l
boundaries between spec ies groups t h a t  a r e  as impor-
t a n t as those assoc ia ted  wi th  t i d a l he igh t o r sub-
strate c h a r a c t e r i s t i c s . Both phys ica l and b i o l o g i c a l
f a c t o r s e n t e r i n t o t h e determinat ion of s t r u c t u r e i n
the Macoma community i n Bodega Harbor. The f a c t t h a t
t h i s a s s o c i a t i o n (one of Thorson's p a r a l l e l communi-
t i e s ) recurs i n similar environments throughout t h e
world h i n t s a t t h e importance t h a t b i o l o g i c a l in tegra-
t i o n may have played during i ts evo lu t ion .

GERMAN RANCHO AND BODEGA HARBOR

ICHNOCOENOSES: A COMPARISON

It is d i f f i c u l t t o compare i n d i v i d u a l traces i n
Bodega Harbor wi th those of t h e German Rancho Forma-
t i o n . Ophiomorpha and Thalass inoides i n t h e German
Rancho probably w e r e produced by t h a l a s s i n i d c rus ta-
ceans r e l a t e d t o Cal l i anassa c a l i f o r n i e n s i s and

puge t t ens i s . Upogebia i s a suspension feeder
whose burrow i s mucous l i n e d and permanent, whereas 
C. c a l i f o r n i e n s i s probably is a depos i t  f eeder  whose
burrow is unl ined and impermanent.
would be advantageous f o r a suspension feeder . Per-
haps Ophiomorpha w a s produced by a suspension feeder
and Thalass inoides by a depos i t  f eeder ;  however, t h e
grada t ions between t h e two ichnogenera a t Stump Beach
are not compatible wi th t h i s i n t e r p r e t a t i o n . Resu l t s
of experiments on t h e escape p o t e n t i a l of Ca l l i anassa
c a l i f o r n i e n s i s suggest t h a t t h e producers of
morpha and Thalass inoides may have been ab le t o with-
s tand  depos i t ion  of t h i c k sands.

A l i n e d burrow

More genera l ly , t h e rocks at Stump Beach were
deposi ted i n deep s e a fan environments wi th abundant
evidence of environmental pe r tu rba t ion  (debr i s  flow,
t u r b i d i t e s ) . This environmental i n s t a b i l i t y would
have l e d t o t h e establ ishment of "physical ly  control-
l e d community" (Sanders, 1969) i n which phys ica l
stress and u n p r e d i c t a b i l i t y would i n h i b i t va r ious eco-
l o g i c a l processes and subsequent development of a d i-
verse community wi th complex i n t e r a c t i o n s between spe-
cies. I n c o n t r a s t , Bodega Harbor sediments are h igh ly
b io tu rba ted and con ta in a d iverse fauna. Here physi-
cal environmental p e r t u r b a t i o n s appear t o be much less
in tense . This has l e d t o t h e apparent development of



a " bio log ica l ly accomodated" community (Sanders,
1969) i n which d i v e r s e  e c o l o g i c a l  i n t e r a c t i o n s are
w e l l developed; t h e  e x i s t e n c e  of t h e s e i n t e r a c t i o n s
has been demonstrated by Ronan (1975) b u t more work
is needed t o e v a l u a t e t h e i r importance.

PALEOECOLOGIC IMPLICATIONS

The degree t o which informat ion about modem
t r a c e s and t h e i r producers is a p p l i c a b l e i n t h e in-
t e r p r e t a t i o n of anc ien t  b iogen ic  s t r u c t u r e s i s not
c l e a r . A s i n d i c a t e d by S e i l a c h e r (1964) and Frey
(1970, 1971) and by t h e pauc i ty of t r a c e f o s s i l ana-
logs f o r Bodega Harbor t r a c e s , t h e r e are severe l i m -
i t a t i o n s t o t h e un i fo rmi ta r i an approach t o
logy. Of t h e 20 animals l i s t e d i n Table 4 , only
about h a l f (11) produce t r a c e s t h a t can be ass igned
conf iden t ly t o an ichnogenus. There is no evidence
t h a t back f i l l e d burrows and t r a c e s wi th s p r e i t e ,
both common i n t h e f o s s i l r ecord , a r e being produced
on t h e Bodega Harbor s a n d f l a t ; as Ronan (1975, 1977)
no ted , t h e polychaetes d i s c a r d f e c a l m a t e r i a l  o u t s i d e  
of t h e i r burrow. Lack of d i r e c t c o r r e l a t i o n between
modern and anc ien t t r a c e s may w e l l be due, i n p a r t ,
t o p r e s e r v a t i o n a l enhancement of b iogen ic s t r u c t u r e s
by d iagenes i s ( S e i l a c h e r , 1964; Frey, 1971).

