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PREFACE 

This  d e s c r i p t i o n  o f  t he  tidal marshes 
o f  San F r a n c i s c o  Bay i s  p a r t  o f  a  s e r i e s  
o f  p r o f i l e s  concerning coas ta l  h a b l t a t s  of 
t h e  U n i t e d  S ta tes .  I t s  pu rpose  -15 t o  
descr ibe  t h e  s t r u c t u r e  and f u n c t ~ o n i n g  o f  
s a l t  and b r a c k i s h  t i d a l  marshes  I n  San 
F r a n c i s c o  Bay. C o w a r d l n  g a. (1979)  
c l a s s i f y  t h i s  h a b l t a t  as o c c u r r i n g  I n  t h e  
C a l ~ f o r n i a n  province, e s t u a r i n e  sys tem,  
i n t e r t i d a l  subsys tem,  emergen t  w e t l a n d  
c l a s s  and p e r s t s t e n t  subc lass .  Wate r  
r e g i m e s  v a r y  f r o m  r e g u l a r l y  f l o o d e d  t o  
I r r e g u l a r 1  y  f l o o d e d ,  and water  c h e r n ~ s t r y  
i s  b r a c k ~ s h  t o  e u h a l i n e .  I n  a d d i t i o n ,  
some discussion o f  d l  ked hab i  t a t s  1s l n -  
c l uded . 

The p r o f i l e  p r o v ~ d e s  a  use fu l  r e f e r -  
ence t o  t h e  s c i e r i t ~ f i c  i n f o r m a t ~ o n  on t h e  
p l a n t  and anrmal i n h a b i t a n t s  o f  bay t ~ d a l  
marshes, No one habi ta t ,  can be c o n s ~ d e r e d  
t y p l c a l  o f  t ~ d a l  marshes due t o  t h e  es tu -  
a r l n e  sd11n i  t y  g r a d r e n t  I n  San F r a n c i s c o  
Bay. A d i s t r n c t 4 o n  i s  made, however ,  
between s a l t  marshes dominated by P a c i f ~ c  
c o r d g r a s s  ( S p a r t i n a  f o l i o s a )  a n d  
p i c k l e w e e d  ( S a l  i c o r n i  a  v i  r g i n i c a f  and  
b r a c k i s h  marshes  d o m i n a t e d  bv b u l r u s h e s  
(Schx~z spp)  and c a t t a i l s  cm spp). 
Greater  emphasis I n  t h i s  p r o f 1  l e  has been 
p l a c e d  o n  s a l t  marshes because  o f  t h e  
l a r g e r  body  o f  a v a i l a b l e  i n f o r m a t i o n .  
Where ~ c i e t ~ t l f ~ c  ~ n f o r m a t l o n  i s  I ackr  ng, 
an e f f o r t  has been mads t o  ~ n d ~ c a t e  needed 
research o r  t o  propose hypotheses based on 
s ~ m ~  l d r  systems. 

The t n f o r m a t r o n  r n  t h e  p r o f 1  l e  w i l  I 
be use fu l  t o  env~ ronmen ta l  managers, r e -  
sou rce  p l a n n e r s ,  e s t u a r r n e  e c o l o g i s t s ,  

m a r i n e  s c i e n c e  s t u d e n t s ,  and i n t e r e s t e d  
laymen who w i s h  t o  l e a r n  about t h e  my r i ad  
of organisms i n h a b i t i n g  t i d a l  marshes and 
t h e i r  i n t e r r e l a t i o n s h i p s .  The f o r m a t ,  
s t y l e ,  and l e v e l  o f  p r e s e n t a t i o n  s h o u l d  
make t h i s  r e p o r t  adaptable t o  a  d i v e r s i t y  
o f  needs, f r o m  p repa ra t i on  o f  environmen- 
t a  1  assessment  r e p o r t s  t o  s u p p l e m e n t a r y  
read ing  m a t e r i a l  i n  c o l  l ege  ma r i ne  sc ience 
courses. 

The p r o f i l e  inc ludes  a  d e s c r i p t i o n  o f  
t h e  general  l o c a t i o n  and s e t t i n g  (Chapter 
I ) ,  a  summary o f  t h e  g e o l o g i c  c i r c u m -  
s t a n c e s  w h i c h  a r e  r e s p o n s i b l e  f o r  t h e  
f o rma t i on  o f  t h e  bay and i t s  t i d a l  marshes 
(Chap te r  2 ) ,  and an accoun t  o f  t h e  human 
impacts on h ~ s t o r i c  and present-day marsh- 
es (Chapter 3). A d e t a i l e d  d e s c r i p t i o n  o f  
t h e  t i d a l  marsh community i n c l udes  i n f o r -  
mat ion on phys i ca l  a t t r i b u t e s  (Chapter 4). 
p l a n t  s p e c i e s  and t h e i r  d i s t r i b u t i o n  
(Chapter 5), and an imal  i n h a b i t a n t s  (Chap- 
t e r  6). A  s y n t h e s i s  o f  c o m m u n i t y  i n t e r -  
ac t i ons  and processes i s  presented (Chap- 
t e r  7)  and c o n c l u d i n g  r e m a r k s  f o c u s  on  
management i ssues  f o r  t h e  p r e s e r v a t i o n  of 
remarn ing t i d a l  marshes and h a b i t a t  guide- 
l i n e s  f o r  marsh r e s t o r a t i o n  (Chapter 8). 

Any q u e s t i o n s  o r  comments abou t  o r  
r e q u e s t s  f o r  t h i s  pub1 i c a t i o n  shou ld  be  
d i r e c t e d  to: 

I n f o rma t i on  T rans fe r  S p e c i a l i s t  
Na t iona l  Coastal  Eccsystem Team 
U.S. F i s h  and W i l d l i f e  Serv ice  
NASA-Sl i d e l l  Computer Complex 
1010 Gause Boulevard 
Sl i d e l  1, Lou is iana  70458 
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CHAPTER 1  

INTRODUCTION 

San F r a n c i s c o  Bay s i t s  a t  t h e  t e r -  
m inus  of a  g r e a t  d r a i n a g e  sys tem:  t h e  
Sacramento-San Joaquin bas i n  which covers 
40% o f  t h e  land  a rea  o f  C a l i f o r n i a  (F i gu re  
1). Approx imate ly  20 b i l l  i o n  cub i c  mete rs  
o f  f r e s h w a t e r  f l o w  i n t o  t h e  bay  a n n u a l l y  
and m i x  w i t h  s a l t w a t e r  w h i c h  has p a s s e d  
th rough  t h e  Golden Gate from t h e  P a c i f i c .  
The l a r g e s t  con t iguous  t i d a l  marsh system 
on t h e  P a c i f i c  Coast o f  No r t h  America was 
c r e a t e d  o v e r  t h e  l a s t  10,000 y e a r s  b y  t h e  
t i d a l  submergence o f  t h e  bay marg ins  coup- 
l e d  w i t h  s e d i m e n t s  d e p o s i t e d  b y  t h e  
r i v e r s .  A t  t h e  t i m e  o f  European  man's 
a r r i v a l ,  t h e  t i d a l  m a r s h e s  o f  San 
F r a n c i s c o  Bay and t h e  Sacrament;-San 
Joaquin D e l t a  covered over  2200 km more 
than t w i c e  as much area as t h e  open wa te r  
o f  t h e  bay and d e l t a  combined (A twate r  et 
a l .  1979). The c o l o n i z a t i o n  and e v e n t u a l  - 

FIGURE 1. Sacramento-San Joaqu i  n  R i v e r  
d r a i n a g e  s y s t e m  a n d  l o c a t i o n  o f  San 
Franc isco  Bay. 

d e v e l o p m e n t  o f  t h e  b a y  and d e l t a  l e d  t o  
t h e  d e s t r u c t i o n  o f  95% o f  t h i s  h a b i t a t  
l e a v i n g  o n l y  125 km2 o f  t i d a l  marsh. Th i s  
r e p r e s e n t s  o n l y  10Z o f  t h e  c u r r e n t  open  
w a t e r  area.  It w i l l  n e v e r  be known w h a t  
e f f e c t s  such a  t r e m e n d o u s  r e v e r s a l  i n  
r e l a t i v e  a r e a s  o f  m a r s h  and open w a t e r  
have had on t h e  bay ecosystem. 

San F r a n c i s c o  Bay  i s  a  c o n t i n u u m  o f  
ha b i  t a t s  f r o m  deep c h a n n e l  b o t t o m s  t o  
sha l low marsh pools. The communi ty  s t r u c -  
t u r e  v a r i e s  f r o m  t h o s e  a d j a c e n t  t o  t h e  
P a c i f i c  t o  those  b o r d e r i n g  t h e  f r e s h w a t e r  
Sacramento-San Joaquin Delta.  Broad def- 
i n i t i o n s  o f  w e t l a n d s  i n c l u d e  a l l  t h e s e  
h a b i t a t s  ( C o w a r d i n  et d. 1979). More  
r e s t r i c t e d  d e f i  n i  t i  ons  r e q u i r e  t h a t  we t -  
l a n d s  have b o t h  s a t u r a t e d  s e d i m e n t s  and 
vege ta t i on  adapted t o  s a t u r a t e d  c o n d i t i o n s  
( C a l i f .  C o a s t a l  Comm. 1981, US A rmy  Co rps  
of E n g i n e e r s  1977). Wet land,  i n  t h i s  
sense, i s  more a p p l i c a b l e  t o  t he  community 
desc r i bed  here in .  Th i s  p r o f i l e  w i 17 f ocus  
on t h e  vege ta ted  h a b i t a t  between approx i -  
m a t e l y  mean l o w  w a t e r  and e x t r e m e  h i g h  
water, t h e  area commonly r e f e r r e d  t o  as a  
t i d a l  marsh. However, because marshes a r e  
d i s s e c t e d  w i t h  i n t e r n a l  c i r c u l a t i o n  chan- 
n e l  s  and genera l  l y  grade i mpercep t i b l y  t o  
unvegetated mudf l a t s ,  some d i s c u s s i o n  must  
focus on these areas as we1 1. As we s h a l l  
see, p r e c i s e  b o u n d a r i e s  a r e  d i f f i c u l t  t o  
e s t a b l i s h .  

Some a r e a s  can r e t a i  n  w e t 1  and  c h a r -  
a c t e r i s t i c s  even when removed f r o m  t i d a l  
ac t ion .  The t e r m  d i k e d  we t l and  can r e f e r  
t o  'lagoons, v e g e t a t e d  marshes,  and s a l t  
pond s (Bay C o n s e r v a t i o n  and Deve lopmen t  
Commiss i on  1982).  Much l e s s  i s  known 
a b o u t  t h e  e c o l o g y  o f  t h e s e  sys tems  t h a n  
t h e i r  t i d a l  l y  i n f l u e n c e d  coun te rpa r t s  and 
t h e y  wi4 1 be ment ioned here  o n l y  i n  t h e ~ r  
r e l a t i o n s h i p  t o  t i d a l  marshes. T i d a l  



f r eshwa te r  we t l ands  a r e  a l s o  n o t  d iscussed  1  i m i  t e d  marsh h a b i  t a t  b u t  w i  11 b e  some- 
i n  t h i s  p r o f i l e .  B a s i c  d i f f e r e n c e s  i n  t i m e s  r e f e r r e d  t o  i n  r e l a t i o n  t o  more  
s p e c i e s  c o m p o s i t i o n  w a r r a n t  t h e i r  i n c l u -  oceanic  cond i t i ons .  San F ranc i sco  Bay i s  
s i o n  i n  a  separa te  p r o f i l e .  used t o  r e f e r  t o  t h e  e n t i r e  estuary .  

Lack o f  q u a n t i t a t i v e  i n f o r m a t i o n  has 
g r e a t l y  hampered our  a b i l i t y  t o  understand 
t h e  r o l e  o f  t i d a l  m a r s h  o r g a n i s m s  i n  t h e  
o v e r a l l  f u n c t i o n i n g  o f  t h e  bay. H i s t o r i c  
s u r v e y s  c o n c e n t r a t e d  on t h e  organisms of 
p o t e n t i a l  c o m m e r c i a l  s i g n i f i c a n c e  and 
i g n o r e d  t h e  w e t l a n d s  excep t  f o r  purposes 
o f  mapp ing  n a v i g a b l e  w a t e r s  and d e t e r -  
m in i ng  l a n d  g r a n t s  and ownersh ip  (Hedgpeth 
1979 ,  B r i  s c o e  1979 ) .  O n l y  r e c e n t l y ,  
s t u d i e s  have depar ted  from t h e  e c o l o g i c a l  
assumptions d e r i v e d  f rom A t l a n t i c  and Gu l f  
coas t  wet lands and p rov i ded  new in forma-  
t i o n  n e c e s s a r y  t o  u n d e r s t a n d  w e t l a n d  
f u n c t i o n i n g  i n  San Franc isco  Bay. 

The  g e o g r a p h i c  e x t e n t  o f  t h i s  
community p r o f i  l e  i n c l udes  t h e  s a l  i n e  and 
b r a c k i s h  water  we t lands  o f  San Franc isco,  
San Pab lo ,  and Su i sun  Bays  ( F i g u r e  2). 
F requen t l y  these b a s i n s  a r e  c o l  l e c t i v e l  y  
r e f e r r e d  t o  as  t h e  San F r a n c i s c o  Bay 
e s t u a r y .  The t e r m  e s t u a r y  imp1 i e s  a  r e -  
g i o n  where s a l t  and f r e s h w a t e r  mix. A l l  o f  
t he  marshes cons idered  here a r e  i n f l u e n c e d  
by s a l i n e  c o n d i t i o n s  a t  some t i m e  d u r i n g  
t h e  year. The Sacramento-San Joaquin D e l t a  
i s  eas tward  o f  Suisun Bay and o n l y  d u r i n g  
e x t r e m e l y  d r y  y e a r s  does s a l i n e  w a t e r  
in t rude .  I t  i s  genera l  l y  c o n s ~ d e r e d  t i d a l  
f r e s h w a t e r  h a b i t a t .  Fo r  b r e v i t y ,  t h e  te rm 
sou th  bay w i l l  be used t o  r e f e r  t o  marshes 
s o u t h  o f  t h e  c i t y  o f  San F r a n c i s c o  and 
n o r t h  b a y  f o r  a r e a s  t o  t h e  n o r t h  o f  
R i c h m o n d .  The  c e n t r a l  b a y  b e t w e e n  
Richmond, Oak1 and, and San F r a n c i s c o  has  

It i s  t h e  p u r p o s e  o f  t h i s  c o m m u n i t y  
p r o f i l e  t o  r e v i e w  t h e  research  conducted 
i n  San F r a n c i s c o  Bay t i d a l  marshes  and 
p r o v i d e  g r e a t e r  i n s i g h t  t o  t h e i r  u n i q u e  
a t t r i b u t e s .  The i n f o r m a t i o n  p r o v i d e d  
h e r e i n  i s  b o t h  a  c o m p i l a t i o n  a n d  an 
ana lys is .  Un fo r t una te l y ,  t h e r e  a r e  l a r g e  
gaps i n  o u r  knowledge of San Franc isco  Bay 
t i d a l  ma rshes  m a k i n g  i t  d i f f i c u l t  t o  
d e v e l o p  even  q u a l i t a t i v e  models on t h e i r  
f u n c t i o n i n g  and t h e  i n t e r r e l a t i o n s h i p s  o f  
species. Th i s  i s  a  modest beg inn i ng  w i t h  
t h e  hope t h a t  some s t i m u l u s  i s  p r o v i d e d  
f o r  f u r t h e r  work. 

The comp le t i on  o f  t h i s  p r o f i l e  comes 
a t  an oppor tune t i m e  i n  t h e  h i s t o r y  o f  San 
Franc isco  Bay. L e g i s l a t i v e  and r e g u l a t o r y  
a c t i o n s  a r e  s t r i v i n g  t o  p rese rve  e x i s t i n g  
w e t l a n d s  and r e q u i r e  t h e  r e s t o r a t i o n  o f  
f o rme r  marshes. The Bay Conserva t ion  and 
Deve lopmen t  Commiss i on  (BCDC) w h i c h  i s  
cha rged  w i t h  t h e  p r o t e c t i o n  o f  bay  t i d a l  
marshes has s o u g h t  t o  d e v e l o p  methods  t o  
b e t t e r  manage t h e s e  n a t u r a l  r e s o u r c e s  
t h r o u g h  t h e  Su i sun  M a r s h  P r o t e c t i o n  P lan  
(BCDC 1976)  and t h e  D i k e d  We t l ands  S t u d y  
(BCDC 1982). Yet,  management can  o n l y  b e  
as e f f e c t i v e  a s  t h e  d a t a  and r e s e a r c h  o n  
w h i c h  i t  i s  based. Hazardous  was tes ,  
wa te r  d i v e r s i o n ,  and sewage e f f l u e n t s  a r e  
t h e  r e s u l t s  o f  u r b a n i z a t i o n  and d e v e l o p -  
ment w h i c h  p l a c e  new p r e s s u r e s  on t h e  
n a t u r a l  environment.  Understanding t h e i r  
i n f l u e n c e  on t i d a l  we t l ands  r e q u i r e s  f u r -  
t h e r  research, bo th  b a s i c  and app l  ied. 





CHAPTER 2  

PREHISTORIC DEVELOPMENT OF TIDAL MARSHES IN  SAN FRANCISCO BAY 

S a n  F r a n c i s c o  B a y ,  l i k e  m o s t  
es tuar ies .  i s  a  r e l a t i v e l y  r ecen t  geomor- 
pho log i ca l  feature. A1 though i t s  o r i g i n s  
can be t r a c e d  t o  t h e  e a r l y  Pl iocene, about 
10 t o  12 m i  11 i o n  y e a r s  ago, t h e  b a y  as we 
now know i t  has e x i s t e d  f o r  l e s s  t h a n  
10,000 y e a r s  ( A t w a t e r  e t  a l .  1977). The 
e v o l u t i o n  o f  San Franc isco  Bay i s  a  r e s u l t  
o f  a  comp lex  i n t e r p l a y  be tween  t e c t o n i c  
processes and changing sea leve ls .  

L o c a t e d  on t h e  w e s t e r n  edge o f  t h e  
Nor th  American c o n t i n e n t a l  p l a t e ,  t h e  San 
F r a n c i s c o  Bay r e g i o n  has been s t r o n g l y  
i n f l u e n c e d  b y  t h e  e a r t h ' s  c r u s t a l  move- 
ments. The r e l a t i v e l y  r a p i d  h o r i z o n t a l  
movement a long  t h e  San Andreas F a u l t  (10- 
30 m  per  m i l l e n n i u m )  and t h e  s l owe r  v e r t i -  
c a l  movement o f  t h e  coas ta l  ranges (0.5 m  
p e r  m . i l  l e n n i u m )  have c o n t r i b u t e d  g r e a t l y  
t o  t h e  f o r m a t i o n  o f  t h e  b a s i n  c o n t a i n i n g  
t h e  w a t e r s  o f  San F r a n c i s c o  Bay. The 
r e l a t i v e  movements between t h e  two  1  i tho-  
sphe r i c  p l a t e s  a long  t h e  C a l i f o r n i a  coas t  
have a l t e r n a t e d  be tween  s u b d u c t i o n  and 
l a t e r a l  movement. The fo rmer  process has 
c o n t r i  b u t ~ d  a d d i  t i o n a l  r o c k  and c r u s t a l  
m a t e r i a l  t o  t h e  c o n t i n e n t a l  p l a t e  w h i l e  
t h e  l a t t e r  has i n f l u e n c e d  t h e  b a s i n  mor-  
p h o l o g y  a t  t h e  e n t r a n c e  o f  San F r a n c i s c o  
Bay ( A t w a t e r  1979). U p l i f t e d  m a r i n e  and 
e s t u a r i n e  s e d i m e n t s  p r o v i d e  f u r t h e r  ev i - -  
dence  o f  t h e  v a r i a t i o n  i n  t h e  s i z e  o f  t h e  
b a s i n  and t h e  p r e v i o u s  c o n n e c t  i o n s  w i t h  
t he  P a c i f i c  Ocean. 

The p r e s e n t  b a s i n  was f o rmed  d u r i n g  
t h e  l a t e  P l  iocene p e r i o d  (approx imate ly  10 
m ? l l i o n  years  ago) a f t e r  a  p e r i o d  o f  acu te  
f o l d i n g  a n d  a s s o c i a t e d  f a u l t i n g  
(Louderback 1951 ). T h i s  p e r i o d  o f  i n t ense  
de fo rmat ion  a l s o  i n f l u e n c e d  t he  d r a i n a g e  
p a t t e r n s  o f  t h e  g r e a t  C e n t r a l  V a l l e y  t o  
t h e  eas t ,  t h e n  a  l a r g e  m a r i n e  entbayment. 
A s t r u c t u r a l  d e p r e s s i o n  i n  t h e  C o a s t a l  

Ranges i n  t h e  v i c i n i t y  o f  Suisun Bay even- 
t u a l  l y  p r o v i d e d  t h e  passage  f o r  exchange  
b e t w e e n  t h e  i n t e r i o r  v a l l e y  a n d  t h e  
P a c i f i c .  Th is  narrow opening (0.75 km) i s  
now c a l l e d  t he  Carquinez S t r a i t s .  Bor ings  
f o r  b r i d g e  p i e r s  t h a t  h a v e  ex tended  t o  
bedrock i n d i c a t e  t h a t  r i v e r s  e n t e r i n g  t h e  
San P a b l o  Bay B a s i n  f l o w e d  o v e r  g r o u n d  
t h a t  i s  c u r r e n t l y  4 5  t o  6 0  m b e l o w  s e a  
l e v e l  and o u t  t h r o u g h  t h e  Go lden  Gate  a t  
a p p r o x i m a t e l y  120 m  b e l o w  p r e s e n t  sea  
l e v e l .  

The canyons eroded by t h e  p r e h i s t o r i c  
r i v e r s  w e r e  t r a v e r s e d  b y  n u m e r o u s  
no r t hwes t  t r e n d i n g  r idges,  t h e  h i g h e s t  of  
w h i c h  now p r o t r u d e  above t h e  s u r f a c e  a s  
is lands:  Angel, A lca t raz ,  Yerba Buena, and 
Red Rock. The u p l i f t i n g  o f  t h e  B e r k e l e y  
H i  11s. w i t h  s t r o n g l y  f o l d e d  sediments o f  
t h e  P l i o c e n e  a t  t h e i r  summi t ,  c o m p l e t e d  
t h e  ma jo r  geo log i c  processes c o n t r i b u t i n g  
t o  t h e  g r e a t  b a s i n  now k n o w n  as  S a n  
F r a n c i s c o  Bay. 

The San F r a n c ~ s c o  Bay E s t u a r y  i s  a  
d rowned r i v e r  v a l l e y .  E v i d e n c e  f r o m  
b o r i n g s  i n d i c a t e  t h a t  t h e  b a s i n  was t h e  
s i t e  o f  a t  l e a s t  t h r e e  ephemeral e s t u a r i e s  
o v e r  t h e  p a s t  1  m i l l i o n  y e a r s  (Ross 1977, 
A twa te r  1979). Whi le  e a r l y  argument cen- 
t e r e d  a r o u n d  t h e  o c c u r r e n c e  o f  t e c t o n i c  
movements by t h e  l a n d ,  Loude rback  (1951 ) 
recogn ized  t h e  s i g n i f i c a n c e  o f  r i s i n g  sea 
l e v e l  due t o  g l a c i a l  m e l t i n g  as r e s p o n -  
s i b l e  f o r  t h e  f o r m a t i o n  o f  t h e s e  
e s t u a r i e s .  The c u r r e n t  p e r i o d  o f  i n u n -  
d a t i o n  b e g a n  a p p r o x i m a t e l y  10,000 t o  
1 1 , 0 0 0  y e a r s  a g o  ( A t w a t e r  et G. 
7979) (F igure  3). The i n i t i a l  r i s e  j n  sea  
l e v e l  was r a p i d ,  a d v a n c i n g  a l o n g  t h e  
v a l l e y  f l o o r  i n  t h e  south bas i n  a lmos t  30 
m / ~ e a r .  D e p o s i t i o n a l  p r o c e s s e s  i n  t h e  
f looded v a l l e y s  c o n t r i b u t e d  a l l u v i a l  sand, 
s i  It, g r a v e l ,  and c l a y  t o  t h e  s e d i m e n t s  



i i g u r e  3. Es t imated  high t i d e  sharelines based on rstc o f  sea level r i s e  i n  
southern San F r a n c i s c o  Bay ( A t w a t e r  e t  a l .  1977) and c u r r e n t  bay  bathyme- 
t r y  ( m o d i f i e d  f r o m  H e l l e y  e t  a i .  1979). 



u n d e r l y i n g  t h e  bay. The d e p o s i t s  o f  t h e  
l a t e s t  t r a n s g r e s s i o n  o f  t h e  sea a r e  r e -  
f e r r e d  t o  as "younger  bay  mud" ( T r e a s h e r  
1963) and r a n g e  i n  t h i c k n e s s  f r o m  0  t o  3 0  
m. Radiocarbon d a t i n g  f r o m  samples i n  t h e  
younge r  b a y  mud i n d i c a t e s  an age o f  be -  
tween  7,360 t o  2,420 y e a r s  b e f o r e  p r e s e n t  
( S t o r e y  et d. 1966). 