Although i c h n o l o g i s t s cannot r e l y on d i r e c t com-
par i son  wi th  modern t r a c e s t o i n t e r p r e t t h e ethology
of most trace f o s s i l s , they can use knowledge of t h e
r e l a t i o n s between anatomy, behavior and t r a c e morph-
ology t o develop i n t e r n a l l y c o n s i s t e n t  i n t e r p r e t a-
t i o n s of t h e behavior rep resen ted by i c h n o f o s s i l s .
The l a r g e amount of informat ion compiled about be-
hav io r of animals l i v i n g on and i n sediment and t h e i r
e f f e c t s on t h e sediment by many workers many
papers by Rudolf R i c h t e r , Schaefer , 1972; Frey and
Howard, 1969; Frey, 1970; Howard and Dorjes , 1972;
Dorjes and Hertweck, 1975; Basan and Frey, 1977)
provides a s o l i d  d a t a  base f o r broadly uniformita-
r i a n i n t e r p r e t a t i o n s of anc ien t lebensspuren. I n
a d d i t i o n , d i s t r i b u t i o n a l p a t t e r n s of b i o t u r b a t i o n
and b iogen ic s t r u c t u r e s w i t h i n rock sequences have
been compared wi th  those  i n modem nearshore sed i-
ments; t h e r e s u l t s have a ided i n t h e i n t e r p r e t a t i o n
of t h e anc ien t environments Howard, 1972).

Data about t h e n a t u r a l h i s t o r y , d i s t r i b u t i o n
and s t r u c t u r e s produced by Bodega Harbor t r a c e pro-
ducers g ive new informat ion regard ing
i n t e r p r e t a t i o n s of i n d i v i d u a l t r a c e f o s s i l s and
f a c t o r s  c o n t r o l l i n g  t h e  d i s t r i b u t i o n s of t h e i r pro-
ducers . F i r s t , t h e  r e l a t i o n s h i p  between burrow mor-
phology and feed ing mode is no t c l e a r c u t . Both
depos i t f e e d e r s and suspension feeder s i n h a b i t ver-
t i c a l ( t r a c e and U-shaped burrows
( t r a c e I n h a b i t a n t s of t h e s e
burrow types may tend t o be less mobile than o t h e r
burrowers, and suspension f e e d e r s may tend t o be
sessile (Schopf, bu t t h e r e a r e many depos i t
f e e d e r s and some carn ivores , e s p e c i a l l y po lychae tes ,
which l i v e i n v e r t i c a l burrows (Barnes, 1974). 
Secondly, a c o n s i s t e n t r e l a t i o n s h i p between g r a i n
s i z e of t h e sediment and feeding mode of t h e in fauna
is lacking. The r e l a t i v e l y c lean sands of t h e Bodega
Harbor s a n d f l a t support a d i v e r s e deposi t- feeding as
w e l l as suspension- feeding infauna. Some of t h e most
common suspension f e e d e r s (Upogebia, Macoma nasu ta )
are most abundant i n t h e muddiest areas.
the feeding mode of most animals is no t w e l l under-
stood and many combine feed ing methods.

and n a s u t a feed both  by i n g e s t i n g sediment
and by sucking wate r and suspended m a t e r i a l s through
t h e i r s iphons. C a l l i a n a s s a c a l i f o r n i e n s i s and
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f eed d i f f e r e n t l y , a l though they a r e
c l o s e l y r e l a t e d and morphological ly similar.
behooves pa leoeco log i s t s t o be c a r e f u l i n ass ign ing
feed ing h a b i t s f o r a n a l y s i s of t r o p h i c s t r u c t u r e .

This

F i n a l l y , s tudy of t h e in fauna i n Bodega Harbor
h a s  i n d i c a t e d  t h a t t h e s t r u c t u r e of soft- bottom m a r-
i n e communities i s dependent upon b i o l o g i c a l i n t e r-
a c t i o n s as w e l l as on p h y s i c a l environmental para-
meters. Thus, t h e d i s t r i b u t i o n s of trace f o s s i l s i n
some cases r e f l e c t e c o l o g i c a l as w e l l as phys ica l con-
t r o l s .
f i c u l t o r impossible t o deduce from t h e rock record
t h i s does no t  nega te  e i t h e r t h e importance of these
i n t e r a c t i o n s o r t h e u t i l i t y of t r a c e f o s s i l s i n
environmental and pa leoeco log ica l  r econs t ruc t ions .  
Pa leoeco log i s t s and sed imen to log i s t s should be aware
of t h e s e i n t e r a c t i o n s , should look f o r evidence of
them i n t h e rock record , and use knowledge of t h e i r
importance i n modern communities t o develop more
r e a l i s t i c models of t h e s t r u c t u r e of anc ien t marine
communities and of t h e d i s t r i b u t i o n a l c o n t r o l s of
anc ien t t r a c e s .

Although t h e  b i o l o g i c a l  i n t e r a c t i o n s  are d i f-
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P l a t e 1.

A. Microtopography produced on sediment su r face
by t h e burrowing of Ca l l i anassa

on t h e upper s a n d f l a t .

Drag marks and f i n e d e n d r i t i c t r a c e of
nemertes pe regr ina on t h e sediment su r face .