A  marked  dec rease  i n  t h e  r a t e  o f  sea 
l e v e l  r i s e  occur red  approx imate ly  7,000 t o  
6,000 y e a r s  ago. A t  t h i s  t i m e ,  s e a w a t e r  
began f l o w i n g  o v e r  e x t e n s i v e  f l a t l a n d  
d e p o s i t s  i n  t h e  s o u t h  bay, as we1 1  a s  
i n v a d i n g  t h e  S u i s u n  B a s i n  v i a  t h e  
C a r q u i  nez S t r a i  t s .  E v e n t u a l  ly ,  sedimen- 
t a t i o n  r a t e s  exceeded t h e  sea l e v e l  r i s e  
o f  0.1 t o  0.2 c m / y r  and e x t e n s i v e  i n t e r -  
t i d a l  m u d f l a t s  developed. Du r i ng  t h e  p a s t  
severa l  thousand years, bayward g row th  of 
marshes has  o c c u r r e d  as  e v i d e n c e d  by t h e  
p r e s e n c e  o f  c h a r a c t e r i s t i c  s u b t i d a l  
depos i t s  u n d e r l y i n g  s a l t  marshes (A twa te r  
e t  al .  1977). The maximum e x t e n t  o f  t i d a l  -- 
marshes was documented  by t h e  U n i t e d  
S ta tes  Coast and Geodet ic Survey (USC&GS) 
between 1850 and 1897. To ta l  acreage f o r  
marshes s u r r o u n d i n g  San F r a n c i s c o ,  San 
Pab lo ,  and Su i sun  Bays p r o b a b l y  exceeded  
800 km "G il b e r t  191 7). The Sacramento -  
San Joaquin D e l t a  con ta ined  an a d d i t i o n a l  
1400 km b f  t i d a l  f r eshwa te r  marshes. 

F o s s i l  ev idence i n  sediments and t h e  
middens o f  a b o r i g i n a l  man p r o v i d e  t h e  o n l y  
evidence o f  t h e  p r e h i s t o r i c  na tu re  o f  t h e  
bay  f l o r a  and fauna. P r i o r  t o  t h e  mos t  
r e c e n t  f l o o d i n g  o f  t h e  b a s i n ,  p l a n t  f o s -  
s i l s  i n d i c a t e  a  cool,  we t  c l i m a t e  ex i s t ed ,  
w i t h  f o r e s t s  dominated by cedar  and Doug- 
l a s  f i r .  A s s o c i a t e d  a n i m a l s  i n c l u d e d  
camels ,  b i s o n ,  ho r ses ,  s l o t h s ,  and mam- 
moths. F r e s h w a t e r  marsh  s e d i m e n t s  con-  
t a i n i n g  p o s s i b l e  b u l  r u s h  ( S c i r p u s )  seeds 
have been f o u n d  on t h e  b e d r o c k  v a l l e y  
f l o o r .  The r a p i d  r i s e  i n  sea  l e v e l  f r o m  
11,000 t o  7,000 y e a r s  ago p r o b a b l y  p r e -  
c l u d e d  any  e x t e n s i v e  s a l t  o r  b r a c k i s h  
marsh  deve lopment .  The e a r l i e s t  d a t e d  
c o r e  s a m p l e  c o n t a i n i n g  f o s s i  1 1  zed  s a l t  
marsh  p l a n t  r o o t s  j s  8,300 y e a r s  o l d  
( A t w a t e r  e t  a l .  1977) (Tab le  1). None o f  
t h e  r o o t s  we re  p o s i t i v e l y  i d e n t i f i e d .  
Most  r e s e m b l e d  t h e  s m a l l  r o o t s  and r h l -  
zomes  o f  t h e  p r e s e n t  d a y  h i g h  m a r s h  

p lan ts :  p i ck leweed ( S a l i c o r n i  a  v i r g i  n i  c a )  
and s a l t g r a s s  ( D i s t i c h l i s  s p i c a t a ) .  I n  
a d d i t i o n ,  t h e y  n o t e d  a  change  i n  t h e  d i a -  
tom compos i t i on ,  f rom a  dominant f r e s h  and 
b r a c k i s h  wa te r  assemblage t o  one composed 
p r i m a r i  l y  o f  mar ine forms. 

Human h a b i t a t i o n  o f  t h e  San Franc isco  
Bay a r e a  p r o v i d e s  f u r t h e r  e v i d e n c e  o f  
p r e h i s t o r i c  sho re1  i n e s  and a s s o c i a t e d  
f l o r a  and fauna. Many t r i b e s  o c c u p i e d  
s i t e s  a l o n g  t h e  bay  s h o r e l i n e  and de-  
p o s i t e d  i t e m s  o f  t h e i r  f o o d  and c u l t u r e  
i n t o  l a r g e  s h e l l  mounds c a l l e d  middens.  
G i f f o r d  (1916)  d e s c r i b e d  425 m iddens  i n  
t h e  b a y  a r e a ,  t h e  l a r g e s t  a t  E l l i s  
Landing, near Richmond. I t measured 14 m 
x 7 m and was ove r  9  m deep, g i v i n g  an 
e s t i m a t e d  p e r i o d  o f  o c c u p a t i o n  o f  3,500 
years. I n  a d d i t i o n  t o  t o o l s  and human re -  
mains, t h e  midden con ta ined  l a r g e  quan t i -  
t i e s  o f  she1 1s i d e n t i f i e d  as m u s s e l s  
( M y t i l u s  edu l i s ) ,  o y s t e r s  (Ost rea l u r i d a ) ,  
and ben t -nosed  c l a m s  (Macoma nasu ta ) .  
Archaeolog. ists have  1  ong been  i n t e r e s t e d  
i n  r e p l a c e m e n t  o f  t h e  n a t i v e  o y s t e r  (2. 
l u r i d a ) ,  a  h a r d  s u b s t r a t e  b i v a l v e ,  b y  t h e  
ben t -nosed  c l a m  (M. nasu ta ) ,  a  m u d f l a t  
d w e l l i n g  organism, i n  t he  upper l e v e l s  o f  
t h e  middens. The middens  were  l o c a t e d  
i n i t i a l l y  on g r a v e l l y  beds n e a r  c r e e k  
d ischarges  and a re  now p a r t i a l l y  submerged 
under bay mud. I t  i s  p o s s i b l e  t h a t  as sea 
l e v e l  rose, a1 l u v i a l  d e p o s i t i o n  o f  coarse 
p a r t i c l e s  occurred f u r t h e r  upstream, i s o -  
l a t i n g  t h e  she1 1  mounds i n  a  f i n e r  deposi-  
t i o n a l  e n v i  ronment. 

E u r o p e a n  e x p l o r e r s  d e s c r i b e d  t h e  
b e a u t y  o f  t h e  n a t u r a l  h a r b o r  a f f o r d e d  b y  
t h e  bay  and t h e  abundance o f  t i m b e r ,  
p o t e n t i a l  f a r m l a n d ,  and p l e n t i f u l  w i  l d -  
l i f e ,  b u t  p a i d  l i t t l e  a t t e n t i o n  t o  t h e  
bo rde r i ng  wet lands. E a r l y  p a i n t i n g s  (F i g -  
u r e  4) p r o v i d e  some idea o f  t h e  appearance 
o f  bay t i d a l  marshes. G i l b e r t  (1917), t h e  
fi r s  t t o  document  t h e  tremendous changes 
i n f l i c t e d  on t h e  bay, b r i e f l y  d e s c r i b e d  
t h e  t y p i c a l  marsh as "a p l a i n  t r ave r sed  by 
a  b r a n c h i n g  s y s t e m  o f  s l o u g h s t t  and men- 
t i o n e d  t h e  p r e s e n c e  o f  t u l e s  and c o r d -  
g rass .  U n f o r t u n a t e l y ,  p r e s e n t  d a y  t i d a l  
w e t l a n d s  h a v e  been g r e a t l y  i m p a c t e d  b y  
a n t h r o p o g e n i  c  i n f l u e n c e s  and we can now 
o n l y  i n f e r  how p r e h i s t o r i c  marshes ap- 
peared and funct ioned.  



Table 1. Age and d e s c r i p t i o n  o f  f o s s i l  deposi ts  from boreholes i n  south San Francisco 
Bay (adapted from Atwater e t  a1 . 1977). Wetland type determined by comparison t o  
present-day r o o t  p r o f i l e s .  E leva t i on  a t  t ime o f  depos i t ion  est imated based on analogy 
w i t h  present-day v e r t i c a l  d i s t r i b u t i o n s  of p l a n t s  and animals. 

Depth i n  
Distance r e l a t i o n  E levat ion  Wetland Date 
from t o  c u r r e n t  a t  t ime of type a t  before 
G.G. mean sea depos i t ion  t ime o f  1950 
Br idge Borehole l e v e l  (m) (m) Foss i l s  depos i t ion  (years) 

50 km Dumbarton -7.9 +1.0 forams, pennate sa1 t 3,360 
Bridge-mai n diatoms 
channel 

37 km San Mateo -6.6 -0.5 p l a n t  d e t r i t u s ,  mud f l a t  
B r i  dge- 0s t r e a  
Hayward 
s i d e  

22 km Alameda -11.8 +O. 7 p l a n t  r o o t s  sa1 t marsh 
i n  growth 
pos i t i ons ,  
forams, pennate 
diatoms 

10 km no r th  -21.0 +O. 7 p l a n t  r o o t s  s a l t  marsh 8,293 
p o r t i o n  of i n  growth 
south bay p o s i t i o n s  , 
-main forams, pennate 
channel diatoms 

17 km o f f  Hunters -37.5 +4.0 p l a n t  roo ts ,  f reshwater  9,280 
Point,  San Scripus seeds 
Francisco 



F i g u r e  4. Napa marshes  and Mount  T a m a l p a i s  by W i  11 iam M a r p l e ,  1869 ( C o u r t e s y  o f  
C a l i f o r n i a  H i s t o r i c a l  Soc ie ty) .  



CHAPTER 3 

HISTORIC, PRESENT, AND FUTURE MODIFICATIONS OF TIDAL MARSHES 

The recorded h l s t o r y  of t ~ d a l  marshes 
r n  San F ranc?  s co  Bay s p a n s  o n l y  a  b r i e f  
period o f  t lme .  Dl$covered  i n  1769, t h e  
bay was l ~ t t l e  e x p l o r e d  t int11 50 y e a r s  
l a t e r  when n a t u r a l  ~ s t s  and car tographers  
began I n v e r t  l g a t i n g  t h e  sho re1  l n e s  and 
tnland water rou tes  (Hedgpeth 1979). Un- 
doubtedly, they observed extensive marsh- 
lands u n d ~ s t u r b e d  by t he  aborl ina l  ~nhdb-  
I t s n t s  except  f o r  i so l a t ed  m lidens. The 
r ~ ~ a r s f r l a n d s  were pr rn ia r i ly  consrdered f o r  
t h c l r  ligrrculturcll p o t e r t t ~ a l  dnd abunddrrt 
w l  I d  l I f ~ .  The p o s s ~ b ~  1 1 C ~ e s  f o r  commer- 
C I ~ I  and r n d u s t r ~ a l  uses became more s i g -  
n i  f   cant f o l  lowing  t h e  p o p u l a t ~ o n  boom 
b r o u g h t  by  t h e  Gold R I I S ~  e r a  i n  t h e  
1850's. Thcse p e r c e p t ~ o n s  d ~ c t a t e d  t h e  
a c t i v l t 1 c s  t h a t  took p lace  in  the  marshes 
over  t h e  n e x t  150 y e a r s ,  a  p e r l o d  w h ~ c h  
W I  t n e s s e d  an a c c e l  e r a t  1n8 l o s s  o f  t i d a l  
w e t l a n d s .  l i n d o r s t a n d ~  rig t h e  e c o l o g i c a 1  
p r o c e s s e s  o c c u r r r  ng I rr t h e  rema I n 1  ng 
nra r s  he s  r e q  u I r e  s  some bdckground on pas t  
~mpac t s .  

3.1 EARLY tiIST0RlC COMDiTION OF T I D A L  
MARSHES 

The e a r l y  s u r v e y s  by t h e  USG&ES 
rftirlng rho 1850-10 's  p r n v ~ d e  a  b a s e l ~ n e  
d g s ~ . t r t w h ~ c h  m a r s h  l o s s e s  car1 be  
nredsiired. These s u r v e y s  have  r e c e n t 1  y  
been r ecomp~led  and mapped by bi~chols  and 
Mrlght (1971) and show t r emendous  d e t a i  1 
i n  t he  f e a t u r e s  of t he  wetlands ~ n c l u d ~ n g  
s l o u g h s ,  ponds, and n d t u r a l  s a l t  ponds. 
The maps p r o v i d e  s u f f ~ c ~ e n t  detaarl t o  
follow mndlf t c a t ~ o n s  j r t  d r a ~ n a g e  p a t t e r n s ,  
morgh r j l og~ca  1 chdnges  due t o  eroslon and 
a c c r e t i o r i ,  and e n c r o a c h n e n t  o f  up1 and 
t~ l!s o v e r  f o r m e r  rnarmiane ( ~ e e  Atwater 
e t  g-. 1979:  F i g  53. A t w a t e r  et c. - 
( 1 9 7 9 )  d e t e r m i n e d  t h a t  o f  t h e  r e m a l n l n g  

tidal marsh ( ~ n c l u d i n g  t he  de l t a ) ,  only 85 
kni-represents marsh t h a t  was I n  e x ~ s t e n c e  
~n 1 6 5 0 ;  t h e  r e s t  ( 40  km" h a s  been  
c r e a t e d  t h r o u g h  new s e d r m e n t a t ~ o n .  
Addrtional acreage has been added r ecen t ly  
due t o  r e s t o r a t ~ o n  a c t i v i t i e s  (see Chapter 
8) and t he  presen t  ex t en t  of t i d a l  marshes 
7s mapped  ? n  F l g u r e  5. The u p l a n d  
boundary s f  t h e  e a r l y  s u r v e y s  was d e t e r -  
m i n e d  a t  " t h e  d . r v . l d i n g  l l n e  b e t w e e n  
marshland and f a s t  o r  upland" o r  approxi- 
ma t e l y  '"he p e n e t r a t  Ion o f  t h e  h ~ g h e s t  
t ides"  (Shalowitz  1964). This vague de f l -  
n l t l o n  h a s  caused  c o n s ~ d e r a b l e  d i s p u t e  
ove r  h i s t o r l c  w e t l a n d  b o u n d a r ~ e s  w l t h ~ n  
the cou r t s  and among land owners, survey- 
o r s ,  and b i o l o g i s t s .  Although .it may b e  
one measure of j u r 1 s d 7 c t l o n a l  e x t e n t  f o r  
f e d e r a l  and s t a t e  agencies, many o t h e r  
f a c t o r s  m u s t  b e  weighed I n  r e a c h i n g  a  
f l n a ?  d e c ~ s i o n  ( B r i s c o e  1979). BCDC ha s  
used t h i s  boundary t o  e s t rma te  diked wet- 
land land use (BCDC 1962). 

The e a r l y  Impact  of t h e  European 
c o l o r ~ i z e r s  was large1 y  i n  t h e  c e n t r a l  bay 
i n  t h e  r e g l o n  of Yerba Buena (now San 
F r a n c i s c o ) ,  The c a v e s  a long  t h e  e a s t e r n  
edge of  t h e  p e n n a s u l a  p rov ided  dock ing  
f a c l l i  t i e s  and were developed by t he  e a r l y  
s e t t l e r s  f o r  r a s l d e n t ~  a1 and c o m r n e r c ~ a i  
u s e s .  M T  1 1  t a r y  a n d  s h l p b u ~  Id  ~ n g  
a c t  I v 7  t , e s  requ? red lumber. Landings were 
c o n s t r u c t e d  a c r o s s  some marsh1 ands t o  
t r anspo r t  redwoods t o  t he  P re s ld io  a t  t he  
Golden G a t e  and Yerba Buena ( F i g u r e  6). 
S p a n ~ s h  and Mexican l a n d  g r a n t s  i n c l u d e d  
wetlands, but most landowrlers made 1 i t t l e  
use of them. 

Thy & i d  R u s h  f a t  :i; j; i~g 1849 end 
s t a t e h o o d  F o r  C a l ~ f o r n ~ a  ~n 1 8 5 0  
a c c e l e r a t e d  c h a n g e s  i n  t h e  bay a r e a .  



F igu re  5. H i s t o r ~ c  and p resen t  e x t e n t  o f  t i d a l  we t lands  i n  San Franc isco,  
San Pablo, and Suisun Bays. The innermos t  l i n e  represen ts  h i s t o r i c  h igh 
w a t e r  mark (see F ~ g u r e  3). Numbers r e f e r  t o  t - ic i r t l  marshes descr ibed  i n  
T a b l e  3. Some areas a re  t o o  sma l l  t o  be r e p r e s e n t e d  on  map ( M o d i f i e d  
f r o m  A t w a t e r  e t  a l .  1979, Jones  and S tokes  Assoc. 1979, and BCDC 1982). 



F i g u r e  6. Map o f  San F r a n c i s c o  Bay by Don J o s e  Can i za res ,  s h o w i n g  a reas  o f  f o r e s t  
c o v e r  (1776). Go lden  Ga te  a t  b o t t o m  o f  map, S u i s u n  Bay a t  top. S m a l l  t r e e  symbo l s  
i n d i c a t e  wood l o t s  (Cour tesy o f  Banc ro f t  Museum, U n i v e r s i t y  o f  Gal i f o r n i a ) .  

Marshes, once shunned, now c o u l d  be bought easement  f o r  t h e  p u b l i c  t r u s t  w h i c h  was 
and s o l d  a t  h i g h  p r o f i t s  b y  s p e c u l a t o r s .  h e l d  by t h e  s t a t e .  The p u b l i c  t r u s t  a t  
Lands de te rmined  as swamp-and-overf l o w e d  t h e  t i  me p r i  m a r i  l y  d e a l t  w i t h  uses f o r  
l a n d s  ( n o n - t i d a l  w e t l a n d s )  were r e l eased  n a v i g a t i o n  and commerce. Land  s u r v e y s  
f rom any f u t u r e  p u b l i c  t r u s t  and t i d e l a n d s  were o f t e n  i n a c c u r a t e  and f r equen t l y  i n -  
( l a n d  b e l o w  t h e  " o r d i n a r y  h i g h  w a t e r  c l u d e d  t i d a l  w e t l a n d s  as up land.  As a  
mark") c o u l d  b e  s o l d  b u t  s u b j e c t  t o  a n  r e s u l t ,  t i d a l  marshes were f i l l e d  i n  areas 



t h a t  s h o u l d  have r e m a i n e d  i n  t h e  p u b l i c  
tr us t ( B r  i scoe 1979). 

3.2 AGRICULTURE AND SALT PRODUCTION 

A t  f i r s t ,  t h e  m o s t  e x t e n s i v e  use o f  
t i d a l  w e t l a n d s  was f o r  a g r i c u l t u r e .  The 
l e s s  s a l i n e  s o i l s  o f  t h e  d e l t a  i s l a n d s  
were  f i r s t  c l e a r e d  o f  n a t i v e  v e g e t a t i o n  
and p r o t e c t e d  f r o m  f l o o d i n g  b y  p l a c i n g  
a d d i t i o n a l  m a t e r i a l  on t h e  e x i s t i n g  
n a t u r a l  l evees .  The r i c h  o r g a n i c  s o i l s  
suppor ted a  d i v e r s i f i e d  a g r i c u l t u r e .  The 
more s a l i n e  s o i l s  s u r r o u n d i n g  Suisun and 
San Pablo Bays were a l s o  diked, l a r g e l y  t o  
p r o v i d e  land  f o r  g r a z i n g  and some ce rea l  
g r a i n s  and row crops. The p e r i o d  o f  most  
r a p i d  d i k i n g  o c c u r r e d  be tween  1860 and 
1910. Today, o n l y  t h e  a g r i c u l t u r a l  lands 
i n  t h e  d e l t a  s t i l l  s u p p o r t  v e g e t a b l e  and 
g r a i n  crops; t h o s e  s u r r o u n d i n g  San P a b l o  
and S u i s u n  Bays  a r e  used f o r  s e a s o n a l  
g r a z i n g  l a n d s  o r  p r o v i d e  f o d d e r  t o  l o c a l  
d a i r i e s .  A r e c e n t  s u r v e y  o f  d i k e d  l a n d s  
( e x c l u d i n  s a l t  ponds) es t ima ted  t h a t  63% 
a r e  now 'cul t i  vated/up l  and" (BCDC 1982). 

The t i d a l  marshes o f  t h e  south bay had 
s a l i n e  s o i l s ,  l a c k e d  r e d d i  l y  a v a l  l a b l e  
1 r r i g a t . 1  on w a t e r ,  artd e x p e r ~ e n c e d  h i g h  
evapo ra t l on  r a t e s  d u r i n g  t h e  summer making 
a g r l c u  l t u r e  l e s s  f e a s - i b l e .  H o w e v e r ,  
ex tens i ve  n a t u r a l  c r y s t a l  1 i z i n g  ponds sug- 
ges ted  ano ther  use: s a l t  p r o d u c t ~ o n .  The 
f i r s t  l o c a l l y  p roduced  s a l t  was marketed 
i n  1856 and by t h e  l a t e  18001s, extensive 
l a n d s  we re  d i k e d  b y  s m a l l  companies t o  
produce s a l t  i n  evapora t ion  ponds. By t h e  
1930is, ove r  160 km-ad been d i ked  I n  t h e  
s a t l t h  b a y  f o r  s d l t  p r o d u c t ~ o n  ( F i g u r e  7). 
A 1  though t n i t i a l  l y  under taken by indepen- 
den t  companies, s a l t  p roduc t i on  was even- 
t u a l  l y  c o n t r o l l e d  by t h e  i e s l  te S a l t  Co. 
t h r o u g h  me rge rs  and acqu-i s i  t ~ o n s .  The 
company expanded i t s  opera t ions  t o  the San 
Pablo BLy 2n 1952 when 11. purchased 45 km' 
of d i  ked a g r ~ c u l t u r a l  l a n d  and c o n v e r t e d  
1 t  t o  s o l a r  evapo ra t l on  ponds. Sa I t  p ro -  
duced l n  San Franc isco  Bay t o t a l s  approx i -  
m a t e l y  2 m i l l ~ o n  t o n s  a n n u a l l y ,  b u t  i s  
h i g h l y  dependen t  on t h e  wea the r  c o n d i  - 
t i o n s  o v e r  t h e  5-7 y e a r s  n e c e s s a r y  t o  
e v a p o r a t e  t h e  bay  w a t e r .  USFWS r e c e n t 1  y 
pgrchased 62 k m h f  s a l t  ponds frorn L e s l ~ e  
S a l t ,  p r i m a r i l y  i n  t h e  s o u t h  bay. The 
ponds a l o n g  w i t h  o u t e r  t ~ d a l  w e t l a n d s  

F i g u r e  7. A e r i a l  pho tog raph  o f  d i k e d  
lands i n  south San Franc isco  Bay. Several  
a reas  i n  a c t i v e  use as s a l t  e v a p o r a t i o n  
ponds; o thers  are d ra ined  showing ! i i s t o r i c  
s lough system. 

c o m p r i s e  t h e  San F r a n c i s c o  Bay N a t i o n a l  
M i  l d l i f e  Refuge h e a d q u a r t e d  i n  Newark.  
Cal i forn-ia. The t r a n s f e r  o f  land inc luded  
a  c l a u s e  a l l o w i n g  L e s l i e  S a l t  Go. t o  con -  
t i n u e  ope ra t i ng  the  ponds f o r  s a l t  produc- 
t i o n  u n t i  1  such  t i m e  as t h e  company goes  
o u t  o f  bus i ness .  USFWS niay t h e n  manage 
t h e  l a n d  as - i t  sees f i t .  

3.3 HYDRAllLIC M I N I N G  D E B R I S  

As t i d a l  marshes we re  l o s t  t h r o u g h  
d l  k i ng ,  new w e t l a n d s  we re  b e ~ n g  c r e a t e d  
through -increased sed in~en ta t ion .  The most 
drarnat7c changes o c c u r r e d  d u r i n g  t h e  
p e r ~ o d  o f  h y d r a u l i c  rn in lng f o r  g o l d  ~ n  t h e  
S l  e r r a  Nevada ( 1  855-1884). L a r g e  w a t e r  
guns we re  used t o  wash ove rbu rden  and 
g o l d - c o n t a i n ~ n g  d e p o s i t s  t h r o u g h  s l u l  ce -  
ways, The s e d ~ m e n t s  f l owed  i n t o  streams 
and r ; v e r s ,  s r n o t h e r ~ n g  f l  sh  h a t c h e r y  



a r e a s ,  i n t e r f e r i n g  w i t h  n a v i g a t i o n ,  and 
caus ing  ex t ens ive  f l ood ing  by r a i s i n g  t he  
r i v e r  bed above t h e  n a t u r a l  l e v e e s .  The 
f i n e  s e d i m e n t s  r eached  S u i s u n  and San 
Pab lo  Bays c a u s i n g  w i d e s p r e a d  s h o a l  i n g  
( G i l b e r t  1917). Court i n j u n c t i o n s  brought 
by f a rmer s  stopped t h e  p r a c t i c e ,  but sed i -  
ments probably continued t o  accumulate  in  
t h e  bay t h r o u g h  t h e  e a r l y  2 0 t h  c e n t u r y .  
Smi th  (1965) and Krone (1979) e s t i m a t e d  
s e d i m e n t  accumu l a t i  ons dur ing  t he  per iod  
1870-1950 based on b a t h y m e t r y  c h a n g e s  i n  
each basin. Approximately 49 x  106 m3 of 
sediment  accumulated in Suisun Bay between 
1870 and 1896,  and 138 x  106  m 3  accumu- 
l a t e d  i n  San Pab lo  Bay. T h i s  compares  t o  
a  n e t  e r o s i o n  i n  Suisun  Bay o f  3.6 x  106 
m3 i n  t h e  mos t  r e c e n t  p e r i o d  (1  923-1950) 
and a  s l i g h t  accumulation of 13.2 x  106 m3 
i n  San Pab lo  Bay. Thus, r e c e n t  d e p o s i t s  
amount t o  o n l y  10X o f  t h a t  d u r i n g  t h e  
hydraul i c  mining period. 

The amount  d e p o s i t e d  d u r i n g  t h e  
hyd rau l i c  mining period averaged 6.9 x  106 
m3/yr. This i s  t he  same o rde r  of  magnitude 
a s  p r e s e n t  d a y  d r e d g i n g  o p e r a t i o n s  ( 8  x  
106 m 3 / y r ) ( S u s t a r  1982). The p r i m a r y  
d i f f e r e n c e  i s  t h a t  d r e d g e  s p o i l  i s  
depos i ted  in  deep a r e a s  of t he  bay whereas 
t h e  h y d r a u l i c  min ing  d e b r i s  a c c u m u l a t e d  
a round t h e  edges .  A t w a t e r  _al. (1979) 
e s t ima ted  t h a t  approximately 75 k m  of new 
t i d a l  marsh we re  c r e a t e d  d u r i n g  t h i s  pe- 
r i o d  i n c l u d i n g  l a r g e  p o r t i o n s  in  G r i z z l y  
Bay ( i n  Suisun  Bay), Mare I s l a n d ,  and t h e  
w e s t e r n  edge o f  San P a b l o  Bay. Approxi -  
m a t e l y  35 k m 2  of t h i s  "new" marsh  have  
s i n c e  been d i  ked. 

3.4 WATER DIVERSION 

As r a p i d l y  a s  d i k e s  we re  e r e c t e d  
a r o u n d  w e t l a n d s  and  a s  h y d r a u l i c  
mining d e b r i s  a c c u m u l a t e d  i n  t h e  bay ,  
f r e s h w a t e r  s o u r c e s  f o r  t h e  bay  and i t s  
mar shes  were  b e i n g  d i  ver ted.  I r r i g a t i o n  
water  f o r  a g r i c u l t u r e  and domest ic  wa te r  
f o r  c i t i e s  j u s t i f i e d  t h e  deve lopmen t  of  
ex t ens ive  wa te r  management systems during 
t h e  e a r l y  p a r t  o f  t h e  20 th  c e n t u r y  (Kahrl  
1978). P r i o r  t o  1915 ,  San F r a n c i s c o  had 
e x t e n d e d  i t s  w a t e r  s u p p l y  t o  t h e  s t r e a m s  
of t he  S i e r r a  Nevada v ia  t he  Hetch Hetchy 
aqueduct. During t h e  20 's  and 30's. o the r  
c i t i e s  and r c g i c n s  expanded  t h e i r  w a t e r  
s u p p l y  s y s t e m s  t h r o u g h  i m p o r t a t i o n  o f  
u p s t r e a m  s o u r c e s  ( E a s t  Bay M u n i c i p a l  

U t i l  i t y  D i s t r i c t :  Mokelumne R i v e r )  and 
development of ground water  recharge  sys- 
t ems  (San J o s e - S a n t a  C l a r a ) .  The y e a r s  
dur ing  and fo l l owing  W W  I1  saw t h e  comple- 
t i o n  o f  t h e  mos t  a m b i t i o u s  program i n  
C a l i f o r n i a  w a t e r  development. The Cent ra l  
V a l l e y  P r o j e c t  (CVP) was  c o n s t r u c t e d  by 
t h e  US Bureau of R e c l a m a t i o n  and l a r g e 1  y  
completed i n  1943. The CVP involved con- 
s t r u c t i o n  of  l a r g e  dams ( i n c l u d i n g  t h e  
S h a s t a  Dam) on t h e  h e a d w a t e r s  of t h e  
Sac ramen to  and d e l i v e r y  of w a t e r  v i a  t h e  
Delta-Mendota Canal  t o  t h e  w e s t  s i d e  o f  
t h e  San J o a q u i n  Val ley. The Cal i f o r n i a  
Water P ro j ec t  was cons t ruc ted  by t he  s t a t e  
d u r i n g  t h e  p e r i o d  1960-70 and i n c l u d e s  
Orov i  1  l e  Dam and t h e  Cal i f o r n i a  Aqueduct 
w h i c h  s u p p l i e s  w a t e r  t o  s o u t h e r n  
C a l i f o r n i a  a s  w e l l  a s  t h e  San J o a q u i n  
Valley and s eve ra l  coas t a l  va l leys .  Both 
p r o j e c t s  d i v e r t  w a t e r  t h a t  would o the rwi se  
flow i n t o  San Francisco Bay. 

The n e t  r e s u l t  on water flow i n t o  t h e  
bay has been two-fold. Total  annual flow 
has been r educed  due  t o  d i v e r s i o n ,  and 
s e a s o n a l  v a r i a t i o n  i n  f l o w  h a s  been r e -  
duced due t o  dams and s t o r a g e  (Chadwick 
1982). Pre-1850 d e l t a  o u t f l o w  p r o b a b l y  
ave raged  36 km31yr and by 1978 had been 
reduced  by 44% t o  20 km3/yr  ( R u s s e l l  g& 
al .  1982). Summer f l ows  a r e  now t h e  same - 
or  h i g h e r  t h a n  h i s t o r i c  f l o w s  ( e x c e p t  
du r i  ng per iods  of  s eve re  drought) and have 
r educed  t h e  o c c u r r e n c e  of s a l t  w a t e r  i n -  
t r u s i o n  i n t o  t h e  d e l t a .  The e f f e c t  on  
t i d a l  marshes  h a s  been a  r e d u c t i o n  i n  
high w i n t e r  f l u s h i n g  f lows,  reduced summer 
v a r i a b i l i t y  in  s a l t  i n t r u s i o n  i n t o  brack- 
i sh  and f r e s h w a t e r  marshes, and an o v e r a l l  
reduc t ion  i n  sediment  load (Russe l l  e t  al. 
1982). I t  i s  l i k e l y  t h a t  f u r t h e r  w a t e r  
development w i l l  r e s u l t  i n  more f requent  
low t o t a l  annual flows. Between 1922 and 
1971, t o t a l  annual f l ows  l e s s  than 12 km3 
o c c u r r e d  on1 y  4% o f  t h e  t i m e  w h e r e a s  by  
t h e  yea r  2000 such annual f l ows  may occur  
60% o f  t h e  t i m e  depend ing  upon t h e  l e v e l  
of w a t e r  f a c i l i t y  c o n s t r u c t i o n  (Chadwick 
1982). 

The d r a s t i c  r e d u c t i o n  i n  t o t a l  
f r e shwa te r  i npu t  w i l l  have  a s i g n i f i c a n t  
impact  on s a l i n i t y  pa t t e rn s  i n  Suisun Bay 
and i t s  marshes .  The c u r r e n t  b r a c k i s h  
v r e t t a ~ d s  ( b o t h  t i d a l  and managed) a r e  
h i g h l y  v a l u e d  a s  w i l d 1  i f e  h a b i t a t  (BCDC 
1976). E x t e n s i v e  w a t e r  d i v e r s i o n  and 



management p r o j e c t s  a r e  p r o p o s e d  t o  p r o -  
v i d e  f r e s h w a t e r  f r o m  sources f u r t h e r  up- 
s t r e a m  and f rom w a s t e w a t e r  d i  s c h a r g e  
(Cal i f o r n i a  Dept. o f  Water Resources [DW R ]  
1982). T i d a l  w e t l a n d s  n o t  i n c l u d e d  i n  
t h i s  p r o j e c t  a r e  l i k e l y  t o  become more  
s a l i n e ,  e s p e c i a l l y  i n  t h e  C a r q u i n e z  
S t r a i t s  and n o r t h e r n  San Pablo Bay area. 
I n  add i t i on ,  t o t a l  sediment l oad ing  t o  t h e  
bay w i l l  a l s o  be reduced by as much as 64% 
by t h e  y e a r  2020 (K rone  1979). A p o r t i o n  
o f  t h e s e  sed iments  a r e  depos i t ed  i n  marsh- 
es so t h a t  t hey  m a i n t a i n  t h e i r  e l e v a t i o n  
w i t h  r e s p e c t  t o  r i s i n g  sea l e v e l ,  and a  
p o r t i o n  forms new shoals  f o r  p l a n t  c o l o n i -  
za t ion .  The es t ima ted  r e d u c t i o n  i n  sed i -  
m e n t  s u p p l y  c o u l d  r e s u l t  i n  g r e a t e r  
e ros i on  and l o s s  of t i d a l  marsh h a b i t a t .  

Some o f  t h e  d i v e r t e d  w a t e r  does e n t e r  
t h e  bay as sewage e f f l u e n t .  C u r r e n t  
amounts  o f  p o i n t  s o u r c e  d i s c h a r g e  t o t a l  
0.70 km3/y r  o r  abou t  3% o f  t h e  d e l t a  o u t -  
f l o w  ( R u s s e l l  e t  a l .  1982). T h i s  p e r c e n -  
t a g e  i s  much l e s s  i n  w i n t e r  and r i s e s  i n  
t h e  summer when d e l t a  o u t f l o w  d e c l  I n e s .  
F o r m e r  s a l t  m a r s h e s  a l o n g  Guada lupe ,  
A l v i  so, Coyote, and Mud S loughs  i n  t h e  
south bay have been conver ted  t o  b r a c k i s h  
marshes due t o  year-round d ischarges  from 
sewage t r e a t m e n t  f a c i l ~ t - i e s  (R. Lowe, 
pers .  comm.). 

I n  a d d i  t i on ,  t o t a l  n i t r o g e n  and phos- 
p h o r u s  l o a d i n g s  f r o m  t r e a t e d  sewage e f -  
f l u e n t  arnount t o  21  and 10 x l o 3  t ~ n s / ~ r ,  
r e s p e c t i v e l y ,  a s  compared t o  t h a t  f r o m  
d e l t a  o u t f l o w  a t  13 and 2.4 x l o 3  t o n s l y r ,  
r e s p e c t i v e l y .  S i n c e  n i t r o g e n  i s  o f t e n  
c i t e d  as a  l i m i t i n g  n u t r i e n t  f o r  m a r s h  
p l a n t  g row th  ( V a l i e f a  and Teal 1974). t h e  
e f f l u e n t  may be s t i m u l a t i n g  marsh produc- 
t i o n .  A l t h o u g h  d e t a i l e d  e x p e r i m e n t s  o n  
n u t r ~ e n t  uptake by bay t i d a l  marshes have 
n o t  been completed, numerous agencies have 
s u g g e s t e d  o r  a r e  p l a n n i n g  p r o j e c t s  t o  
r e c y c l e  t r e a t e d  e f f l u e n t s  through wet lands  
(Ha l  1  1982). An a d d i t i o n a l  s o u r c e  o f  
n u t r ~ e n t s ,  and p o s s i b l y  a g r i c u l t u r a l  
c h e m i c a l s ,  may a r i s e  f r o m  a  p l a n  t o  d - rs -  
cha rge  a g r i c u l t u r a l  d r a i n  w a t e r  i n t o  
Suisun Bay from t he  Cen t ra l  Val ley, T h ~ s  
p r o j e c t ,  t h e  San L u i s  D r a i n ,  may add a s  
much as 9.5 x l o 3  t o n s / v r  o f  n 3 t r o s e n .  a  

3.5 CURRENT STATUS 

The summation o f  a l l  o f  these m o d i f i -  
c a t i o n s  t o  San F ranc i sco  Bay and i t s  t i d a l  
marshes i s  an env i ronment  much d i f f e r e n t  
t han  t h a t  o f  1850. N i n e t y - f i v e  pe r cen t  of 
t h e  t i d a l  marshes  have been  d i k e d  o r  
f i l l e d .  N e v e r t h e l e s s ,  many o f  t h e  d i k e d  
a r e a s  r e t a i  n  some marsh  c h a r a c t e r i  s t  i c s  
( T a b l e  2). F a c t o r s  such  as e l e v a t i o n ,  
seasonal ponding o f  r a i n w a t e r ,  amount of 
t i d a l  exchange, and s e d i m e n t  s a l i n i t i e s  
a f f e c t  t h e  t ype  o f  w e t l a n d  wh ich  remains 
and i t s  e c o l o g i c a l  f u n c t i o n i n g .  Some 
d i k e d  wet lands may be ex t r eme l y  s t r essed  
and b a r r e n  w h i l e  o t h e r s  a r e  i m p o r t a n t  
h a b i t a t  f o r  r a r e  and endange red  s p e c i e s  
which have been d i sp l aced  f rom t h e i r  pre-  
f e r r e d  t i d a l  hab i t a t s .  The l a r g e s t  d i k e d  
w e t l a n d ,  t h e  Su i sun  Marsh, i s  a  s i g n i f i -  
c a n t  wa te r f ow l  h a b i t a t  w i t h i n  t h e  P a c i f i c  
f l y w a y  s y s t e m  ( S k i n n e r  1962). Numerous 
e c o l o g i c a l  va lues have been a t t r i b u t e d  t o  
d i k e d  w e t l a n d s  (eg. w i l d l i f e  h a b i t a t ,  
b u f f e r s ,  d  i v e r s i  t y ,  p r o d u c t i v i t y ,  waste- 
wa te r  t r e a t m e n t )  based on t h e i r  s i m i  l a r i -  
t i e s  t o  t i d a l  marshes  (Madrone Assoc. g 
a]. 1982). Yet,  f e w  s t u d i e s  o t h e r  t h a n  - 
b i r d  o b s e r v a t i o n s  have been  c o n d u c t e d  t o  
compare  d i k e d  w i t h  t i d a l  marshes.  Thus, 
l i t t l e  e m p i r i c a l  evidence i s  a v a i l a b l e  t o  
s u p p o r t  t h e s e  assumed s i m i l a r i t i e s .  Such 
research  i s  e s p e c i a l l y  i m p o r t a n t  i n  l i g h t  
of c o n t i n u e d  p r e s s u r e  t o  d e v e l o p  d i k e d  
w e t l a n d s  and t o  m i t i g a t e  d e v e l o p m e n t  
t h r o u g h  r e s t o r a t i o n  o f  t i d a l  marshes  o r  
mudf la ts .  

The rerna i  n i n g  t i d a l  marshes  o f  San 
F ranc~sco ,  San Pablo, and Suisun Bays a re  
s c a t t e r e d  i n  i s o l a t e d  p o c k e t s  o r  f o rm  
l i n e a r  s t r i p s  a l o n g  s l o u g h s  o r  b a y - f r o n t  
d i k e s  ( T a b l e  3). They r a n g e  i n  s i z e  f r o m  
a few h e c t a r e s  t o  o v e r  1300. The l a r g e s t  
c o n t i g u o u s  marshes  a r e  l oca ted  i n  Suisun 
Bay and a l o n g  t h e  Pe ta l uma  R i v e r .  I n  
a d d i t i o n ,  a  comp lex  m o s a l c  o f  s a l t  and 
b r a c k i s h  marshes i s  l o c a t e d  a l o n g  t h e  
Sonorna and Napa R i v e r  systems.  The cen-  
t r a l  bay  a r e a  i s  c h a r a c t e r i z e d  by r e l a -  
t i v e l y  s m a l l  t i d a l  w e t l a n d s  b o r d e r e d  b y  
d l  kes, s t e e p  h i 1  l s ,  o r  u r b a n i z e d  a reas .  
Sou th  bay  has  e x t e n s i v e  t i d a l  marshes  
a long  t h e  outboard p o r t ~ o n s  o f  d i k e d  s a l t -  
ponds a s  we1 1 as a  f e w  p r e s e r v e d  o r  r e -  
s t o r e d  we t l ands .  B rdc i i  ;rh marshes  a r e  



Table 2. Areas o f  d i k e d  lands  which have r e t a i n e d  some marsh c h a r a c t e r i s t i c s  u s u a l l y  
on a  seasonal bas i s  on ly .  H a b i t a t  c l a s s i f i c a t i o n  based on dominant vege ta t i on  type.  
Area i n  km2 (adapted f r om  BCDC as adopted October  21, 1982). 

County 

A1 ameda 

Contra Costa 

Mar i  n  

Napa 

San Mateo 

Santa C la ra  

Sol ano 

Sonoma 

To ta l  

S a l t  marsh 

8.29 

1.80 

3.82 

B rack i sh  marsh Freshwater  marsh 

1.87 

0.42 

0.12 
- 

T o t a l  

10.16 

3.93 

6.48 

0.68 

0.99 

8.30 

1.43 

1.21 

e x t e n d i n g  a l o n g  s l o u g h s  w h i c h  c a r r y  
t r e a t e d  e f f l u e n t  i n  t h e  e x t r e m e  s o u t h e r n  
p o r t i o n  o f  t h e  bay. 

The u r b a n i z a t i o n  o f  t h e  bay  a r e a  i n  
t h e  pos t -WWI I  e r a  has enc roached  sub- 
s t a n t i a l l y  o n  t h e  r e m a i n i n g  t i d a l  we t -  
lands. C i t i e s ,  subd i v i s i ons ,  and highways 
have been b u i l t  r ega rd l ess  o f  geo log i c  
hazards o r  env i ronmeta l  concerns (Josse lyn  
and A t w a t e r  1 9 8 2 ) ( F i g u r e  8). The mos t  
fundamental  p rob lem r e l a t e s  t o  t h e  deform- 
a t i o n  o f  s o f t  b a y  mud unde r  b o t h  s t a t i c  
( s t r u c t u r a l  founda t ions )  and a c c e l e r a t i n g  
( e a r t h q u a k e s )  loads .  I n t e r t i d a l  e l e v a -  
t i o n s  i n  a r e a s  a d j a c e n t  t o  c o n s t r u c t i o n  
s i t e s  can b e  i n c r e a s e d  s u b s t a n t i a l l y  due 
t o  t h e  d isp lacement  o f  bay mud and forma- 
t i o n  o f  mud waves ( J o s s e l y n  and A t w a t e r  
1982). Du r i ng  earthquakes, t h e  s t a b i  1 i t y  
of b u i l d i n g s  and d i kes  cons t r uc ted  on bay 
mud i s  th rea tened  by 1  i que fac t i on .  Lique- 
f a c t i o n  i s  a  phenomenon t h a t  r e q u i r e s  
sa tu ra ted  sand l enses  b e t w e e n  r e 1  a t i v e l  y  
i m p e r v i o u s  ( c l a y e y )  s t r a t a .  B u i l d i n g s  
f ounded  on deep bay mud s u f f e r  d u r i n g  
e a r t h q u a k e s  because  o f  t h e  m e c h a n i c a l  
p r o p e r t i e s  o f  t h e  deep s a t u r a t e d  c l a y  gel. 

Another e f f e c t  o f  u rban i za t i on ,  over- 
d r a f t i n g  ground water supp l i es ,  can cause F i g u r e  8. Aet--;a; p h o t o g r a p h  o f  C o r t e  
s u b s i d e n c e  o f  t i d a l  w e t 1  a n d s  a s  h a s  Madera Creek showing va r i ous  developments 
o c c u r r e d  i n  P a l o  A l t o  ( P o l a n d  1971) .  on fo rmer  s a l t  marsh. 
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P a c i f i c  c o r d g r a s s  ( S p a r t i n a  f o l  i o s a )  has  
a D p a r e n t l y  i n v a d e d  a  f o r m e r  p i c k l e w e e d  
( ~ a l  i c o r n i a  v i r g i n i c a )  h a b i t a t  as a  r e s u l t  
of such lowered  e l e v a t i o n s  (A twa te r  e t  a l .  -- 
1979). H i g h e r  t h a n  n o r m a l  sea  l e v e l  may 

;a lso cause vege ta t i on  changes. 

The p r o x i m i t y  o f  i n d u s t r i a l  a c t i v i t y  
t o  t h e  bay  i n c r e a s e s  t h e  l i k e l i h o o d  f o r  
pet ro leum s p i l l s  and hazardous waste con- 
t a m i n a t i o n .  The i m p a c t s  a r e  u s u a l l y  
ch ron ic ;  however, d i r e c t  s p i l l s  i n t o  t i d a l  

m a r s h e s  d o  o c c u r .  V e c t o r  c o n t r o l  
a c t i v i t i e s ,  l a r g e l y  t o  r educe  m o s q u i t o  
b r e e d i n g  a reas ,  have  had a  d i r e c t  i m p a c t  
on t i d a l  and  d i k e d  m a r s h e s  t h r o u g h  
d i t c h i n g  t o  i n c r e a s e  t i d a l  c i r c u l a t i o n .  
P e s t i c i d e s  a re  a l s o  f r e q u e n t l y  a p p l i e d  t o  
marshes. Thus, t h e  t i d a l  marsh community 
wh ich  remains can h a r d l y  be c l a s s i f i e d  as 
p r i s t i n e .  I t  has been shaped f o r  over  100 
years by human i n t e r f e r e n c e  and i s  l i k e l y  
t o  be f u r t h e r  i n f l u e n c e d  by  t h e  u rban iza -  
t i o n  o f  San Franc isco  Bay area. 