Ripple marks and b iogen ic s t r u c t u r e s on sed i-
ment su r face . 1. Burrow opening of Urechis

no te surrounding mound of sediment.
2. S t e l l a t e s iphon mark of Macoma s e c t a .
3. Opening of Phoronopsis v i r i d i s burrow.
4. Axio the l l a  rubroc inc ta  burrow opening
surrounded by m a t e r i a l  e j e c t e d  by worm.

B.

C.

D. Specimen of Ca l l i anassa c a l i f o r n i e n s i s about
of n a t u r a l s i z e .

E. Two specimens of t h e e c h i u r i d Urechis caupo;
l a r g e r is approximately 8 inches long.

F. Specimen of t h e polychaete Glycera robus ta .

G. Occurrence of Macoma s e c t a , as ind ica ted by
siphon mark t o t h e l e f t of t h e penny i n bed
of Phoronopsis v i r i d i s . Holes a r e openings
a t t h e  s u r f a c e  of t h e phoronid burrows.

H. 1. Cal l i anassa c a l i f o r n i e n s i s burrow open-
~

2 . Tubes of Axio the l l a  rubroc inc ta  
and surrounding

I. Radiograph of box core taken i n phoronid bed
a f t e r i n t r o d u c t i o n of Macoma s e c t a . Note
t h a t Macoma s e c t a i s e i t h e r v e r t i c a l l y or ien-
t e d (not i ts normal p o s i t i o n ) o r h o r i z o n t a l
a t a shal low depth above t h e tops of t h e
phoronid tubes . (Approximately of a c t u a l
s i z e ; from Ronan, 1975, P l a t e  8 ) .  

Fecal p e l l e t s of c a l i f o r n i e n s i s ; key at
l e f t f o r s c a l e .

K. Re-entry t r a c e of Pro to thaca staminea. A
shallow burrowing b i v a l v e , P. staminae is
e a s i l y exhumed, thus t h e s e a r e f a i r l y
common.

REFERENCES CITED, CONT.

, U t i l i t y of t r a c e f o s s i l s i n
paleoenvironmental i n t e r p r e t a t i o n :  t h e  d i s t r i b u-
t i o n of h iogen ic s t r u c t u r e s i n t h r e e modern and 
anc ien t nearshore environments: Unpuh.
Dissert., UCLA, 373 p.

Osgood, R.G. , 1975, The p a l e o n t o l o g i c a l  s i g n i f i c a n c e  
of t r a c e f o s s i l s , Frey, R.W., The study of
t r a c e f o s s i l s : New York, Springer-Verlag,
p. 87-108.

R.T., 1966, Food web complexity and s p e c i e s
d i v e r s i t y : N a t u r a l i s t , v. 100, p. 65-75.

Pe te r son , C.H., 1978, Competitive o rgan iza t ion of t h e
soft- bottom macrobenthic of southern
C a l i f o r n i a lagoons: Marine Biology, v. 43,
p. 343-360.

P i c k e r i l l , R.K., 1976, Appl icat ion of ichnology t o t h e
s tudy of anc ien t marine b e n t h i c community
ecology: a d i scuss ion and case example: Mari-
t i m e Sed., v. 1 2 , p. 49-52.

Pohl , M.E., 1946, Eco log ica l  obse rva t ions  on





30

A B

P l a t e 2

A. Radiograph of a f i e l d c o l l e c t e d box core con ta in ing t h e biogenic s t r u c t u r e s produced by Notomastus
(Polychaeta; C a p i t e l l i d a e ) .

1977, Fig. 5) .

Biogenic s t r u c t u r e s produced by the polychaetes c r e s c e n t i s ( l e f t ) ,
( r i g h t c e n t e r ) and Nepthys caecodes (arrow a t extreme r i g h t ) .

t r a c t of P e c t i n a r i a shows up as narrow darker zone.
l i g h t e r than under lying sediment; i t w a s t ranspor ted t o t h e sediment s u r f a c e by t h e feeding of
n a r i a c a l i f o r n i e n s i s .

Radiograph of box core c o l l e c t e d from Cal l i anassa bed i n t o which phoronids w e r e t ransp lan ted .
broken phoronid tubes at
rupted t h e phoronid tubes (from Ronan, 1975, P l a t e 12) .

Radiograph of b iogen ic s t r u c t u r e s produced by t h e polychaete Glycera robusta .
w i t h cross- connecting g a l l e r i e s and abrup t ly terminat ing exp lora to ry burrows (from Ronan, 1977,

Fig, 3).

Arrows poin t t o magnus proboscis s t r i k e mark. (From Ronan,

B. P e c t i n a r i a
Sediment wi th in t h e  d i g e s t i v e  

Fine grained sediment at top of radiograph appears 

(Radiograph of f i e l d c o l l e c t e d box core ; from Ronan, 1977, Fig. 4 ) .

C. Note
Cal l i anassa burrows such as and burrow g a l l e r i e s (c) have d i s-

D. Note broadly U-shaped
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