4.1 M A C R O C L I M A T E  

Sunny Cali f o r n ~ a :  a  cl  ~rna te  t yp l f  led 
by c l e a r ,  summer days and m ~ l d ,  cool w i n -  
t e r s ,  The c l  rn~ate I S  c l a s s ~ f r e d  as Medi- 
t e r ranean ,  t he  norpal pLit tern c o n s i s t s  of 
two seasons. The ra lny  season extends 
from l a t e  October t o  mid-Apr~l ,  a perlod 
durrng whlch 942 of t he  annual p r e c ~ p i t a -  
t ron  fa1  Is ,  Tllo dry  sedsun 1s influenced 
by cool mnrlne a l r  along tho coas t  and 
ha t ,  d ry  weather rri ' iond. The two ?easons 
vary I n  length arid ~ t r t e n s r t y  each year ,  
however, a  "normal" year ~n the  bay area 
has a  mean nronthly ternperdture ranging 

front 1 2 "  t o  17°C and an anrlual p r e c t p ~ t a -  
t l o n  of "1 ccm (Conorlios 1979). I t  1s ra re  
t h a t  a norn~al o r  average year  occurs 
wcather pd t tc rns  I n  the  s t a t e  follow ex- 
tr-emes frorn drought t o  dlmost continuous 
winter  r a i n f a l l .  Such v d r i d t ~ o n  1s a t -  
t r l b t t t r d  t o  l d rg r  ~ c a l o  changes ~n the  
water temperature of the Paclflc.  arid ss 
only beginning t o  be  understood. 

The prox rni-rty of t.he Pac I f  IC Ocean, 
t he  loca l  topography, drid the bay ~ t . , e l f  
c a n t r l  bu'i,e t o  f u r t h e r  v a r l d t ~ o n  l n  the  
local  c l ~ m a t e .  For example, p r e c ~ p i t a t l o n  
( f ~ g u r e  9) i s  s t rongly  a f f ec t ed  by the 
coas ta l  mountain ranges, w3th pedk mean 
dnnua! p r e c r p a t d t ~ o n  of 130 r m  falling on 
M t .  Tarrialpa~s. . i r i  tt-ie north bay and 110 cm 
on the  Sar~ta  Crur Mountains r n  the south 
bay (Rantr 1 9 7 1 ) ,  Annual r a ~ n f a l l  on the 
bay ~ ' ~ r f a c e  1 5  much l e s s ,  averaging be- 
tween 35 and 50 cm. Wetlands along Corte 
Madera Creek receive upwards of 75 cm per 
year due t o  t he  proxlmlty of M t .  
f a m a l p a ~ s .  On  the  o ther  hand, the r e l a -  
t ~ v e l y  low topography around S u ~ s u n  Bay 
has i i x t i e  Inf luence on r a ~ n f a i i  and the 
year ly  t o t a l  1s l e s s  than 40 cm, The 
amount of raTn f d l l t n g  w ~ t h ~ n  t he  water- 

sheds of loca l  c r -~eks  arid r r v e r s  may af- 
f e c t  wetlands i n  t he  immediate reglon of 
discharge. Portrons of  t he  watershed of 
t he  Mapa Klver receive up t o  100 cni of 
rainfall annual ly,  and t h a t  of Coyote 
Creek up t o  50 ca. Harvey et, fi. (1982) 
suggest that, b r a c k ~ s l i  rndrshes were q u i t e  
conlnlon a t  the  niouths of the  Napa River, 
Guadal upe R I  ver.  A 1  drneda Creek, and Corte 
Madera Creek. Large spr lngs  along t he  e a s t  
bay h 1 7 1 s  north of the  L i t t l e  Coyote H i l l s  
mdy have supported some f r e sh  and b r a c k ~ s h  
m<jrshe\. Many creeks  and streams, how- 
ever ,  were probably dry washes d u r ~ n g  t h e  
sumrrier and fa1 1 drld and lacked s u f f l c e n t  
flow t o  support hrackjsh marshes, 

O f  equal ~ t r t po r t~~nce  to t he  water budget 
of t i d a l  wetlands rs t he  h ~ g h  r a t e  of 
evaporation dr1r.r ng summer months. The 
annual evaporat ion r a t e  averages 120 em 
which y l e ? d s  a  ne t  bay-wide evapora t lv r  
loss  of 72 crn when the  average annual 
p r ~ c l p r t a t r o r i  i s  sub t rac ted  (Sel leck 
a l ,  1966). T h ~ s  c i ~ m a t l c  f e a t u r e  was re-  --- 
spons ib le  f o r  t h e  natural  c r y s t a l l ~ z r n g  
ponds once presen t  i n  the  south bay and 
encouraged the ex t ens ive  development of 
t he  s a l t  production Industry i n  south bay 
and along the  Napa River, Thls indus t ry  
cu r r en t  1 y occupier; 140 k m '  dlong t he  bay 
shore,  much of 7 t  w r t h ~ n  h l s t o r ~ c  wetland 
hab r t a t .  tvapordt lon loss 1s a l s o  I n -  

f luenced by loca l  weather pa t t e rn s  w ~ t h  
maxlrnum r a t e s  uccurr lng i n  reg7ons of 
hlgher lnsoidt- ion,  a i r  tcrnperature, and 
p e r r , ~ r t . e r ~ t  w 1ncis. Wetlanifs 111 the south 
bay and I n  Suisun Bay cxperlence t he  
g r e a t e s t  r v d p o r d t ~ v c  losses .  The marsh 
vegetation ~ t s e l f  a l s o  cont rsbutes  t o  
e v a p u r a t ~  ve loss  through evapotranspi-  
rar.ion. Yearly t o t a  i l a s s  f rorn i reshwater  
marsh vege ta t ion  ( t u f e s  (Sc l rpus)  and 
c a t t a ~  1s {*Fypha) i s  est~mat-40 cm 





i n  t he  c e n t r a l  bay t o  180 cm in  Suisun Bay 
(Blaney and Muckel 1955).  Est imates  f o r  
s a l t  marsh vege t a t i on  a r e  l e s s ,  amount in^ 
t o  94 cm - f o r  s a l t g r a s s  ( ~ i s t i c h l i ;  
s p i c a t a ) .  The balance between r a i n f a l l  
and evapo ra t i ve  l o s s e s  i s  e a s i l y  a f f ec t ed  
by y e a r l y  weather v a r i a t i o n s  -which can 
rksuit in d i f f e r e n c e s  in  sediment and 
water  s a l i n i t y  in  wetlands.  

The atmospheric i n t e r a c t i o n s  between 
t h e  con t inen t a l  land mass and t h e  P a c i f i c  
Ocean i n f luence  two o the r  weather phenom- 
ena: l oca l  p r e v a i l i n g  winds and low clouds 
o r  fog. P reva i l i ng  winds a r e  s t r o n g e s t  in  
t h e  summer due t o  t h e  semipermanent high 
p re s su re  a r ea  over  t he  e a s t e r n  P a c i f i c  
Ocean. A t  t h e  same time, sunny s k i e s  over 
Cal i f o r n i a ,  Nevada, and Arizona cause 
s t rong  s u r f a c e  heat ing.  The low pressure  
c e l l  t hus  c r ea t ed  r e s u l t s  in s t rong  hori-  
zonta l  p r e s su re  d i f f e r e n c e s  and i s  respon- 
s i b l e  f o r  t h e  p r eva i l i ng  wes t e r l y  winds. 
The a i r  flow extends t o  an a l t i t u d e  of  600 
m and t h e r e f o r e  i s  o f t e n  r e s t r i c t e d  t o  
r e l a t i v e l y  narrow passages: t h e  Golden 
Gate, t h e  San Bruno Gap, t h e  Petaluma 

Valley,  and t h e  Carquinez S t r a i t s .  For 
example, Figure 10 shows t h e  i nc r ea se  i n  
wind speed a t  t h e  San Bruno Gap (measured 
a t  t h e  San Francisco A i rpo r t )  as  compared 
t o  l e s s  r e s t r i c t e d  a r e a s  f u r t h e r  inland.  
Temperatures a r e  coo l e r  in  more wind-swept 
a r ea s  compared t o  wetlands p ro t ec t ed  by 
t he  coas t a l  mountains. The f e t c h  ac ros s  
t he  bay a f f e c t s  t h e  he ight  o f  wind-gener- 
a ted  waves. The observed e ro s ion  along 
t he  e a s t e r n  shore  of  t h e  south bay 
(Atwater e t  a l .  1979) may be p a r t i a l l y  
a t t r i b u t e d  t o  waves produced over a  20-km 
f e t c h  (F igure  11) .  The s h i f t i n g  of t h e  
East P a c i f i c  High southward i n  t he  win te r  
exposes t h e  bay a rea  t o  t h e  success ive  
passage of cold f r o n t s .  Despi te  s t rong  
s o u t h e a s t e r l y  winds which accompany the se  
storms, average wind speeds a r e  lowest 
during w in t e r  months. 

Low c loudiness  o r  fog i s  a  common 
condi t ion  i n  t h e  bay a r ea .  I n  summer, i t  
i s  formed o f f  shore when moisture-laden a i r  
passes  over  t he  co ld  ocean and condenses. 
The fog moves in land  a t  n igh t  a s  t h e  in- 
t e r i o r  land mass cools  and r e t r e a t s  t o  t h e  

S a n  Franc isco  
Faral lon A i rpor t  M a r t l n e z  S a c r a m e n t o  

D a v i s  

I 
Airpor t  

I 

0 
20 a 2 o 40 6 0 80 100 

D i s t a n c e  f rorn coasta l  h i l l s  (k 

F i g u r e  10. D a i l y  r a n g e  of wirid speed  a s  r e l a t e d  
c o a s t  and t o  l o c a l  topography (from Root 1960). 



F i g u r e  11. E r o s i o n  o f  t i d a l  marsh  s h o r e l i n e  in s o u t h e r n  San F r a n c i s c o  Bay. 
Note  sediment  blocks s c a t t e r e d  on mudflat.  Clay bank a l s o  colonized by t he  burrowing 
isopod, Sphaeroma quoyana. 

c o a s t  during t he  day. The amount and higher  in  south bay wetlands. P r eva i l i ng  
du ra t i on  of t h e  fog l aye r  can vary d a i l y  winds impact e a s t e rn  and northern shore- 
a f f e c t i n g  ove ra l l  temperat u res  and amount l  i nes W I  t h  wi nd-generated waves and in- 
of inso1a"con. Wh-ile summer fog i s  a  c r ea se  s h o r e l i n e  e ros ion  r a t e s .  The i nc i -  
coas t a l  phenomenon and u sua l l y  l i f t s  by dence of fog may a f f e c t  p roduc t iv i t y  by 
midday, w in t e r  fog o r  t u l e  fog occurs  over  reducing s o l a r  r a d i a t i o n ,  however, no 
inland a r ea s  and .is u sua l l y  more pe r s i s -  f i e l d  measurements a r e  a v a i l a b l e  t o  e s t i -  
t e n t  (MI l l e r  1967) .  T h i s  type of fog 7s mate photosynthe t lc  response under cloudy 
caused by r a d i a t ~ o n  t o  t h e  co lde r  ground and f u l l  sun c o n d i t ~ o n s .  
and ~o r tdensa t i on  of t he  water  vapor. Be- 
cause of t he  weaker winds I n  van t e r ,  t h l s  4.2 MICROCLIMATES 
type  of fog inay p e r s i s t  f o r  days and can 
become extremely dense. I t  occurs  most J u s t  as  the  ove ra l l  c l ~ m a t ~ c  p a t t e r n  
f r equen t ly  over  S u ~ s u n  Marsh and t he  d e l t a  I S  a f f ec t ed  by regional  and l oca l  condi- 
a r ea ,  t i o n s ,  t he  wetland environment can a f f e c t  

t h e  microcl imate of t h e  p l an t s  and animals 
In summary, t h e  c l ima te  of San Fran- growing t he re .  In an a n a l y s i s  of t he  

c l s c o  Bay v a r l e s  l o c a l l y  w i t h i n  t h e  over- energy budget of a  south San Francisco Bay 
a l l  M ~ d ~ t e r r a n e a n  patt-ern, The south bay s a l t  marsh, Fel tan  (1978) s tud i ed  t he  
has l e s s  r a i n f a l l  and h igher  evapora t ive  r ad i a t i on ,  temperature and humidity pro- 
r a t e s  than  t he  north bay. Therefore,  one f i l e s ,  and energy exchange beneath P a c i f i c  
would expect  sediment s a l  ~ n i t i e s  t o  be cordgrass  (Spa r t l na  f o l  i o sa )  and p ick le -  
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weed (Sal i c o r n i a  v i r g i n i c a )  canopies. 
The most s i g n i f i c a n t  f a c t o r  a f f e c t i n g  t h e  - 
mi c r o c l  imate was t h e  p e r i o d i c  rep len-  
ishment o f  su r f ace  and subsur face  wate r  by 
t i d a l  inundat ions.  Sediments w i t h  h i g h  
mo i s t u re  con ten t  have a  h i ghe r  heat 
s t o rage  c a p a c i t y  and t h e r e f o r e  t end  t o  
moderate temperature extremes. I n  addi -  
t i o n ,  t h e  d i f f e r e n c e s  i n  canopy s t r u c t u r e  
a f f e c t e d  r a d i a n t  energy t r a n s f e r  between 
t h e  marsh su r f ace  and t h e  sur round ing  a i r  
mass. The f l u x e s  of energy w i t h i n  cord- 
grass and p ick leweed i n  south San 
Franc isco  Bay a re  g i ven  i n  F i g u r e  12. The 
more open na tu re  of t h e  P a c i f i c  cordgrass 
canopy r e s u l t e d  i n  a  g r e a t e r  n e t  r a d i a t i o n  
f l u x  ( t h e  d i f f e r e n c e  between incomi ng 
s o l a r  r a d i a t i o n  (QT) and ou tgo ing  r a d i a -  
t i o n  = QN). Due t o  t h e  h i ghe r  mo i s t u re  
con ten t  o f  sediments a t  lower  e l eva t i ons ,  
a  g r e a t e r  percentage o f  t h e  n e t  r a d i a t i o n  
was absorbed by t h e  sediment beneath 
P a c i f i c  cordgrass than beneath p ick leweed 

(QG). The a i r  temperatures (QH) were 
t h e r e f o r e  lower  i n  t h e  P a c i f i c  co rdgrass  
marsh. L a t e n t  hea t  exchange due t o  evapo- 
r a t i o n  (QE) was l e s s  i n  t h e  P a c i f i c  cord-  
grass than t h e  p ick leweed as a  r e s u l t  o f  
reduced a i r  temperature and lower t r an -  
s p i r a t i o n  r a t e s  i n  cordgrass. A1 1  d i f f e r -  
ences were more pronounced i n  summer when 
vege ta t i on  canopies were more developed. 
T i d a l  i nunda t i on  dampened d i u r n a l  a i r  
temperature ranges and g rad ien t s .  It a1 so 
c o n t r i b u t e d  t o  t h e  ne t  e x p o r t  by day o f  
heat  f rom t h e  marsh t o  t h e  bay waters  and 
impor t  by n i g h t .  

Such d i f f e r e n c e s  i n  r a d i a t i o n  f l u x  
a re  s i g n i f i c a n t  when cons i de r i ng  phys io-  
l o g i c a l  and e c o l o g i c a l  processes r e l a t e d  
t o  p r ima ry  p roduc t i on  i n  marshes. Zed le r  
(1980) has shown t h a t  a l g a l  mat p roduc t i on  
i n  T i j uana  Es tuary  s a l t  marsh i s  somewhat 
l e s s  than P a c i f i c  cordgrass and e q u i v a l e n t  
t o  jaumea (Jaumea carnosa). P r o d u c t i v i t y  
was n e a r l y  always lower  under dense com- 
pared t o  open canopies. Based on t h e  n e t  
r a d i a t i o n  measurements o f  F e l t o n  (1978). 
a l g a l  mat p roduc t i on  beneath p ick leweed 
should be l ess  than beneath cordgrass. 

F e l t o n  (1978) a l s o  es t ima ted  t h e  
e f f e c t s  o f  t h e  t i d a l  marshes on l o c a l  
c l ima te .  The sma l l  t i d a l  marsh she s tud-  
i e d  i n  south San Franc isco  Bay had o n l y  
1  i m i t e d  i n f l uence  on h u m i d i f i c a t i o n  o f  a i r  
masses, s l i g h t  f r i c t i o n a l  r e t a r d a t i o n  o f  
t he  wind, and a  dampening o f  temperature 
extremes i n  t h e  marsh i t s e l f  and a  few 
k i l ome te r s  downwind. On a  r e g i o n a l  scale,  
one would expect  t h a t  t h e  l o s s  of t i d a l  
marshes t o  u r b a n i z a t i o n  has c o n t r i b u t e d  t o  
reduced h u m i d i t y  and g r e a t e r  temperature 
extremes. 

J J  A S O N D J F M A M J  
1975 IS76 

4.3 SURFACE WATER FLOW INTO THE BAY AND 

Months of Year ITS TIDAL MARSHES 

Key Freshwater f l ows  i n t o  San Franc isco  
Soartine - Bay have a  c r i t i c a l  i n f l u e n c e  on t i d a l  

Sal icornia - -- wet land d i s t r i b u t i o n  i n  San Franc isco,  San 
Pablo, and Suisun Bays. Ever  s i nce  M a l l  
(1969) showed t h e  r e l a t i o n s h i p  between 

F i g u r e  12. Energy f l u x e s  i n  t w o  s a l t  s o i l  s a l i n i t y  and marsh p l a n t  d i s t r i b u -  
marsh canopies i n  s o u t h e r n  San F r a n c i  sco  t i o n ,  ex tens i ve  s t u d i e s  have been under- 
Bay: one d o m i n a t e d  b y  P a c i f i c  c o r d g r a s s  taken t o  p r o v i d e  b e t t e r  management of  
( S p a r t i n a  f o l i o s a )  a n d  t h e  o t h e r  b y  f reshwate r  f l o w  t o  p reserve  t h e  Suisun 
p i  c k l e w e e d  (Sa l  i c o r n i  a  . Sym- Marsh <Ca l . i f o r r l i a  S t a t e  Ha te r  Resources 
b o l s  a r e  d e s c r i b e d  i n  F e l  t o n  Con t ro l  Board [CSWRCB] 1978). Sur face 
1978). f reshwate r  f l o w s  i n t o  t h e  bay i n c l u d e  t h e  



Sacramento-San Joaqu i  n r i v e r  system, t he  
l o c a l  d r a i n a g e  s y s t e m ,  and w a t e r  u s e r s .  
Groundwa te r  s o u r c e s  a r e  m i  no r  d u e  t o  t h e  
impermeable bay mud underlying most t i d a l  
marshes. 

The d r a i n a g e  b a s i n  o f  t h e  San 
F r a n c i s c o  Bay s y s t e m  c o v e r s  o v e r  40% o f  
t h e  l a n d  a r e a  o f  C a l i f o r n i a ,  o r  163,000 
k m 2 .  Ninety percent  of t o t a l  s u r f a c e  flow 
e n t e r s  t h e  bay via  t h e  Sacramento and San 
Joaquin Rivers. Outflow from t h e s e  r i v e r s  
i n t o  t h e  bay i s  t e rmed d e l t a  o u t f l o w  be- 
cause of t he  confluence and mixing of t he  
t w o  r i v e r s  w i t h i n  a low 1y1ng d e l t a  a r e a  
i m m e d i a t e l y  e a s t  o f  S u i s u n  Bay .  
H i s t o r i c a l  l y ,  d e l t a  o u t f l o w  h a s  v a r i e d  
c o n s i d e r a b l y  due  t o  y e a r l y  v a r i a t i o n s  i n  
r a i n f a l l  and snow pack thickness .  During 
one  p a r t i c u l a r l y  wet  y e a r  (1862) ,  f r e s h  
w a t e r  f l owed  o u t w a r d  t h r o u g h  t h e  Golden 
Gate  f o r  1 0  c o n s e c u t i v e  days  and  d u r i n g  
t h e  d r a u g h t  of 1931, s a l t  w a t e r  e x t e n d e d  
a l m o s t  t o  Sacramento .  P r e s e n t 1  y, d e l t a  
outf low i s  con t ro l l ed  by numerous dams and 
pumplng s t a t i o n s  o p e r a t e d  by s t a t e  and 
federa l  agenc ies  and can be e s t i  mated w i th  
some p rec i s ion  (Conomos 1979). 

Between 1906-1977, t o t a l  annual out-  
f l o w  h a s  r anged  be tween  7.7 x l o 9  m 3  t o  
5.8 x 10l0 m 3  w i t h  a median o f  2.8 x 101° 
m3 (CSWRCB 1978). I f  f l o w  were  c o n t i n -  
uous, t h i s  would amount t o  a d i s cha rge  of 
approximatel y 880 m3/sec. The pronounced 
s e a s o n a l  p e r i o d  o f  r a i n f a l l  ( s n o w f a l l  a t  
higher  e l e v a t i o n s )  fol lowed by d r y  weather  
c r e a t e s  a c y c l i c  p a t t e r n  of de1 t a  outf low 
( F i g u r e  13). D i s c h a r g e  i s  h i g h e s t  f rom 
J a n u a r y  t o  A p r i l  when d i r e c t  r u n o f f  and 
snowmel t  c o n t r i b u t e  t o  o u t f l o w  and i s  
lowest  during t he  d ry  summer months. The 
s e a s o n a l  v a r i a t i o n  i n  p r e c i p i t a t i o n  can  
r e s u l t  i n  a 10-fold d i f f e r e n c e  i n  outf low 
when f l o o d  f l o w s  t h r o u g h  t h e  Yolo Bypass 
a r e  considered (Conomos 1979). 

The p r i m a r y  i n f l u e n c e  of d e l t a  o u t -  
flow i s  on water s a l i n i t i e s .  Water s a l i n -  
i t i e s  i n  S u i s u n  and San P a b l o  Bays a r e  
d i r e c t l y  a f f e c t e d  by changes  i n  d e l t a  
o u t f l o w  whereas  t h e  s o u t h  bay i s  o n l y  
i n f l u e n c e d  d u r i n g  ex t r eme1  y h igh  f l o w s .  
South bay s a l i n i t i e s  u sua l l y  remain above 
25 ppt even during normal win te r  outf lows.  
The s t rong  e s t u a r i n e  g r a d i e n t  i n  t he  nor th  
bay region i n f luences  t h e  d i s t r i b u t i o n  of 

F i g u r e  13. Month ly  a v e r a g e s  o f  d e l t a  o u t f l o w  f o r  t h e  y e a r s  1973-1977. H i s t o r j -  
c a 1  outf low inc ludes  f lood  f lows  through Yolo Bypass, outflow index i s  s tandard cal-  
cu ;a t io !~  of d e i t a  o u t f l o w  based  on e s t i m a t e d  f l o w s  i n  Sac ramen to  and San J o a q u i n  
R i v e r s  on ly .  Years 1973-74 considered "normal" water  years;  1975-77 considered 
drought  years .  



wet land vege ta t ion ,  f r e s h  and b r a c k i s h  
water  p l a n t s  dominat ing Suisun Bay and 
s a l t  marsh p l a n t s  throughout  San Pablo 
and c e n t r a l  San Franc isco  Bay. 

The l o c a l  d ra inage  bas i n  has a  t o t a l  
area o f  8974 km2, about 6% of t he  
Sacramento-San Joaquin d ra inage  bas i n  
(Se l l eck  e t  a l .  1966). Seven o f  t h e  l a r g -  
e s t  bas ins  a r e  descr ibed  i n  Table 4. Flows 
i n  l o c a l  r i v e r s  and creeks a r e  h i g h l y  
seasonal and regu la ted ,  p a r t i c u l a r 1  y  i n  
t h e  sou th  bay. Compared t o  d e l t a  out f low,  
l o c a l  stream d ischarge  i s  m inor  and a f -  
f e c t s  o n l y  wet lands a long  t h e  streams 
themselves. Except f o r  t h e  ex tens i ve  
wet land system a long  t h e  Petaluma R i ve r ,  
most o f  t he  l o c a l  r i p a r i a n  wet lands have 
been e l i m i n a t e d  by  development and f l ood  
c o n t r o l  p r o j e c t s .  

Table 4. Gaged stream f l o w  f rom seven 
l a r g e s t  dra inage bas ins  su r round ing  San 
Franc isco  Bay ( f r om  Se l l eck  e t  a l .  1966). 

Stream 

A1 ameda Creek 

Napa River  

Coyote Creek 

Sonoma Creek 

Guadal upe River 

Petaluma River 

Pacheco Creek 

Region 

South 

San Pablo 

South 

San Pablo 

South 

Sat? Pablo 

Suisun 

Basin s i z e  
(km? ) 

1,800 

1,080 

91 4 

396 

383 

370 

357 

Mean flow 
(m3/sec) -- 

0.61 

3.22 

1.91 

1.85 

0.48 

0.74 

Discharge from water  users  such as 
i n a u s t r i a l ,  r e s i d e n t i a l ,  and a g r i c u l t u r a l  
sources accounted f o r  approx imate ly  3% o f  
t o t a l  ~ n f l o w  i n  1978 (Russe l l  & fi. 
1982). Th i s  may i nc rease  t o  7% by t h e  
year  2000. Much o f  t h e  d ischarge  i s  f rom 
i n d u s t r i a l  o r  domest ic water  users. The 
water supply  i s  p rov i ded  f rom s to rage  
capac2ty i n  t h e  S i e r r a  and l o c a l  reser -  
v o i r s .  Th is  d i s r u p t s  t h e  n a t u r a l  d i s t r i -  
b u t i o n  o f  f r eshwa te r  by diverting upstream 
sources and d i s cha rg i ng  i t  i n  e i t h e r  l a r g e  
c e n t r a l  bay d i f f u s e r s  o r  cont inuous f l ows  
th rough  l o c a l  streams. Under summer con- 
d i t i o n s  i n  t h e  south bay, f reshwater  sew- 
age o u t f l o w  exceeds n a t u r a l  r u n o f f  
(Conomos 1979) and has r e s u l t e d  i n  t he  
convers ion  o f  s a l t  marsh t o  b rack i sh  marsh 
ad jacen t  t o  streams used f o r  d ischarge.  

4.4 TIDAL CYCLES 

The t i d a l  c y c l e  i n  t h e  P a c i f i c  Ocean 
i s  mixed sem id i u rna l  r e s u l t i n g  i n  two 
cyc l es  each t i d a l  day (24.84 h r ) .  T i d a l  
h e i g h t s  o f  t h e  two h ighs  and lows each day 
d i f f e r  (F i gu re  14). The d i f f e r e n c e s  a re  
r e l a t e d  t o  t h e  p o s i t i o n  o f  t h e  moon; near- 
l y  equal t i d e s  occur  when t h e r e  i s  no 
l u n a r  d e c l i n a t i o n  w i t h  t h e  e a r t h ' s  equa to r  
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F i g u r e  14. Top: T y p i c a l  t i d a l  c y c l e  i n  
San F r a n c i s c o  Bay  w i t h  t i d a l  d a t u m s  
ind ica ted .  Bottom: Change i n  e l e v a t i o n s  
o f  t i d a l  datums ~ 7 t h  d i s t a n c e  south ( l e f t )  
and n o r t h  ( r i g h t )  f r o m  t h e  Golden Gate. 
Bo th  f r o m  Conornos 1979  as  m o d i f i e d  f r om  
t he  US Army Corps o f  Engineers. 



and g r e a t e s t  d i f f e r e n c e s  occur  when t h e  
1  unar  d e c l i n a t i o n  i s  a t  a  maximum (Conomos 
1979). T i d a l  range a l s o  v a r i e s  on a  f o r t -  
n i g h t l y  cyc le .  The g r e a t e s t  t i d a l  range 
( s p r i n g  t i d e )  occurs d u r i n g  t imes o f  t h e  
f u l l  and new moons and t h e  sma l l es t  range 
(neap t i d e )  occurs d u r i n g  q u a r t e r  phases. 
The t i d a l  datums r e s u l t i n g  f rom t h i s  
c y c l e  a re  g i ven  i n  Table 5. 

T i d a l  c y c l e s  i n  San Franc isco  Bay 
have a  number o f  impo r t an t  e f f e c t s  on 
t i d a l  marshes: t he  v e r t i c a l  e x t e n t  of 
marsh vege ta t ion ,  t ime  o f  submergence and 
exposure, and t i d a l  f l u s h i n g .  T i d a l  e l e -  
v a t i o n  and range v a r i e s  w i t h  d i s t a n c e  
n o r t h  and south o f  t h e  Golden Gate (F i gu re  
14). The t i d a l  range increases substan- 
t i a l l y  i n  t h e  south bay (0.9 m  g r e a t e r  
t h a n  a t  t h e  Golden Gate) a f f e c t i n g  bo th  
t h e  e x t e n t  o f  i n t e r t i d a l  mud f l a t s  and 
landward submergence a t  h i g h  t i d e .  De- 
c r e a s i n g  t i d a l  range and h i ghe r  t i d a l  
datums i n  r e l a t i o n  t o  Na t i ona l  Geodet ic  

V e r t i c a l  Datum (NGVD) i n  t h e  San Pablo and 
Suisun Bays c o n t r i b u t e  t o  a  narrower  and 
h i ghe r  we t land  c o n f i g u r a t i o n .  

The t ime o f  submergence and exposure 
i n  r e l a t i o n  t o  d a y l i g h t  v a r i e s  seasona l l y  
and between bas ins.  Most f r equen t  and 
longes t  d u r a t i o n  o f  d a y l i g h t  exposure 
occurs i n  t h e  s p r i n g  i n  t h e  c e n t r a l  bay 
and i n  t he  summer w i t h i n  San Pablo and 
Suisun Bays. She1 lem and Josselyn (1982) 
found t h e  p e r i o d  o f  most f r e q u e n t  dayt ime 
exposure co i nc i ded  w i t h  t h e  g r e a t e s t  
macroalga l  p roduc t i on  on m u d f l a t s  ad j acen t  
t o  t i d a l  marshes. I t  probab ly  a l s o  has 
an i n f l u e n c e  on m i c r o a l g a l  p roduc t i on  and 
r a t e s  o f  evapora t ion  f rom wet land sed i -  
ments. 

Maximum t i d a l  ranges occur  i n  
December-January and aga in  i n  June. Whi le  
bo th  pe r i ods  r e s u l t  i n  s u b s t a n t i a l  f l u s h -  
i n g  w i t h i n  t i d a l  marshes, t h e  w i n t e r  t i d a l  
range may be he ightened by  h i g h  p r e c i p i t a -  

T a b l e  5. Abb rev i a t i ons  and d e f i n i t i o n s  f o r  va r ious  t i d a l  datums ( f r om  Atwate r  -- e t  a l .  
1979). 

Da turn -- Abbrev i a t i on  D e f i n i t i o n  

Mean h i g h e r  h i g h  wa te r  MHHW Average h e i g h t  o f  t h e  h i g h e r  o f  t h e  d a i l y  h i g h  
t i d e s  

Mean h i g h  wate r  MHW Average h e i g h t  o f  a l l  h i g h  t i d e s  

Mean t i d e  l e v e l  MT L Plane ha l fway  between mean h i g h  wate r  and mean 
low wate r ,  a l s o  c a l l e d  h a l f - t i d e  l e v e l  

Mean low wate r  MLW Average h e i g h t  o f  a l l  l ow t i d e s  

Mean l owe r  low wate r  MLLW Average h e i g h t  o f  t h e  l owe r  o f  t h e  d a i l y  l ow  
t i d e s .  Adopted as p lane  o f  r e f e rence  f o r  
hydrographic  surveys and n a u t i c a l  c h a r t s  o f  
t h e  west  coas t  o f  t h e  Un i t ed  S ta tes  

Mean sea l e v e l  

N a t i o n a l  Geodet ic  
V e r t i c a l  Datum 
o f  1929 

MS L  Average h e i g h t  o f  t h e  wa te r  su r f ace  f o r  a l l  
stages o f  t h e  t i d e ,  determined f rom h o u r l y  
readings 

NGUD The s tandard  datum f o r  h e i g h t s  across t he  
na t i on .  Former ly  c a l l e d  t h e  "U.S. Coast and 
Geodet ic Survey sea-1 eve1 datum o f  1929," and 
o r i g i n a l  l y  determined f r om  mean sea 1 eve l  s 
a t  25 t i d e  s t a t i o n s  i n  t h e  Un i t ed  S ta tes  and 
Canada. Genera l l y  d i f f e r s  f rom l o c a l  sea 
l e v e l  so i t  i s  best regarded as ac a r b i t r a r y  
datum t h a t  happens t o  be c l o s e  t o  mean sea 
1 eve l  



t i o n  o r  runoff .  A l a r g e  por t ion  of t he  
d e t r i t a l  mater ia l  accumulated from the  
previous growing seasons may be exported 
during t h i s  time. Although no experiments 
have t e s t e d  t h i s  hypothesis ,  a  l a rge  
amount of sa l tmarsh  vege ta t ion  can be 
observed f l o a t i n g  i n  t he  bay dur ing  win te r  
months. 

4 . 5  SEDIMENT SALINITY IN TIDAL MARSHES 

The concent ra t ion  of s a l t s  in the  
marsh sediments i s  determined by numerous 
hydrologic  and b io log i c  f a c t o r s  (Table 6) .  
The primary determinant  i s  t he  mixing 
between ocean waters  and f reshwater  flow 
from the  Sacramento and San Joaquin 
Rivers.  L ighter  f r e shwa te r  t ends  t o  flow 
over t he  denser  s a l t  water ,  but t i d a l  
c u r r e n t s  and bay bathymetry cause mixing 
and c r e a t e  a  weakly s t r a t i f i e d  s a l i n i t y  
p r o f i l e  (Conomos 1979). A s t r onge r  hori-  
zonta l  s a l i n i t y  g r ad i en t  i s  p resen t  in  the  
north bay whereas t he  south bay i s  more 
uniform. Tidal inundat ion by var ious  
d i l u t i o n s  of ocean water ,  loca l  c l i m a t i c  
processes ,  and t he  marsh vege ta t ion  i t s e l f  
a r e  respons ib le  f o r  t he  sediment 
s a l i n i t i e s  observed a t  any one l oca l e .  

Ra in fa l l  and d e l t a  outf low decrease  
wetland sediment s a l i n i t i e s  throughout  t he  
bay during win te r  and e a r l y  sp r ing  months. 
Sediment s a l i n i t y  r i s e s  i n  t h e  summer due 
t o  lack of r a i n f a l l ,  reduced d e l t a  out- 
flow, increased evapora t ion ,  and higher  
evapo t r ansp i r a t i on  by t h e  marsh vegeta- 
t i o n .  Sediment s a l i n i t y  a1 s o  i nc r ea se s  
with i nc r ea s ing  e l e v a t i o n  due t o  longer 

Table 6. Factors  a f f e c t i n g  sediment sa- 
l i n i t i e s  i n  t i d a l  marshes. 
-- - -  

Increase (+) o r  
decrease ( - 1  Seasonal s ignif icance s a l i n i t y i n  

F Z C K  sediments -- Maximum Minimum 

Rainfall Winter Summer 

Evaporation t S u m r  Winter 

Delta outflow Spring Fall 

Local drainage Winter Summer- 
Fa1 1 

Sewage outflow 
Tidal cycles  + 
Evapotranspiration t Sumner h n t e r  

pe r iods  of exposure and evaporat ion.  
Measurements of sediment s a l i n i t i e s  i n  
marshes can vary depending on e l eva t i on  
and t i d a l  flow i n  t h e  marsh. Di f fe rences  
in methodology a l s o  c o n t r i b u t e  t o  d i f f i -  
c u l t i e s  i n  making comparisons. Table 7 
compiles d a t a  on sediment s a l i n i t i e s .  In 
gene ra l ,  t i d a l  wetlands in t h e  nor th  bay 
e x h i b i t  lower s a l i n i t i e s  than s i m i l a r  
h a b i t a t s  in  t he  south bay (Hayward Land- 
ing, Alameda Creek, and Palo Alto) .  In 
most cases ,  s a l i n i t i e s  in  l a t e  summer a r e  
higher  in pickleweed s t ands  than in cord- 
g r a s s .  However, between t h e  north and 
south bays, cordgrass  occupies  h a b i t a t s  
with a  wide range of sediment s a l i n i t i e s .  
Based on t h e s e  l im i t ed  da t a ,  i t  appears  
t h a t  sediment s a l i n i t i e s  in  t i d a l  wetlands 
do not  become hypersa l ine  as  Zedler (1982) 
has observed in southern Cal i  f o r n i a  wet- 
lands. 

Diked wetlands,  however, do exhi b i t  
per iods  of hypersa l ine  cond i t i bns ,  even i n  
t he  brackish Suisun Marsh (Mall 1969). 
The s i t u a t i o n  i s  s i m i l a r  t o  lagoon systems 
in southern C a l i f o r n i a  where f r e s h  and 
hypersal i  ne condi t ions  a1 t e r n a t e  (Zedler  
7982). Winter r a i n s  reduce s a l i n i t i e s  i n  
the  upper l e v e l s  of t h e  sediment through 
pe rco l a t i on  and d i  1 ution.  Summer evapora- 
t i o n  br ings  the  t rapped s a l t s  t o  t h e  sur-  
face  and i n h i b i t s  vege t a t i ve  growth. The 
r e s u l t  i s  a  mosaic of vege ta t ion :  s l i g h t l y  
e leva ted  spo t s  with annual vege ta t ion  
surrounded bv ~ a t c h e s  of ~ i c k l e w e e d  
(Sal i co rn i a  v i r g i n i c a )  pockmarked with 
expanses of a l k a l i  f l a t  wi th  no vegeta- 
t i on .  

4 .6  SEDIMENTATION AND FORMATION OF 
DRAINAGE PATTERNS WITHIN T I D A L  MARSHES 

The formation of t i d a l  marshes along 
t he  edges of San Francisco Bay has been 
dependent on sedimentat ion.  As t h e  r a t e  
of sea  l eve l  r i s e  slowed over  t h e  pas t  
6,000 years ,  t h e  r a t e  of sedimentat ion has 
been s u f f i c i e n t  t o  al low t h e  expansion of 
t ~ d a l  wetlands over prev lous  t i d a l  mud- 
f l a t s  (Atwater e t  a l .  1979). The primary 
source of sed-iment i s  t he  dra inage  basin 
of t h e  Sacramento and San Joaquin Rivers  
which c u r r e n t l y  supp l i e s  80% t o  90% of 
t o t a l  annual input .  Most a l l u v i a l  depos- 
i t s  of loca l  streams and r i v e r s  have been 
obi 1 t e r a t e d  by depos i t s  of c l a y  der lved  
from the  S i e r r a  and Central  Valley dra in-  



Table 7. Seasonal sediment s a l i n i t i e s  (pp t )  w i t h i n  marshes i n  the San Francisco Bay 
region.  Numbers taken from graphs o r  t ab les  g iven by references.  Averages taken f o r  
s a l  i n i  ty measurements over sediment depth. When severa l  measurements a long  a t r ansec t  
a r e  given, s a l i n i t y  i s  from vege ta t i ve  h a b i t a t  w i t h  100% cover  o f  species c i t e d .  Ap- 
paren t  s o i l  s a l i n i t y  method descr ibed by Mahal and Park (1976b). S o i l  paste i s  sa- 
1 i n i t y  a t  100% sa tu ra t i on .  Readings g iven i n  m-osm/g conver ted t o  p p t  by m u l t i p l y i n g  
by 29.25. (Cain and Harvey, 1983). 

O r i g i n a l  
Method u n i t s  Species Loca t ion  - Year Jan Apr Jul Oct - Reference 

Suisun Marsh 1963-5 
(d i ked  
wet1 and) 

5:1 s o i l  pp t  S a l i c o r n i a  
e x t r a c t  Sci rpus 

robus tus  

Mare I s l a n d  1972-3 Apparent m-osm/g Sal i corn i  a 
s o i l  sa l .  S p a r t i  na 

Mahal l  and 
Park(1976b) 

Sonoma Creek 1979- 
80 

Apparent PPt ';k;;~~ 
s o i l  sa l .  -- 

Pearcy e t  
a1 ( 1 9 8 1 r  - 
Josselyn 
(unpubl ) 

Muzzi Marsh 1982 so i  1 pp t  Sal i corn i  a 
paste ( low)  

Sal i corn i  a 
(h i gh )  

Mar in  Day 
School 

1982 so i  1 
paste 

1980 so i  1  
paste 

p p t  S p a r t i  na 6 6 15 16 Josselyn 
(unpubl ) 

Hayward 
Landing 

p p t  S a l i c o r n i a  12 - 22 12 Perez 
S p a r t i  na 18 - 22 23 (1981) 

m-osm/g Spar t ina  - 29 - 32 Cain and 
Harvey 
(1  983) 

A1 ameda 
Creek 

1977 Apparent 
s o i  1 
sa l .  

1977 Apparent 
so i  1 
sal .  

m-osm/g Spa r t i  na - 34 - 31 Cain and 
Harvey 
(1  983) 

age. Present-day sediment l oad ing  i s  
c lwse l y  c o r r e l a t e d  w ~ t h  t o t a l  d e l t a  ou t -  
f l o w  (Krone 1979). The es t imated  annual 
average i s  3.69 x 106 m t / y r  from d e l t a  
o u t f l o w  compared t o  1.13 x 106 m t j y r  f rom 
l o c a l  streams (Krone 1966). If est imates  
o f  water  d i v e r s i o n  i n  f u t u r e  years a re  
accurate,  sediment loads from t he  
Sacramento-San Joaquin d ra inage  may de- 
crease 60% by t h e  yea r  2020. 

t i o n  o f  suspended p a r t i c l e s  i n  t h e  r e g i o n  
o f  i n i t i a l  f r e s h  and s a l t w a t e r  m i x i ng  
c o n t r i b u t e  t o  an entrapment zone f o r  sed i -  
ments. The entrapment zone o r  t u r b i d i t y  
maximum i s  l o ca ted  where su r f ace  water  i s  
between 1 and 6 ppt,  which i nc l udes  
eas te rn  San Pablo Bay, t h e  Carquinez 
S t r a i t s ,  and western S u ~ s u n  Bay ( A r t h u r  
and B a l l  1979). Because s t r o n g  t i d a l  
c u r r e n t s  mai n t a l n  channel depths, much o f  
t h e  sediment i s  depos i ted  a long  t he  mar- 
g i n s  of t h e  bay and i n  t ~ d a l  marshes. 
Dur ing  t h e  p e r i o d  o f  h y d r a u l i c  min ing,  
much of Southampton Marsh was formed adja-  
cen t  t o  Carquinez S t r a i t s  ( G i  1  b e r t  191 7) .  
Resuspension by c u r r e n t s  and waves a l s o  
c o n t r i b u t e s  t o  even tua l  d e p o s i t i o n  I n  
t i d a l  marshes. 

Much o f  t h e  sediment i s  deposi ted i n  
San Pablo Bay d u r i n g  p e r ~ o d s  o f  h i g h  run-  
o f f .  Dur ing  pe r i ods  of lower  f low,  g rea t -  
er s e t t l ~ n g  occurs I n  Sulsun Bay. The 
landward f l o w i n g  s a i ~ n e  bot tom c u r r e n t s  i n  
t h e  n o r t h  bay and t h e  increased f l o c c u l a -  



The s i ze  c lass  d i s t r i b u t i o n  o f  p a r t i -  
c l e s  i n  sediments w i t h i n  t i d a l  marsh sedi- 
ments i s  s i m i l a r  t o  t h a t  deposited on the 
bay bottom. I t  cons is ts  l a r g e l y  o f  f i n e  
c lays  and s i l t s ;  approximately 60% by 
weight i s  i n  the  c l a y  s i z e  range and the 
remaining ma te r i a l  i s  s i l t  (Krone 1962). 
The depos i t i ona l  environment i s  important  
i n  determining s i ze  c lass  d i s t r i b u t i o n  i n  
wetlands; i.e. areas o f  f requent  wave 
a c t i o n  have a lower content  o f  f i n e  p a r t i -  
c l e s  compared t o  low energy areas. Never- 
theless,  c l a y  represents t h e  dominant 
subs t ra te  type i n  most t i d a l  s a l t  marshes. 

The mineral composit ion of the c lay  
f r a c t i o n  r e f l e c t s  the source regions 
(Krone 1962, Pestrong 1965). Montmori l- 
l o n i t e  composes the  l a r g e s t  percentage and 
i s d e r i  ved from the  Sacramento-San Joaquin 
drainage. I l l i t e ,  o r  mica, i s  about h a l f  
as abundant and i s  der ived from the 
Coastal Ranges. The percentage o f  kaol in -  
i t e  i s  s i m i l a r  t o  i l l i t e .  V isua l ly ,  mont- 
m o r i l l o n i t e  and i l l i t e  appear as t h i n  
p l a t e l e t s .  Kaol i n i  t e  group minerals i n -  
c lude tubu la r  h a l l o y s i t e  and p l a t y  kao l in -  
i t e  p a r t i c l e s .  The t i g h t  b ind ing  o f  the 
p l a t e - l i k e  minerals when water i s  removed 
from the  sediments (as when d i k i n g  wet- 
lands) causes shrinkage and leads t o  an 
o v e r a l l  subsidence i n  e leva t i ons  (Krone 
1982). Once dehydrated, the c lays  never 
t o t a l l y  rehydrate and such permanent e le-  
va t i on  changes must be considered i n  wet- 
land r e s t o r a t i o n  planning. 

Non-clay components i nc lude  quartz,  
she l l ,  organic matter,  and i r o n  f l ocs .  
The quartz sand component i s  u s u a l l y  less  
than 7% except i n  areas o f  t i d a l  f l u s h i n g  
o r  s t rong wave act ion.  She1 1s are abun- 
dant  i n  some wetland deposits, bu t  are 
r e s t r i c t e d  t o  berms adjacent t o  the t i d a l  
marsh. The most abundant s h e l l  deposi ts  
are loca ted i n  the  south bay and form the 
basis f o r  a cement indus t ry .  Organic 
mat te r  i s  low i n  t h e  few marsh sediments 
tested.  Pestrong (1965) found t h a t  sedi- 
ments under ly ing  pickleweed had the  high- 
e s t  organic content  (avg 182), fo l lowed by 
P a c i f i c  cordgrass sediments (avg 12%).  and 
t h e  t i d a l  f l a t  (avg 102). I r o n  occurs as 
f e r r i c  hydroxide f l o c s  i n  aerobic sur face 
sediments and fe r rous  sulphide coa t i ng  i n  
minerals i n  anaerobic sediments (Krone 
1962). 

Rates of sedimentat ion i n  t i d a l  
marshes vary  w i t h  sediment supply and 
e levat ion .  The amount o f  suspended sedi- 
ment i n  t he  water column i s  g rea tes t  i n  
the  n o r t h  bay. Suisun and San Pablo Bays 
have suspended p a r t i c u l a t e  concentrat ions 
averaging between 25 and 50 mg/l i n  t he  
w in te r  compared t o  10 t o  25 mg/l i n  t h e  
south bay (Conomos 1979). Much h igher  
l e v e l s  o f  suspended p a r t i c l e s  can be ex- 
pected i n  shal low regions due t o  resuspen- 
sion. Krone (1982) s ta tes  than concentra- 
t i o n s  t y p i c a l l y  range from 50 mg/l dur ing  
calm per iods  t o  more than 1000 m g / l  
du r i ng  windy per iods.  

Low-lying areas (shal low ponds) can 
r a p i d l y  f i l l  due t o  the  constant  i n f l u x  o f  
sediment. Convert ing wetlands t o  o ther  
uses does n o t  decrease sediment supply as 
many marina and lagoon operators have 
discovered. I n  Palo A l to ,  depos i t ion  i n  
the yacht  harbor exceeds 60 cm/yr (Krone 
1982). Increas ing  e leva t i on ,  however, 
does l i m i t  t he  du ra t i on  o f  submergence and 
hence leads t o  decreasing sedimentation. 
The sedimentat ion r a t e  above mean h igh  
water (MHW) e leva t i on  i s  neg l i g ib le .  Un- 
less  add i t i ona l  a l l u v i a l  ma te r i a l  i s  de- 
pos i t ed  from the upland, t i d a l  marsh sedi- 
mentat ion w i l l  reach e q u i l i b r i u m  a t  
approximately MHW. As r i s i n g  sea l e v e l  
f l oods  add i t i ona l  land surface, sedimenta- 
t i o n  occurs, and the  t i d a l  marsh develops 
landward. Only i n  regions where sedimen- 
t a t i o n  exceeds t h e  amount needed t o  keep 
pace w i t h  sea l e v e l  changes do we see a 
progression o f  marshes over t i d a l  f l a t s .  
Precise desc r i p t i ons  o f  e a r l y  wetlands are  
lacking.  The presumption i s  t h a t  t h e  
p r e h i s t o r i c  marsh topography cons is ted  o f  
broad p l a i n s  a t  MHW edged by steeper 
slopes grading i n t o  mudf lats and t h e  en- 
t i r e  system t ransected by meandering 
sloughs o f  var ious  dimensions (Jossel yn  
and Atwater 1982), 

Pestrong (1965) wrote an extensive 
t r e a t i s e  on drainage pa t te rns  i n  bay t i d a l  
marshes. The bas ic  d e n d r i t i c  p a t t e r n  and 
meandering nature  o f  t h e  sloughs are very 
s i m i l a r  t o  t h a t  e x h i b i t e d  by t e r r e s t r i a l  
streams (F igure  15). The pr imary d i f f e r -  
ence i s  t he  i n f l uence  o f  b i d i r e c t i o n a l  
t i d a l  f l ow  as compared t o  u n i d i r e c t i o n a l  
stream f low. The f l o o d  and ebb f lows are 
s t rong i n  t h e  main t i d a l  channels w i t h  t he  



Bay Entrance - 

F i g u r e  15, T y p i c a l  d r a i n a g e  p a t t e r n s  f o r  t i d a l  marsh  s l o u g h  
s y s t e m s  f n s o u t h  San Francisco Bay. Arrow denotes  bay entrance.  
Mapped by Pestrong (1965). 



ebb u s u a l l y  hav ing  t h e  g r e a t e s t  v e l o c i t y  
and du ra t i on .  The sma l l e r  channels have 
s i g n i f i c a n t  f l o w s  o n l y  d u r i n g  t h e  ebb 
cyc l e .  The f l o o d  waters  creep s l o w l y  up 
a g a i n s t  t h e  channel w a l l s  much l i k e  water  
f i l l i n g  a  r e s e r v o i r ,  as opposed t o  t h e  
a c c e l e r a t i n g  f l o w s  o f  t h e  ebb t i d e s .  
G rea tes t  sed imenta t ion  occurs  i n  t h e  back 
channels and on t h e  marsh s u r f a c e  i t s e l f  
where v e g e t a t i o n  f u r t h e r  s lows wate r  ve loc-  
i t y .  As t h e  marsh su r f ace  inc reases  i n  
e l e v a t i o n  th rough  t ime,  t h e  main t i d a l  
channels  become more deep ly  i n c i s e d  i n  t h e  
marsh. Depos i t i on  o f  heav i e r  p a r t i c l e s  
a long  t h e  t o p  edge o f  t h e  channel forms a  
low n a t u r a l  l evee  (Pes t rong  1972). 
Pickleweed dominates t h e  marsh p l a i n  and 
i s  e a s i l y  undercu t  by t i d a l  f l o w  i n  t h e  
channel. The slumping o f  t h i s  m a t e r i a l  
c o n t r i b u t e s  t o  t h e  m i g r a t i o n  o f  t h e  chan- 
n e l  and p rov i des  s l o p i n g  e l e v a t i o n s  s u i t -  
a b l e  f o r  P a c i f i c  co rdgrass  c o l o n i z a t i o n  
(F i gu re  16). Krone (1982) suggests t h a t  
r e s t o r a t i o n  des igns  i n c o r p o r a t e  t h i s  natu- 
r a l  process by d redg ing  channels w i t h  
s teep  s ides  and l a r g e r  dimensions than 
r equ i r ed .  Na tu ra l  sed imenta t ion  processes 
w i l l  f i l l  i n  t h e  s i des  o f  these channels 
p r o v i d i n g  e x c e l l e n t  s u b s t r a t e  f o r  cord-  
g rass  i nvas i on .  

T i d a l  marshes a re  g e n e r a l l y  areas o f  
sediment d e p o s i t i o n  over  t ime; however, 
s t r o n g  wave a c t i o n  can c o n t r i b u t e  t o  n e t  

l o s s  o f  sediment. Chan and Hu lberd  (1978) 
have documented t h i s  process i n  t h e  Cor te  
Madera E c o l o g i c a l  Preserve where wave 
a c t i o n  c rea ted  b y  passenger f e r r i e s  has 
undercu t  pickleweed. The average s h o r e l i n e  
r e t r e a t  a long  t h e  marsh f r o n t  was 0.95 
m/yr. The i n t r oduced  bur row ing  i sopod 
(~bhaeroma quoyana) has a l s o  been i m p l i -  
ca ted  i n  c o n t r i b u t i n g  t o  marsh e r o s i o n  by 
weakening banks beneath p ick leweed 
(Car l  t o n  1979). P a c i f i c  cordgrass has n o t  
been proven as e f f e c t i v e  i n  s t a b i l i z i n g  
e rod i ng  banks as smooth cordgrass 

a r t i n a  a l t e r n i f l o r a )  (Newcombe et d. 

4.7 RESTRICTED TIDAL FLOWS 

R e s t r i c t i o n  o f  t i d a l  f l o w s  i n t o  wet- 
lands by d i k e s  and t i d e  ga tes  g e n e r a l l y  
decreases t h e  supp l y  o f  sediment t o  t h e  
wet land. However, t i d a l  f l o w  v e l o c i t i e s  
a r e  a l s o  decreased and l ead  t o  g r e a t e r  
d e p o s i t i o n  i n  channels. Wi th  l e s s  sedi -  
ment r each ing  t h e  marsh p l a i n  and g r e a t e r  
d e p o s i t i o n  o c c u r r i n g  i n  channels, t h e  
we t land  topography becomes more un i form.  
Depos i t i on  i n  channels reduces water  f low 
and c o n t r i b u t e s  t o  i s o l a t e d  ponds which 
add t o  v e c t o r  c o n t r o l  problems. Ove ra l l ,  
c l ose  a t t e n t i o n  must be focused on p rope r  
c o n s t r u c t i o n  and maintenance o f  t i d a l  
c o n t r o l  s t r u c t u r e s  t o  p r o v i d e  adequate 
c i r c u l a t i o n  i n  t h e  wet land. 

F i gu re  96. S l u  nks  i n  sou th  San Franc isco  Bay. Note c o l o n i z a t i o n  
o f  bank by P a c i f i c  co rdgrass  on bot tom l e f t  (Photo by D. Sp icher) .  



CHAPTER 5 

PLANT COMPOSITJON A N D  ZONATION IN TIDAL MARSHES 

Tidal marshes a r e  dominated by vascu- 
l a r  p l a n t s .  As t h e  most  obv ious  members 
of t h e  t i d a l  marsh community,  t h e y  a r e  
o f t e n  used t o  d e l i m i t  b o u n d a r i e s .  A t  
f i r s t ,  t h e  b road  sweep o f  t h e  w e t l a n d  
appears  dominated by a  few spec i e s  w i t h  
r e l a t i v e 1  y  sharp  boundaries between adja-  
c e n t  communities e s p e c i a l l y  a t  s i t e s  w i th  
s t e e p  s lopes  o r  sharp e l eva t i ona l  changes. 
Upon c l o s e r  examinat ion of both t h e  f l o r a  
and fauna, g rada t ion  r a t h e r  than d i s  junc- 
t i o n  i s  t h e  r u l e  a s  one moves f rom sub -  
t i d a l  t o  i n t e r t i d a l  and e v e n t u a l l y  t o  
up land .  The s p e c i e s  which c o m p r i s e  t h e  
t i d a l  marsh  communi t y  a p p e a r  t o  respond 
more t o  i n d s v i d u a l  p h y s i o l o g i c a l  t o l e r -  
a n c e s  t h a n  t o  w e l l  d e f i n e d  communi ty  
b o u n d a r i e s .  Thus, i t  i s  n o t  unusua l  t o  
o b s e r v e  t i d a l  marsh p l a n t s  in d i k e d  we t -  
l a n d s  o r  a t  h i g h e r  t i d a l  e l e v a t ~ o n s  t h a n  
normal due  t o  f r e s h w a t e r  d i s c h a r g e .  I n  
a d d ~ t i o n ,  z o n a t i o n  p a t t e r n s  b e t w e e n  
s p e c i e s  wi th in  t he  t i d a l  marsh community 
a r e  observed .  P h y s i o l o g i c a l  r e s p o n s e s ,  
i n t e r s p e c i  f i  c  c o m p e t i t i o n ,  and p h y s i c a l  
f a c t o r s  ( s e d > m e n t a t  .ion, f r e s h w a t e r  d  i s -  
c h a r g e )  r e s u l t  i n  a  d y n a m ~ c  b a l a n c e  be-  
tween ind iv idua l  spec i e s  obscuring bounda- 
r i e s .  Because  of t h e  s i g n ~ f i c a n c e  o f  
v a r i o u s  p l a n t  s p e c i e s  t o  p a r t i c u l a r  a n i -  
mals, i t  i s  impor tan t  t h a t  an understand- 
i n g  of t h e  f a c t o r s  r e s p o n s i b l e  f a r  zona-  
t i o n  p a t t e r n s  be i n c o r p o r a t e d  i n t o  t h e  
conlmunl t y  descr ip t ion .  

5-1 MAJOR PLANT SPECIES 

The t i d a l  marshes considered i n  t h l s  
community p r o f i l e  can be divided i n t o  s a l t  
marsh and b r a c k i s h  marsh. S a l t  marsh i s  
found  t h r o u g h o u t  t h e  s o u t h ,  c e n t r a l ,  and 
San Pablo bays. Brackish marshes dominate 
Suisiiri B a y  a n d  ? n  a r e a s  of l o c a l  f r e s h -  
w a t e r  d i s c h a r g e  such  as  t h e  Peta' iuma and 

Napa Rivers ,  and severa l  south bay r i v e r s  
which rece ive  t r e a t e d  sewage e f f l uen t .  

S a l t  Marsh -- --- 
P a c i f i c  c o r d g r a s s  (S a r t i n a  f o l i o s a )  

and p e r e n n i a l  p i c k l e w e h 1 i c o . r n i a  
v i rg in i ca )  a r e  t he  dominant spec i e s  of t he  - 
s a l t  marsh community. P a c i f i c  c o r d g r a s s  
i s  usua l ly  found a t  lower i n t e r t i d a l -  e l e -  
v a t i o n s  (mean t i d a l  l e v e l  [MTL] t o  mean 
high water [MHW]) and pickleweed a t  higher  
e l e v a t i o n s  (above MHW). Both spec i e s  a r e  
perennial .  Both produce v i a b l e  seed, but 
once e s t a b l  i  shed appear t o  spread pr imar i -  
l y  by vege t a t i ve  growth of rhizomes. Be- 
cause of d i f f e r e n c e s  in anatomy, s t a t u r e ,  
physiology, and a s soc i a t ed  p l a n t  spec i e s ,  
t h e  two  h a l o p h y t e s  w i l l  be d i s c u s s e d  
s e p a r a t e l y  below. 

P a c ~  f  i c  c o r d g r a s s  (Spar t ina  f o l  i o s a )  
i s  a  m e m b e r  o f  t h e  g r a s s  f a m i l y  
(Gramineae) .  I n  o l d e r  l i t e r a t u r e ,  i t  i s  
r e f e r r ed  t o  a s  2. l e ian tha .  I t s  d i s t r i b u -  
t i o n  i s  r e s t r i c t e d  t o  t he  P a c i f i c  c o a s t  of 
Nor th  Amer ica  and e x t e n d s  f rom Humboldt 
Bay t o  Bahia de  l a  Magdalena i n  Baja Cal i -  
f o r n i a  (Placdonald and Barbour 1974). I t  i s  
a b s e n t  from many bays  a l o n g  t h e  o u t e r  
coast ,  but  i s  common throughout San Fran- 
c i s c o  and San Pab lo  Bays. P a c i f i c  c o r d -  
g r a s s  i s  s i m i l a r  t o  many g r a s s e s ,  con-  
s i  s l i n g  o f  s h e a t h e d  l e a v e s  s u r r o u n d i n g  a  
r i g i d  culm wh-ich a r i s e s  from an unde r -  
ground rhizome (F igure  17). I t  produces a  
s i n g l e  i n f l o r e scence  containing many smal l  
f l ower s  wi th  male and female p a r t s  w i th in  
t he  same f l ower  (monoecious). I t  general-  
l y  r e a c h e s  a h e i g h t  o f  0.5 t o  1.5 m ,  
~ O W ~ L ~ T ,  h d\rfdt-f f o r - n~  has  been d e s c r i b e d  
(Harvey  1 976). 



F i g u r e  17. P a c i f i c  c o r d g r a s s  ( S p a r t i n a  f o l i o s a )  c o l o n i z i n g  a  mudf  l a t .  No te  
s h o o t s  ex tend ing  o u t  from base a long  underground rhizomes. P l a n t  n o t  i n  f l ower .  

The l e a f  anatomy o f  P a c i f i c  cordgrass 
i s  s i m i l a r  t o  o t h e r  S p a r t i n a  s p e c i e s ,  
i n c l u d i n g  t h e  kranz anatomy t y p i c a l  o f  C-4 
p l a n t s  (Kasap l  i g i l  1976). I n  add; t i o n ,  
s t r u c t u r e s  ca 11 ed hyda thodes  a re  p resen t  
which a re  r espons ib l e  f o r  a c t i v e  s e c r e t i o n  
of sod ium c h l o r i d e  f r o m  t h e  p l a n t .  The 
s a l t  c r y s t a l l i z e s  on t h e  s u r f a c e  o f  t h e  
leaves and i s  washed away by r a i n  o r  t i d a l  
submergence. Water l o s s  f rom t he  leaves 
i s  reduced by t h e i r  c u r l i n g  i nwa rd  so t h a t  
t h e  l o w e r  ep i de rm i s  w i t h  i t s  t h i c k  imper- 
v i o u s  c u t i c l e  i s  exposed  w h i l e  t h e  upper  
s u r f a c e  w i t h  a  t h i n n e r  c u t i c l e  and more 
abundan t  s t o m a t a  i s  p r o t e c t e d  f r o m  t h e  
d r y i n g  a c t i o n  o f  t h e  wind.  The u p r i g h t  
s t em  o r  c u l m  and t h e  u n d e r g r o u n d  s t e m  o r  
r h i z o m e  c o n t a i n  an e x t e n s i v e  a i r  passage 
o r  lacuna1 system. The lacunae a re  abun- 
dan t  i n  t h e  p e r i p h e r a l  c o r t e x  o f  t h e  stems 
and a r e  i m p o r t a n t  i n  t h e  d ~ f f u s ~ o n  o f  a i r  
t o  t h e  l o w e r  r e g i o n s  o f  t h e  p l a n t  w h i c h  

a re  o f t e n  g row ing  i n  anaerobic  cond i t i ons .  
Two types  o f  r o o t s  a r i s e  f rom t he  rhizome: 
ancho rage  r o o t s  and t h i n n e r ,  p r o f u s e 1  y  
branched abso rp t i on  roots .  The anchorage 
r o o t s  pene t ra te  i n t o  deeper l a y e r s  of t h e  
s u b s t r a t e  whereas t h e  a b s o r p t i o n  r o o t s  
form an i n t r i c a t e  mat  i n  t h e  upper l a y e r s  
o f  t h e  mud. Both c o n t a i n  lacunae con t i n -  
uous w i t h  t h e  stem. D i f f u s i o n  o f  a i r  from 
r h i z o m e s  and r o o t s  t o  t h e  s u r r o u n d i n g  
s e d ~ m e n t s  can be i m p o r t a n t  i n  s u p p o r t i n g  
aerobes i n  an o t h e r w ~ s e  anaerobic env i ron-  
ment. 

The p r e s e n c e  o f  t w o  g r o w t h  f o r m s  o f  
P a c i f i c  cordgrass i n  sou th  bay marshes has 
l e d  i n v e s t i g a t o r s  t o  ques t i on  whether t h e  
d i f f e r e n c e  i s  g e n e t i c a l l y  o r  e n v i r o n -  
men ta l  l y  i nduced .  A " r o b u s t "  f o r m  g r o w s  
a t  l o w e r  e l e v a t i o n s  and r eaches  1.2 m i n  
h e l g t l t  and a  ' ' d d a r f "  form 45 f o u n d  a t  
h ighe r  e l e v a t i o n s  and grows t o  o n l y  0.3 m 



t a l l  (Harvey 1976). P a r n e l l  (1976) de te r -  
m ined  t h a t  b o t h  g r o w t h  f o rms  have a  d i p -  
l o i d  chromosome number o f  60. Us ing con- 
t r o l  l e d  c u l t u r e  methods,  C a i n  and H a r v e y  
(1983)  obse rved  a  s i g n i f i c a n t  d e c l i n e  i n  
h e i g h t  f o r  P a c i f i c  cordgrass w i t h  inc reas-  
i n g  sediment  s a l i n i t y .  Robust forms grew 
l e s s  i n  sediment  s a l i n i t i e s  above 11.7 p p t  
(0.4 o s m o l e / k g  H2Of and d w a r f  f o r m s  we re  
even s h o r t e r  i n  s a l i n i t i e s  above 23.4 p p t  
(0.8 o s m o l e / k g  H20). L o c a t i o n s  whe re  
d w a r f  p l a n t s  w e r e  obse rved  i n  t h e  f i e l d  
had sediment  s a l i n i t i e s  above 31 w ~ t  (1.05 
osmole/kg H2O). The response obse'r'ved' f o r  
P a c i f i c  c o r d g r a s s  p l a n t s  i n  t h e  bay  d i f -  
f e r s  markedly  f r om  t h a t  observed by  Zed le r  
(1977)  i n  t h e  T i j u a n a  Es tua r y .  I n  s o u t h -  
e r n  C a l i f o r n i a ,  i t  i s  n o t  u n u s u a l  t o  ob-  
s e r v e  n o r m a l  ( r o b u s t )  h e i g h t  f o r m s  i n  
s e d i m e n t  s a l i n i t i e s  above 34 pp t .  C a i n  
and Harvey (1983) suggest t h a t  o t h e r  f ac -  
t o r s  a r e  p r o b a b l y  i n v o l v e d  as even t h e  
"dwa r f '  p l a n t s  i n  l a b o r a t o r y  c u l t u r e  grew 
t a l l e r  t h a n  i n  n a t u r e ,  S i m i l a r l y ,  
L i n t h u r s t  and Seneca (1980) observed t h a t  
changes I n  sediment su r f ace  e l e v a t i o n  had 
a  marked e f f e c t  on numerous sediment char- 
a c t e r i s t i c s  w h i c h  a f f e c t e d  g r o w t h  -in 
smooth cordgrass (Spa r t i na  a1 t e r n i  f l o ra ) .  

The p h y s i o l o g y  and p h o t o s y n t h e t i c  
response o f  P a c ~ f  i c  cordgrass t o  i ncreas- 
i n g  s e d i m e n t  s a l  i n i t i e s  has been s t ud i ed  
b y  P h l e g e r  ( 1 9 7 1 ) ,  M a h a l l  a n d  P a r k  
( 1 9 7 6 b ) .  and  P e a r c y  &I. ( 1 9 8 1 ) .  
S i m i l a r  c o n c l u s i o n s  we re  r eached  b y  a l l  
i n v e s t i g a t o r s :  Pac i  f j c  c o r d g r a s s  g rows  
b e s t  a t  l o w e r  s a l i n i t i e s  ( l e s s  t h a n  1 5  
ppt), b u t  w i l l  c on t i nue  t o  grow a t  reduced 
r a t e s  a t  s a l i n i t i e s  a s  h i g h  as  35  p p t .  
Seed ge rm ina t i on  i s  a1 so enhanced i n  l owe r  
s a l i n i t y  (Cr ispy n  1976)  and p r e t r e a t m e n t  
i n  f r e s h w a t e r  i s  sugges ted  as  a means t o  
enhance g e r m i n a t i o n  when u s i n g  seeds i n  
r e s t o r a t i o n  p r o j e c t s  (Mason 1976). Wh i l e  
i t  i s  apparent t h a t  P a c i f ~ c  cordgrass can 
grow a t  l owe r  s a l i n i t i e s  than  those meas- 
u r e d  a t  f i e l d  l o c a t i o n s ,  c o m p e t i t i v e  
i n t e r a c t  j ons  w i  t h  o t h e r  spec ies ( n o t a b l y  
a l k a l i  bu l r ush  [Sc i r pus  p b u s t u s ) )  l i m i t s  
~ t s  s p r e a d  ( P e a r c y  e t  a l .  1981). 

D i s p e r s a l  mechanisms f o r  P a c i f i c  
c o r d g r a s s  a r e  assumed t o  i n v o l v e  e i t h e r  

Heu te rman 1978). l i t t l e  i n f o r m a t i o n  i s  
a v a i l a b l e  t o  e s t i m a t e  d i s p e r s a l  and ger-  
m i n a t i o n  i n  t h e  f i e l d .  D e s p i t e  f l o w e r  
p r o d u c t i o n ,  seed p r o d u c t i o n  i n  P a c i f i c  
c o r d g r a s s  i s  l i m i t e d  (Mason 1976). I n  
p l a n t s  p roduc ing  seed, v i a b i l i t y  repor ted-  
l y  exceeds  80% ( C r i  s p i n  1976); howeve r ,  
g e r m i n a t i o n  p e r c e n t a g e s  a r e  l e s s  (Mason 
1976) .  H e a v y  i n f e s t a t i o n  b y  e r g o t  
( C l a v i c e p s )  can  r educe  seed v i a b i l i t y  i n  
c e r t a i n  marshes (F i gu re  18). Under f i e l d  
c o n d i t i o n s ,  C r i s p i n  (1976) found  l e s s  

seeds o r  v e g e t a t i v e  f r a g m e n t s .  A 1  t h o u g h  
c o n d i t i o n s  a f f e c t i n g  seed germ1 n a t i o n  f o r  F i g l ~ r e  18. Seeds o f  P a c i f i c  cordgrass i n -  
P a c i f i c c o r d g r a s s  h a v e b e e n w e i f  docu- f e c t e d  b y e r r i o t .  E r g o t a p p e a r s  a s d a r k ,  
m e n t e d  ( C r f s p i n  1 9 7 6 ,  M a g u i r e  a n d  curvet i  horns embedded i n  f l o r a l  stem. 
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than  4% germina t ion ,  and t h a t  as l i t t l e  as t i  1  such  r e s e a r c h  i s  c o m p l e t e d ,  i n d i v i d -  
0.5 cm o f  mud r e d u c e d  emergence  of seed- u a l s  p r o p o s i n g  marsh  r e s t o r a t i o n  s h o u l d  
1 ings. Newcombe and P r i d e  (1976) r epo r t ed  n o t  u s e  p l a n t s  f r o m  o u t s i d e  t h e  b a y  a r e a  
n e a r l y  1002  g e r m i n a t i o n  when seeds were  f o r  t r a n s p l a n t i n g  (Zed le r  e t  a l .  1982). 
c o l l e c t e d  and s t o r e d  i n  t h e  l a b o r a t o r y  

; p r i o r  t o  t r ansp lan t i ng .  N e i t h e r  Josselyn 
and Pe rez  (1981)  n o r  H o p k i n s  and P a r k e r  
( i n  p ress )  no ted  any seed o f  P a c i f i c  cord- 
g rass  g e r m i n a t i n g  i n  t h e i r  s t u d i e s  o f  seed 
banks i n  bay t i d a l  marshes. Never the less,  
n a t u r a l  es tab l i shmen t  o f  P a c i f i c  cordgrass 
has occur red  i n  severa l  marsh r e s t o r a t i o n s  
(Faber  1980, Cuneo 1982),  t hough  w h e t h e r  
by seed o r  v e g e t a t i v e  means was n o t  docu- 
mented. M o s t  a u t h o r s  recommend t r a n s -  
p l a n t i n g  s t ems  o r  p l u g s  o f  P a c i f i c  c o r d -  
grass t o  e s t a b l i s h  i t  i n  marsh r e s t o r a t i o n  
s i t e s  (Ha rvey  g d. 1982, Z e d l e r  e t  a l .  
1982). 

Few vascu la r  p l a n t  spec ies a re  found 
a s s o c i a t e d  w i t h  P a c i f i c  c o r d g r a s s .  
P a c i f i c  cordgrass i s  g e n e r a l l y  monospecif- 
i c  be tween  MTL and M H W  (H inde  1954, 
A twa te r  and Hedel 1976). Pickleweed, how- 
ever ,  w i l l  f r e q u e n t l y  sp read  i n t o  t h e  
uppe r  r a n g e  o f  c o r d g r a s s .  G e r m i n a t i n g  
seeds o f  o t h e r  marsh  p l a n t s  a r e  i n f r e -  
q u e n t l  y  o b s e r v e d  among P a c i f i c  cordgrass 
b u t  s u r v i v a l  i s  n e g l i g i b l e  (Hopk ins  and 
P a r k e r  i n  p ress ) .  M i c r o -  and m a c r o a l g a e  
a r e  p r e s e n t  a1 t hough  n o  s p e c i e s  l i s t i n g  
h a s  b e e n  d e v e l o p e d  a s  f o r  s o u t h e r n  
Cal i f o r n i a  wet lands (Zed le r  1977). O f  t h e  
rnacroalgae,  En te romorpha  and U l v a  a r e  
f r e q u e n t l y  seen  t a n g l e d  on P a c i f i c  c o r d -  
g r a s s  c u l m s  e s p e c i a l l y  i n  s p r i n g  months  
(She1 lem and Josse l  yn 1982). 

Macdona ld  and B a r b o u r  ( 1  974) n o t e d  
t h e  presence o f  a  d i f f e r e n t  g row th  fo rm of 
P a c i f - i c  c o r d g r a s s  i n  H u m b o l d t  Bay. I t  
grows i n  compact, c l o s e l y  spaced tussocks 
o c c u p y i n g  t h e  zone n o r m a l l y  i n h a b i t e d  by 
pickleweed. It occupies a  s i m i l a r  h a b i t a t  
i n  a  marsh r e s t o r a t i o n  s i t e  a l o n g  C o r t e  
Madera Creek and g r o w s  a d j a c e n t  t o  t h e  
normal rh izomatous  g row th  form. P r e l i m i -  
na ry  research  i n d  i c a t e s  t h e  t r a n s p l  a n t e d  
f o r m  shows n o  g r o w t h  dormancy, f l o w e r s  
e a r l i e r  than t h e  n a t i v e  form, and does no t  
p r o d u c e  r h i z o m e s  ( S p i c h e r  pers .  comm.). 
It appea rs  v e r y  s i m i l a r  t o  g u l f  c o a s t  
c o r d g ' r a s s  ( S  a r t i n a  s p a r t i n a e )  (H.T. 
Harvey,  pers.& F u r t h e r  r e s e a r c h  
i s  i m p e r a t i v e  i n  o rde r  t o  de te rmine  wheth- 
e r  t h i s  form w i l l  spread i n t o  l o c a l  marsh- 
es as o t h e r  i n t r oduced  spec ies have. Un- 

The second ma jo r  p l a n t  spec ies found 
i n  s a l t  marshes  i s  p e r e n n i a l  p i c k l e w e e d  
( S a l  i c o r n i  a  v i r g i  n i ' ca ) ( f i gu re  19). I t s  
s c i e n t i f i c  name i s  o c c a s i o n a l l v  l i s t e d  as 
S a l  i c o r n i  a  p a c i f i c a  b a s e d  on Mason's  
( 1957 )  a c c e p t a n c e  o f  S t a n d l e y ' s  (1916)  
i n  t e r p r e t a  t i  on. Mos t  modern l i t e r a t u r e ,  
however, synomymizes 2. p a c i  f i c a  under 3. 
v i r g i n i c a  (Munz 1959). Given i t s  p resen t  
i n t e r p r e t a t i o n ,  S a l i c o r n i a  v i r ~ i n i c a  has a  
widespread d i s t r i b u t i o n  on b o t h  t h e  A t lan -  
t i c  and P a c i f i c  coas t s .  It, by f a r ,  cov -  
e r s  g r e a t e r  area o f  s a l t  marsh h a b i t a t  i n  
t h e  b a y  t h a n  any  o t h e r  s p e c i e s .  I t  i s  
n o r m a l l y  f o u n d  a t  e l e v a t i o n s  above MHW. 
I t  a l s o  g r o w s  i n  a r e a s  w i t h o u t  t i d a l  i n -  
f l uence  such as d i k e d  we t l ands  because i t  
can t o l e r a t e  h i g h  s e d i m e n t  s a l  i n i t i e s  
d u r i n g  t h e  d r y  season. 

P i c k l e w e e d  i s  a  p e r e n n i a l  and f o r m s  
e x t e n s i v e ,  i n t e r t w i n i n g  a b o v e - g r o u n d  
branches about 0.5 m t a l l .  The p l a n t  i s  a  
s u c c u l e n t  and c o n s i s t s  of a woody s t em  
s u r r o u n d e d  b y  s u c c u l e n t  l eaves .  The 
f l o w e r s  a r e  inconspicuous and embedded i n  
t h e  uppe r  p o r t i o n s  o f  t h e  s t em  o f  t h e  
in f lo rescence .  M a l e  and f e m a l e  f l o w e r s  
a r e  on s e p a r a t e  p l a n t s  ( d i o e c i o u s ) .  The 
seeds produced a r e  deep ly  embedded i n  t h e  
s t em  and a r e  r e l e a s e d  i n  t h e  f a l l  and 
w i n t e r  when t h e  s t em  w i t h e r s  and d e c a y s  
away. 

P i c k l e w e e d  i s  adap ted  t o  s a t u r a t e d  
s o i l s  and h i g h  s a l i n i t i e s .  W i t h i n  t h e  
s t em  and r o o t ,  ae renchymous  t i s s u e  i s  
p r e s e n t  c o n t a i n i n g  a i r  spaces  t o  a l l o w  
d i f f u s i o n  o f  oxygen t o  t h e  r o o t s  (Anderson 
1974). The r o o t  system does n o t  pene t ra te  
as deep ly  as t h a t  o f  P a c i f i c  cordgrass and 
t h e  a i r  passage  s y s t e m  i s  n o t  as w e l l  
developed. P ick leweed i s  a  succu len t  and 
can s t o r e  e x c e s s  s a l t s  w i t h i n  vacuo les .  
It does n o t  possess s a l t  g lands f o r  a c t i v e  
sec re t ion ;  ins tead,  as p l a n t  p a r t s  accurnu- 
l a t e  s a l t s ,  t h e y  a r e  s l oughed  o f f .  T h i s  
process f r e q u e n t l y  occurs i n  t h e  f a l l  and 
w i n t e r  and i s  accompan ied  by  t h e  l o s s  o f  
chlorophy' i i  (g reen)  p i g m e n t  and devei op- 
ment of anthocyanin ( red)  pigment. 



Figu re  19. Perennial  pickleweed (Sa i i co rn i a  v i r g i n i c a ) .  

P i ck l eweed  i s  a  C-3 p l a n t  and f i x e s  
c a r b o n  d i o x l d e  v i a  t h e  C a l v i n  c y c l e .  
Pea rcy  eZ; aJ. (1981)  Found t h a t  c a r b o n  
d l  o x i d e  u p t a k e  I n s h o r t - t e r m  experiments  
1s u n a f f e c t e d  by s a l  i r i  i t ~ e s  r a n g i n g  be-  
tween  0  and 30 p p t ;  h a w o v e r ,  long- te rm 
g rowth  r a t e s  ( a c c u m u  1 a t i o n  o f  t , l s s u e  
weight;) a r e  reduced a t  s a l i n l t l e s  above 20 
ppt. Maximum growth i s  reached a t  10 pp t  
s u g g e s t i n g  t h a t  m o d e r a t e  s a l i n i  t l e s  a r e  
n e c e s s a r y  t o  p r o v i d e  NaCl a s  a  s o l u t e  t o  
m d i n t a ~ n  o s m o t ~ c  b a l a n c e  i n  t h e  c e l  1s. 
T e m p e r a t u r e  op t imum f o r  p r ck feweed  1s 
be tween  25" and 2 7 * C .  Maxinlunl r a t e s  a f  
photosynthesis  occur  a t  21100 p e l  n/ in  "sec. 
P l ck l eweed  d o e s  n o t  r e a c h  light s a t u r a -  
t ~ o n ,  p e r h a p s  d u e  t o  t h e  poo r  l - t g h t  ab -  
s o r b i n g  a b i l i t y  of i t s  ~ h o t o s y t l t h e t i c  
stems. This  i s  r e f l e c t e d  i n  its ext remely  
low photosynthe t ic  r a t e  :t 1 lgh t  i n t e n s i -  
t 7 e s  below 508 j.iein/m /set. C i e a r l ~ ,  
p i ck l eweed  i s  a d a p t e d  t o  s a l i n e  sub -  
strates,  w a r m  t e m p e r a t u r e s ,  and h ~ g h  1 ~ g h t  
i n t e n s l t ~ e s ;  a l l  05 w h ~ c h  a r e  t ng rud l en t s  
of ~ t s  environment. 

P i  cklew eed spreads rapid1 y  by vegeta- 
t i v e  means. I t s  s p r a w l i n g ,  low l y i n g  
s tems produce many new upr igh t  s tems each 
s p r i n g .  Bur ied  s t e m s  a l s o  p roduce  up- 
r i g h t s .  J o s s e l y n  and P e r e z  (1981) ob- 
served t h a t  broken s tems buried a t  a  marsh 
r e s t o r a t i o n  s i t e  were t he  f i r s t  t o  produce 
new growth, even p r i o r  t o  t h e  r e s t o r a t i o n  
of  t i d a l  act ion.  Seed production i s  a l s o  
ex t ens ive  (Figure 20). Hopkins and Parker  
( i n  p r e s s )  counted germinat ing seeds,  over 
90% of which were  p i ck l eweed  s e e d s ,  a t  
d e n s ~ t i e s  of 2100-3175/rnhn sediments  of 
a San Pablo Bay marsh. Germination peaked 
I n  e a r l y  Apr-i 1; however, by mid-June, 96% 
of t h e  s e e d l i n g s  had d i ed .  A p p a r e n t l y  
campet? t ~ o n  w i t h  e x i s t l n g  p l a n t s  occurred 
since seedl  1ng su rv iva l  in  marsh r e s to r a -  
t-ion s l t e s  was much higher  (Mewcombe and 
Pr-ide 1976). Marti ndale  (unpubl) observed 
an a scomyce t e  fungus  (Camarosporum) i n -  
f e c t i n g  p i ck l eweed  s e e d s  i n  a  s o u t h  bav 
marsh. I t s  s i g n i f  ~ c a n c e  i n  reducing seed 
v i a b i 1 1 t y  i s  unknown. I n  g e n e r a l ,  s e e d  
d I spersa l  mechani srns appear t o  be adequate 



F i g u r e  20. S e e d l i n g s  o f  p e r e n n i a l  p i c k -  
leweed. Ma tu re  p l a n t s  p u l l e d  a s i d e  t o  
show dens i t y  o f  seedl ings. 

f o r  pickleweed as most authors recommend 
l e t t i n g  i t  ' f v o l u n t e e r "  i n  marsh r e s t o r a -  
t i o n s  (Harvey e t  a l .  1982). 

A number o f  h a l o p h y t e s  a re  found 
assoc i  a ted  w i t h  p i c k  leweed. Genera l  l y ,  
these species are found as patches w i t h i n  
t he  pickleweed marsh o r  form upland bound- 
a r i e s  around t h e  marsh. Jaumea carnosa 
and sea arrowgrass (Tr  i c  hoch i n ma=) 
are examples o f  t h e  former whereas marsh 
rosemary  (L imon ium c a l  i f o r n i c u m )  i s  an 
examole o f  t h e  l a t t e r .  An annual s p e c i e s  
o f  p i c k l e w e e d  ( S a l i c o r n i a  europaea) i s  
o f t e n  observed i n  marsh r e s t o r a t i o n s  a t  
e l e v a t i o n s  s l i g h t l y  be low  t h e  p e r e n n i a l  
s p e c i e s  ( F i g u r e  21). As t h e  p e r e n n i a l  
form becomes es tab l  ished, i t  extends down 
f u r t h e r  and d i s p l a c e s  annual p i c k 1  eweed 
(Josse lyn ,  persc obs.). 

t i o n s  can break t h e  extensive d i s t r i b u t i o n  

Figure 21. Annual pickleweed (Sal icor*  
europaea). - 

o f  perenn ia l  pickleweed and c reate  condi- 
t i o n s  f a v o r a b l e  t o  o t h e r  species. Gum- 
p l a n t  ( G r i n d e l i a  s t r i c t a )  and s a l t  g rass  
( D i s t i c h l i s  s p i c a t a )  a r e  o f t e n  found on  
n a t u r a l  r i s e s  w i t h i n  pickleweed o r  along 
t h e  u p l a n d  edge o f  t h e  marsh  ( F i g u r e s  22  
and 23). Depress ions  a r e  caused by t h e  
death o f  p ick leweed a f t e r  i t  i s  covered by 
wrack m a t e r i a l  dur ing  h igh  t ides. O l i v e r  
and Rei 1 l y  (1981 ) observed r a p i d  cof oniza- 
t i o n  by  Jaumea carnosa, a l k a l i  h e a t h  
(F ranken ia  g r a n d i f o  and s a l t  bush 
( A t r i p l e x  spp) o f  d is tu rbed areas c rea t i ng  
a mosa ic  o f  v e g e t a t i o n .  Over s e v e r a l  
years, pickleweed may re-establ  i s h  i t s e l f ,  
bu t  i t s  c o m p e t i t i v e  a b i l i t y  i s  dependent 
upon t i d a l  e l e v a t i o n .  I t  i s  more l i k e 1  y 
t o  reco lon ize  patches a t  lower  than h igher  
e l e v a t i o n s .  One spec ies  w h i c h  i s  a l w a y s  
found i n  a s s o c i a t i  on w i t h  p i  ck leweed i s  
dodder (Cuscuta sal ina). It i s  a p a r a s i t i c  
p l a n t  w h i c h  appears as b r i g h t  o range 
threads i n t e r t w i n i n g  among t h e  pickleweed 



( F i g u r e  24). I t s  l e a v e s  a r e  r e d u c e d  t o  
m inu te  sca l es  and i t  produces sma l l ,  w h i t e  
f l o w e r s  f r o m  May t o  September. Al though, 
a t  ti mes, dodder can appear t o  comp le te l y  
c o v e r  i t s  h o s t  p l a n t ,  i t  u s u a l l y  d o e s  n o t  
k i l l  it. 

L i s t s  o f  s p e c i e s  a s s o c i a t e d  w i t h  
p i c k l e w e e d  i n  v a r i o u s  bay  ma rshes  a r e  
g i v e n  i n  A t w a t e r  et al-. (1979). B r i e f  
d e s c r i p t i o n s  w i t h  common names a r e  g i ven  
i n  T a b l e  8. Faber  (1  982)  a1 so p r o v i d e s  a  
gu ide  w i t h  i 1  l u s t r a t i o n s  t o  common w e t l a n d  
p l a n t s  i n  C a l i f o r n i a .  

R e g u l a t o r y  a g e n c i e s  h a v e  s o u g h t  t o  
use marsh p l a n t s  as i n d i c a t o r  spec ies  f o r  
d e t e r m i n a t i o n  o f  j u r i s d i c t i o n a l  1  i m i t s  
( B r i s c o e  1979). H a r v e y  & d. ( 1 9 7 8 )  
i n v e s t i g a t e d  t h e  o c c u r r e n c e  o f  marsh. 

F i g u r e  22- Flowers of gumplant ( G r i n d e l  i a  ' ,up land ,  and non-indi cator  species for s t r i c t a ) .  
severa l  s i t e s  i n  San F ranc i sco  Bay. Mos t  
of t h e  s p e c i e s  g i v e n  i n  T a b l e  8 w e r e  con -  
s i de red  marsh species, c l o s e l y  assoc ia ted  
w i t h  p i c k l e w e e d .  On1 y  fat-he-n ( A t r i p l e x  

F i gu re  24. Sal tmarsh dodder (Cuscuta x- 
f i g u r e  23. S a l t  g rass  ( D i s t i c h 1  is sp ica ta ) .  on p e r e n n i a l  pickleweed. 



Tab le  8 . Vascular  p l a n t  spec ies  assoc i a t ed  w i t h  p i  ckleweed (Sa l  i c o r n i a  v i  r g i n i  - ca).  

Species 

D i s t i c h 1  i s  s p i c a t a  

A t r i p l e x  p a t u l a  

Common name D e s c r i p t i o n  Loca t i on  

Upper zone 

Upper zone 

Sal t g r a s s  

Hal  berd-1 eaved s a l t -  
bush 

A1 k a l  i hea th  

Narrow s p i k e  leaves  

T a l l  ; t r i a n g u l a r  
1  eaves 

Low; bush; sma l l  
p i n k  f l o w e r s  

Upper zone Frankenia g rand i  f o l  ia 

G r i n d e l i a  h u m i l i s  Marsh gum-plant T a l l  ; compos i t e  
f l o w e r s  

Upper zone 

Limoni um c a l i  f o r n i  cum Marsh rosemary Basal leaves;  t a l l  
i ~ f i o r e s c e n c e  

Upper marg in  

I n t e r m i  xed Jaumea carnosa Jaumea Spreading; f l e s h y  
leaves 

Cuscuta s a l  i na S a l t  marsh dodder Orange stems ; w h i t e  
f 1 owers 

On p i  ckleweed 

I n  p i  ckleweed Cordy l  anthus m o l l  i s  
ssp m o l l i s  

Sa l  i c o r n i  a  europaea 

S o f t  b i  r d ' s  beak Purp le ;  f l e s h y  leaves  

Annual p i ck leweed 

S a l t  marsh sand 
spu r r y  

Brass-but tons 

Bushy annual Lower zone 

D i s t u rbed  ground Sperqul a r i a  mar ina Low; spreading 
p1 an t 

D i s t u r b e d  ground Cotu la  c o r o n o p i f o l  i a  Low; ye1 l ow  f l o w e r s  

h i gh  water  [MHHW 3 ) .  and h i g h  marsh ( a t  o r  
above MHHW). Harvey e t  a l .  (1977) i d e n t i -  
f y  f i v e  m a j o r  zones:  l o w - l o w ,  h i g h - l o w ,  
low-high, high-high, and pe r i phe ra l .  They 
do n o t  p r o v i d e  any  i n d i c a t i o n  o f  t i d a l  
l e v e l s  assoc ia ted  w i t h  each zone except  t o  
n o t e  a  c o n t i n u u m  f r o m  l o w e r  t o  h i g h e r  
t i d a l  e l e v a t i o n s .  N e v e r t h e l e s s ,  t h e  de- 
s c r i p t i o n s  t h e y  p r o v i d e  o f  v e g e t a t i o n  
f o u n d  a t  v a r i o u s  e l e v a t i o n s  s u p p o r t  a  
t h r e e  zone pa t t e rn :  a  l ow  marsh dominated 
b y  C a l i f o r n i a  b u l r u s h  ( S c i r p u s  
c a l i f o r n i c u s ) ;  a  m idd le  marsh w i t h  a  mix-  
t u r e  o f  c a t t a i l s  (Typha spp) and bu l rushes  
( S c i  r p u s  o J n e y i  and  2. r o b u s t u s ) ;  and a  
h i g h  marsh  w i t h  a  v a r i e d  g r o u p  of h a l o -  
phytes i n c l u d i n g  s a l  t g r a s s  and t h e  B a l t i c  
r u s h  ( Juncus  b a l t i c u s ) .  It i s  i m p o r t a n t  
t o  remember t h a t  t h e  p l a n t  compos i t i on  of 
b r a c k i s h  t i d a l  marshes  i s  v e r y  d i f f e r e n t  
f rom t h e  more e x t e n s i v e  d i k e d  wet lands  of 
Suisun Marsh. These wet lands  a re  managed 
f o r  w a t e r f ~ w ?  f o o d  p l a n t s  s u c h  as a l k a l  s 
b u l r u s h  (Sc i rpus  r obus tus )  and brass but -  
t o n s  ( C o t u l a  c o r o n o p i f o l  ia). 

p a t u l a  ssp  h a s t a t a )  and s a l t g r a s s  we re  
found t o  range e x t e n s i v e l y  i n  b o t h  up land 
a n d m a r s h  h a b i t a t s  and t o  be o f  l i m i t e d  
va l ue  i n  d e l i m i t i n g  marsh hab i t a t .  
B rack i sh  Marsh 

B r a c k i s h  marshes we re  once q u i t e  
e x t e n s i v e  t h r o u g h o u t  S u i s u n  Bay and a t  
s c a t t e r e d  l o c a t i o n s  where l o c a l  r u n o f f  
reduced s a l i n i t i e s .  The b a l a n c e  be tween  
sa1 i n e  and f r eshwa te r  c o n d i t i o n s  i s  d e l i -  
  ate and  f l u c t u a t e s  s e a s o n a l l y .  As a  
r e s u l t  spec ies t y p i c a l  o f  s a l t  and f r esh -  
wa te r  we t lands  i n t e rm i x ,  and t h e  community 
i s  r e f l e c t i v e  o f  l o c a l  env i ronmenta l  con- 
d i t i o n s .  T h i s  s e c t i o n  w i l l  p r o v i d e  a  
g e n e r a l i  zed d e s c r i p t i o n  o f  t h e  s p e c i e s  
cornpos i t i  on. 

The d o m i n a n t  g e n e r a  o f  t h e  b r a c k i s h  
t i d a l  marsh  a r e  S c i  r p u s  and Typha. L i k e  
t h e  s a l t  marsh, dominant spec ies vary  w i t h  
e leva t fon .  A t w a t e r  and fledel (1 976) 'iden- 
t i f y  t h r e e  m a j o r  zones: low marsh (MTL o r  
l o w e r ) ,  m i d d l e  m a r s h  (MTL t o  mean h i g h e r  



C a l i f o r n i a  b u l r u s h  ( F i g u r e  25)  i s  
f o u n d  a t  l o w e r  e l e v a t i o n s ,  e v e n t u a l 1  y  
r e p l a c i n g  P a c i f i c  c o r d g r a s s  a r o u n d  
C a r q u i n e z  S t r a i t s .  I t  e x t e n d s  t o  j u s t  
below MTL a t  Benicia and t o  below MLLW in  
t h e  d e l t a .  Appa ren t ly ,  i t  i s  a b l e  t o  
t o l e r a t e  g r e a t e r  submergence wi th  f r e s h e r  
cond i t i ons .  Cal i forn. ia  bulrush grows from 
an underground rh i zome  and p roduces  an  
u p r i g h t  culm o r  s tem up t o  4 rn t a l l .  
Leaves a r e  reduced t o  basal sheaths.  The 
culm i s  t h e  pr imary photosynthe t ic  t i s sue .  
T h e  cuIm i s  c h a r a c t e r i z e d  by be ing  o n l y  

s l i g h t l y  t r i a n g u l a r  a s  opposed t o  more 
prominent r i b s  of a1 ka l i  bulrush. I n f l o r -  
escences a r e  produced near t he  t i p  of t h e  
culm. C a l i f o r n i a  b u l r u s h  i s  e a s i l y  con -  
fused w i th  t he  common bulrush (?. acu tus )  
which d i f f e r s  by be ing  rounded i n  c r o s s -  
s e c t i o n  t h r o u g h o u t  i t s  l e n g t h  and hav ing  
f l o r a l  b r i s t l e s  which  a r e  barbed  (Mason 
1957). The C a l i f o r n i a  b u l r u s h  i s  f e l t  t o  
r e p r e s e n t  t h e  dominant  s p e c i e s  of t h e  
l ower  marsh ( A t w a t e r  and Hedel 1976). A 
s u b s p e c i e s  o f  t h e  t u f t e d  h a i r g r a s s  
( D e s c h a m p e  c a e s p i  t o s a  s s p  ho l c i fo rmi s )  
i s  occas iona l ly  found a t  lower e l e v a t i o n s  
as  we l l  ( J o s s e l y n ,  p e r s .  obs.) .  

A t  e l e v a t i o n s  be tween  MTL and MHHW, 
two o t h e r  s p e c i e s  of  b u l r u s h  ( S c i r p u s  
olnex- and 2. robus tus)  arid two spec l e s  of 
c a t t a i l  (m j a t - i f o l i a  a n d  T .  ' - a n g u s t i f o i  l a )  doml n a t e  t ~ d a l  b r a c k i c h  

/ marshes. Alkali bulrush -is more preva len t  
in San Pablo Bay and t he  ~ a r ~ u i n e z  S t r a i t s  
where s a l i n i t i e s  a r e  low enough t o  a1 low 
i t  t o  grow b u t  h igh  enough t o  p r e c l u d e  
growth  of o t h e r  b u l r u s h e s  and c a t t a i l s  
(Atwater  and Hedel 1976). In t he  por t ions  
of Su i sun  Marsh managed f o r  w a t e r f o w l ,  
a l k a l i  b u l r u s h  ( an  i m p o r t a n t  w a t e r f o w l  
food p l a n t )  i s  one o f  t h e  most  abundan t  
spec i e s  (Ma71 1969). In t h e  t i d a l  marshes 
of Suisun, O?ney's bulrush (2, o l n e y i )  and 
t h e  c a t t a i  1s (k~ka spp.) a r e  more p r e v a -  
l e n t .  

A lka l r  b u l r u s h  1 s  a  l e a f y  s e d g e  0.5 
t o  1.5 m t a l l .  I t  can  r e p r o d u c e  v e g e t a -  
ti vel y  frorrl tuberous underground r h ~  zomes. 
Seeds  a r e  produced  i n  pendulous  heads  a t  
t h e  top of t he  pldnt and a r e  thought t o  be 
a prxrne food s o u r c e  f o r  w a t e r f o w l .  Ma1 l  
( 1969 )  found t h a t  s e e d  p r o d u c t ~ o n  was 
g r e a t e s t  when 5ubmergence was s i x  months 
o r  longer and s p r i n g  s e d l m e n t  s a l l n l t ~ e s  
were maintained be lob  76 pp t .  Pearcy  et 
a ? .  ( 1 9 8 1 )  o b s e r v e d  d e c l - r n e s  I n  b o t h  - 
photosynthetic r a t e  and growth  a t  a l l  
s a l  ~ n l t ~ e s  t e s t ed ,  ~ n d l c a t i  ng t h a t  f r e sh -  
water  condl t  rans a r e  more favorab le  com- 
pared t o  the  f l e l d  cond-it-tons i n  w h ~ c h  7 t  
1s no rma l ly  found. They s u g g e s t e d  t h a t  
a l k a l i  bulrush reaches 1t.s g r e a t e s t  abun- 
dance I n  t i d a l  marshes sub j ec t  t o  seasonal 
s a l - i n i t y  changes  (0 t o  2 5  ppt ) .  1 t g rows  
r ap id ly  I n  spr-rng when sediment s a l i n 7 t ~ e s  
a r e  r l . 1 3 ~ ~  t t ~  :ere, T h e  t z l ? e r  c-pfin\l o f  " r J  

F7gtlre  25. C a l ~ f o r n ~ a  bulrush f S c ~ r p \ ~ s  a l k a ; ~  b u l r u s h  even tua l  i y  s h a d e s  o u t  t h e  
c a ? i f o r n ~ c u s )  ~n f lower.  l o w e r  g row?  ng p i ~ k l e ~ u e e d .  As s e d ~ r n e n t  ---- 



s a l i n i t i e s  r i s e  i n  l a t e  summer, a l k a l i  
b u l r u s h  becomes dormant .  I t  i s  more  
t o l e r a n t  o f  h i ghe r  s a l i n i t i e s  d u r i n g  t h i s  
p e r i o d  than  i t s  p o t e n t i a l  f r eshwa te r  com- 
~ e t i  t o r s  s u c h  as C a l i f o r n i a  b u l r u s h  
( ~ c i r  us c a l  i f o r n i c u s )  and c a t t a i l s  (Typha ?Te I n  marshes  w i t h  l o w  s e d i m e n t  SPP 
s a l i n i t i e s  t h r o u g h o u t  t h e  y e a r ,  t h e s e  
l a t t e r  s p e c i e s  become more p r e v a l e n t  and 
can shade o u t  t h e  s h o r t e r  a l k a l i  bulrush. 
F o r  t h e  w e t l a n d  s t u d i e d ,  Pea rcy  &. 
(1981) concluded t h a t  p ick leweed domi nates 
when s a l i n e  c o n d i t i o n s  e x i s t  year-round; 
C a l i f o r n i a  b u l r u s h  f l o u r i s h e s  when n o  o r  
l i t t l e  s a l t  i s  p r e s e n t  i n  sed imen t s ;  and 
a l k a l i  b u l r u s h  g r o w s  i n  s i t u a t i o n s  w i t h  
f r eshwa te r  c o n d i t i o n s  i n  s p r i n g  and s a l i n e  
c o n d i t i o n s  i n  summer. 

01 ney ' s  b u l r u s h  ( S c i  r p u s  o l n e y i )  i s  
most abundant i n  Suisun Bay and t h e  de l t a .  
I t  i s  e a s i l y  d i s t i n g u i s h e d  b y  i t s  h e i g h t  
( u p  t o  2.5 m t a l l )  and s h a r p l y  t r i a n g u l a r  
stem. It i s  more t o l e r a n t  o f  submergence 
t h a n  t h e  n a r r o w  l e a v e d  c a t t a i l  (Typha 
a n g u s t i f o l  i a )  b u t  l e s s  t o l e r a n t  o f  h i g h  
s e d i m e n t  sa 1  i n i  t i e s  (Ma1 1 1969). On t h e  
o t h e r  hand, A t w a t e r  and Hedel  (1976)  ob- 
s e r v e d  O l n e y ' s  b u l r u s h  g r o w i n g  i n  San 
P a b l o  Bay w h e r e  w a t e r  s a l  i n i t i e s  were  
t y p i c a l l y  near  20 ppt. 

C a t t a i l s  (Typha spp) a re  d i f f i c u l t  t o  
i d e n t i  f y  due t o  f r e q u e n t  h y b r i d i z a t i o n  
p a r t i c u l a r l y  be tween  t h e  common c a t t a i  1  
(I. l a t i f o l i a )  and t h e  n a r r o w  l e a v e d  c a t -  
t a i l  (I. a n g u s t  i f 0 1  i a )  (Mason 1957). The 
f o r m e r  has l i g h t  g r e e n  l e a v e s  and t h e  
p i s t i l  l a t e  and s tamina te  f l o w e r s  are con- 
t i n u o u s  on t h e  s p i  ke whereas t h e  l a t t e r  
has dark  green leaves and t h e r e  i s  a  break 
b e t w e e n  t h e  uppe r  s t a m i n a t e  and l o w e r  
p i s t i l  l a t e  f l o w e r s .  O f  e i g h t  s p e c i e s  
samp led  i n  S u i s u n  Marsh by M a l l  ( 1  969),  
t h e  n a r r o w  l e a v e d  c a t t a i l  was second t o  
p i c k l e w e e d  f o r  s e d i m e n t  sa1  i n i t y  t o l e r -  
ance. I t  i s  a p p a r e n t 1  y  more  t o l e r a n t  o f  
h i ghe r  sediment  m o i s t u r e  t h a n  p i c k l e w e e d  
and t h e r e f o r e  i s  f o u n d  i n  p o c k e t s  w h i c h  
r e t a i n  wa te r  between t i d a l  cyc les.  

I n  t h e  h i g h  marsh o r  p e r i p h e r a l  ha lo-  
p h y t e  zone  (MHHW and above) ,  a  number  o f  
s p e c i e s  t y p i c a l  o f  b o t h  f r e s h w a t e r  and 
s a l i n e  marshes  a r e  found.  Where s a l i n i -  
t i e s  a r e  h i g h ,  p i  c k l e w e e d  ( S a l  i c o r n i  a 
v i r  i n i c a ) ,  s a l t g r a s s  ( D i s t i c h i l s  
s  i c a t a  f a t - h e n  ( A t r i p l e x  p a t u l a  ssp  -+-T- 

hastata) ,  and gumplant (Gr indel  i a  humi l u s )  
a re  found. I n  areas o f  l owered  s a l i n i t v .  
b r a s s  b u t t o n s  ( C o t u l  a  c o r o n o ~ i  f o l i  a) a i d  
t h e  b a l t i c  rush  (Juncus b a l t i c u s )  a r e  more 
p reva len t .  Many o t h e r  spec ies  ex tend  i n t o  
t h i s  zone i n c l u d i n g  an e n d a n ~ e r e d  s ~ e c i e s  
( s t a t e  l i s t e d ) :  ~ i i a e o ~ s i s  l a s o n i  i: The 
exac t  d i s t r i b u t i o n  o f  spec ies i s  dependent 
on p e r i o d  o f  submergence, sediment  s a l  i n -  
i t y ,  and  i n t e r s p e c i f i c  c o m p e t i t i o n .  
A t w a t e r  e t  a1. ( 1  979)  p r o v i d e  a  c o m p l e t e  
l i s t  o f  spec ies found i n  t h e  Suisun t i d a l  
marshes. Because o f  t h e  ex tens i ve  d i k i n g  
i n  Suisun Marsh, l i t t l e  o f  t h e  h i g h  marsh 
r e m a i n s  e x c e p t  a t  J o i c e  I s l a n d .  Roe 
I s l a n d ,  and some a r e a s  a l o n g  t h e  s o u t h  
shore o f  Suisun Bay. 

5 . 2  ZONATION PATTERNS O F  WETLAND 
VEGETATION 

V e r t i c a l  d i s t r i b u t i o n  

The e l e v a t i o n a l  d i s t r i b u t i o n  o f  marsh 
p l a n t s  i n  t i d a l  ma rshes  i s  a  d i s t i n c t i v e  
f ea tu re .  From a  d i s t a n c e ,  s h a r p  bound- 
a r i e s  appear  b e t w e e n  p l a n t  s p e c i e s .  
whereas c l o s e  examina t ion  r e v e a l s  a  grad- 
u a l  s h i f t  i n  s p e c i e s  c o m p o s i t i o n .  A l -  
t hough  e l e v a t i o n  w i t h  r e s p e c t  t o  t i d e s  
appea rs  t o  b e  t h e  p r i m a r y  d e t e r m i n a n t  o f  
spec ies d i s t r i b u t i o n ,  many spec ies can be 
found i n  d i s c r e t e  patches a t  e l e v a t i o n s  i n  
wh ich  t hey  a r e  n o t  expected. A t tempts  t o  
develop d e f i n i t i v e  r e l a t i o n s h i p s  b e t w e e n  
spec ies d i s t r i b u t i o n  and t i d a l  e l e v a t i o n s  
have n o t  been success fu l  i n  o t h e r  r eg i ons  
( E l e u t e r i u s  and E l e u t e r i u s  1979). T i d a l  
s l oughs ,  m i n o r  changes i n  marsh  t o p o g -  
raphy, d i f f e r e n c e s  i n  sediment  charac te r -  
i s t i  cs, l o c a l  h y d r o l o g i c  f a c t o r s ,  and 
c o m p e t i t i o n  can a l l  a f f e c t  t h e  p a t t e r n  o f  
spec ies d i s t r i b u t i o n .  

E a r l y  work by Hinde (1954) a t tempted  
t o  r e l a t e  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  
s a l t  marsh p l a n t s  t o  t i d a l  e l e v a t i o n s  and 
t h e  l e n g t h  o f  submergence i n  each zone, 
He d e s c r i b e d  t h r e e  r r ia jo r  zones  o f  a s a l t  
marsh  i n  t h e  s o u t h  bay ( P a l o  A l t o ) :  t h e  
S p a r t i  netum ( i1 .6  t o  -2.5 m above mean 
l owe r  low w a t e r  [ M  LLW I), t h e  Sa l  i co rn i e t um  
( i 1 . 9  t o  3.1 m a b o v e  MLLW), a n d  t h e  
D i s t i c h l i d e t u m  (i-2.1 t o  3.1 m above MLLW). 
He h y p o t h e s i z e d  t h a t  t h e  l o w e r  e x t e n t  o f  
each o f  these  zones was determined b y  t h e  
p h y s i o l o g ~ c a l  l i m i t a t i o n s  o f  t h e  dominant 



spec ies  t o  pro longed submergence. Submer- 
gence  t i m e s  g r e a t e r  t h a n  21 c o n t i n u o u s  
h o u r s  1  i m i t e d  P a c i f i c  c o r d g r a s s  whe reas  
p i c k l eweed  was even l e s s  t o l e r a n t  of pro-  
longed submergence (Table 9). P ick leweed 
grew bes t  when emergence was g r e a t e r  than 
o r  equal t o  t h e  p e r i o d  o f  submergence and 
P a c i f i c  c o r d g r a s s  d o m i n a t e d  when t h e  
p e r i o d  o f  submergence was g r e a t e r  t h a n  
emergence. I t  d i d  n o t  s u r v i v e  when t h e  
' l eng th  o f  submergence was f o u r  t i m e s  
g r e a t e r  t h a n  emergence. H i n d e  a l s o  ob- 
served t h a t  t h e  f requency o f  long pe r i ods  
of emergence d u r i n g  t h e  day t ime was g rea t -  
e s t  i n  A p r i l  through J u l y  a t  l owe r  e leva-  
t i o n s .  The e x t e n d e d  p e r i o d s  o f  d a y t i m e  
emergence a t  low e l e v a t i o n s  c o r r e s p o n d e d  
t o  t h e  i n i t i a t . i o n  o f  g r o w t h  i n  P a c i f i c  
cordgrass. When longer  pe r i ods  of submer- 
gence  r e t u r n e d ,  t h e  t a l l e r  p l a n t s  were  
a b l e  t o  extend t h e i r  pho tosyn the t i c  leaves 
above t i d a l  inf luence. On t h e  o t h e r  hand, 
p i c k l eweed  does n o t  grow very  t a l l  bu t  i s  
exposed t o  longer  pe r i ods  o f  emergence a t  
t h e  MHW l eve l .  Based on r ecen t  photosyn- 
t h e t i c  measurements,  such c o n d i t i o n s  a re  
-ideal f o r  p i ck leweed which i s  a r e l a t i v e l y  
p o o r  l i g h t  a b s o r b e r  (and  t h e r e f o r e  does  
b e s t  r n  h i g h  l i g h t  i n t e n s i t i e s )  and i s  
1  i t t l e  a f f e c t e d  b y  e l e v a t e d  s e d ~ m e n t  
s a l i n i t i e s  (Pearcy & d. 1981). 

Maha l l  and Park ( 1 9 7 6 ~ )  examined t h e  
f a c t o r s  af  s o i l  a e r a t i o n  and t i d a l  immer- 
s i o n  d i r e c t l y .  They measured so l  1  oxygen 
d j f f u s i o n  r a t e s  i n  t h e  f i e l d  and conducted 
greenhouse exper iments  w i t h  P a c l f i c  cord-  
g rass  and p ick leweed under va r i ous  pe r i ods  
of  submergence. No s i g n i f i c a n t  d i  f f e r -  
ences  i n  oxygen  d i f f u s i o n  r a t e s  we re  ob-. 

Table 9. T i d a l  data f o r  the Pa10 A l t o S a l  t 
Ma rsh  ( f r o m  Hinde 1954). --------- - ---- - ------- 

T o t d l  Tot81 
emergence subniergence RGITIQ o f  
~n daylight in day and total  

Level nbovt? M L L W  per year nlght per y r ,  emergerice; 
( h r )  s ubme rqwg . L ~ C k L _ _ _  - - -m - . --- -_- 

+3. t  h ighes t  
S a l i c o r n ~ a  -- --- 
42.9 

+7.5 highest 
Seart ina . --- 
+2.3 

47.0 lowest 
S d l  icornla -- 
"1.0 I L J W 2 S ~  

Spartlna .- -- 
+1.5 

t a i n e d  be tween  p l o t s  o c c u p i e d  by  e i t h e r  
p l a n t  i n d i c a t i n g  t h a t  conduct ion o f  oxygen 
t o  t h e  r o o t s  o f  p ick leweed does n o t  l i m i t  
i t s  seaward  d i s t r i b u t i o n  as hypothes ized 
b y  H i n d e  ( 1 9 5 4 ) .  On t h e  o t h e r  h a n d ,  
M a h a l l  and P a r k  ( 1 9 7 6 ~ )  d i d  o b s e r v e  a  
s i g n i f i c a n t  d e c l i n e  i n  g row th  f o r  p i c k l e -  
weed exposed t o  l o n g e r  and deepe r  t i d a l  
submergence. They d i d  n o t e  t h a t  p i c k l e -  
weed growing i n  P a c i f i c  cordgrass was more 
r o b u s t  and t a l l e r  t h a n  w i t h i n  i t s  n o r m a l  
e l  e v a t  i o n a  1  r ange  s u g g e s t i n g  t h a t  reduc- 
t i o n  i n  a v a i l a b l e  l i g h t  d u r i n g  submergence 
may l i m i t  p i c k l e w e e d  g r o w t h .  They a l s o  
h y p o t h e s i z e d  t h a t  g r e a t e r  l e a c h i n g  o f  
n u t r i e n t s  and o r g a n i c  compounds d u r i n g  
submergence may occur  from p ick leweed than  
f rom cordgrass. 

Maha l l  and Park (1976b) were ab le  t o  
show a  r e l a t i o n s h i p  be tween  s e d i m e n t  
s a l i n i t y  and z o n a t i o n .  P i c k l e w e e d  was 
a b l e  t o  w i t h s t a n d  g r e a t e r  a b s o l u t e  
s a l i n i t y  and sudden changes i n  s a l i n i t y  t o  
a  g r e a t e r  e x t e n t  than cou ld  P a c i f i c  cord-  
grass.  They o b s e r v e d  no  s i g n i f i c a n t  de-  
c l  i n e  i n  s h o o t  g r o w t h  i n  p i c k l e w e e d  i n  
s a l i n i t i e s  r a n g i n g  f r o m  12 t o  37 p p t  
whereas P a c i f i c  c o r d g r a s s  s h o o t  g r o w t h  
d e c l i n e d  r a p i d l y  above 16 ppt .  F i e l d  
measurements i n d i c a t e d  t h a t  t h e  t r a n s i t i o n  
zone between these two  spec ies occur red  a t  
a b o u t  24 p p t  a s  measured i n  t h e  summer. 
I n  e s t a b l i s h i n g  a  w a t e r  budge t  f o r  b o t h  
species, they  observed t h a t  P a c i f i c  cord-  
grass i s  much l ess  e f f e c t i v e  a t  exc l ud i ng  
i ons  f r o m  e n t e r i n g  i t s  r o o t s  than p i c k l e -  
weed. U s t i n  e t  al .  (1982) con f i rmed these 
r e s u l t s  and noted t h a t  p ick leweed grew i n  
sediments wh ich  had a  l owe r  wa te r  poten- 
t i a l  (hence g r e a t e r  s a l i n i t y )  than  P a c i f i c  
cordgrass. Th i s  d i f f e r e n c e  was most pro-  
nounced i n  t h e  l a t e  summer. 

The sediment sa7 l n i t y  p a t t e r n  i n  bay 
t i d a l  marshes 7s determined by t i d a l  inun-  
d a t ~ o n ,  f r eshwa te r  d ischarge,  and evapora- 
t l o n .  Sed imen t  s a l i n 3 t i e s  are g e n e r a l l y  
l owes t  l n  w l n t e r  due t o  t h e  seasonal r a i n -  
f a l l  and r u n o f f .  W i t h  t h e  r e d u c t i o n  o f  
I - a i n f a l l  and i n c r e a s e d  e v a p o r a t i o n  i n  
summer,  s e d i m e n t  s a l i n i t i e s  r i s e ,  
e s p e c i a l l y  a t  h l ghe r  e leva t ions .  The more 
f r e q u e n t  submergence a t  l owe r  e l e v a t i o n s  
maintains s a l ~ n i t i e s  c l o s e r  t o  t h a t  o f  t h e  
bay  wate r .  The mos t  r a p i d  t r a n s i t i o n  i n  
s e d i m e n t  s a l  i n i t i e s  o c c u r s  a t  a p p r o x i -  
rna te iy  MHW, t h e  same e l e v a t i o n  whe re  



p i c k l e w e e d  r e p l a c e s  P a c i f i c  c o r d g r a s s .  
S a l i n i t y  i s ,  t h e r e f o r e ,  t h e  m a j o r  f a c t o r  
i n f l u e n c i n g  v e g e t a t i v e  z o n a t i o n  i n  s a l t  
marshes. Length o f  submergence i s  impor-  
t a n t  i n  i t s  a f f e c t  on a v a i l a b l e  l i g h t  and 
pe rhaps  i n  oxygen  a v a i l a b i l i t y  t o  p l a n t  
r o o t s .  The t a l l e r  P a c i f i c  c o r d g r a s s  can  
extend f u r t h e r  i n t o  t h e  bay and <he sho r t -  
e r  p i c k l e w e e d  i s  1  i m i t e d  t o  upper ,  more  
exposed  e l e v a t i o n s .  P a c i f i c  c o r d g r a s s  
a l s o  h a s  l a r g e r  a e r e n c h y m a  t i s s u e  
( 1  acunae)  compared  t o  p i c  k l  eweed. A1 - 
though b o t h  can t o l e r a t e  anaerobic  condi -  
t i ons ,  P a c i f i c  cordgrass i s  p robab ly  ab l e  
t o  s u r v i v e  l onge r  pe r i ods  o f  submergence. 

The f a c t o r s  a f f e c t i n g  z o n a t i o n  p a t -  
t e r n s  i n  b r a c k i s h  ma rshes  a r e  l e s s  we1 1  
unde rs tood .  M a l l  (1969)  was a b l e  t o  
d e l i n e a t e  t h e  d i f f e r e n c e s  i n  s e d i m e n t  
m o i s t u r e ,  o r g a n i c  c o n t e n t ,  and s a l  i n i t y  
which a f f e c t e d  t h e  d i s t r i b u t i o n  o f  a  num- 
be r  o f  p l a n t  spec ies w i t h i n  d i ked  wet lands  
o f  Su i sun  M a r s h  ( T a b l e  10). P resumab l y ,  
t h e s e  f a c t o r s  w o u l d  a l s o  p l a y  a  r o l e  i n  
t i d a l  marshes. Due t o  t h e  g r e a t e r  number 
of s p e c i e s  i n  b r a c k i s h  ma rshes  and t h e  
l a r g e  y e a r - t o - y e a r  v a r i a t i o n  i n  d e l t a  
o u t f l o w ,  s p e c i e s  z o n a t i o n  p a t t e r n s  a r e  
more comp lex  and may be a  r e s u l t  o f  p a s t  

c o n d i t i o n s  as w e l l  as c u r r e n t  f a c t o r s .  
Z e d l e r  (1982)  has o b s e r v e d  how s i n g l e  
f l o o d  e v e n t s  can have a  marked  e f f e c t  on 
spec ies compos i t i on  wh ich  i s  con t inued  i n  
no n - f  l o o d  years. 

E s t u a r i n e  g r a d i e n t  ( H o r i z o n t a l  d i s t r i b u -  
tion) 

B o t h  t h e  v e r t i c a l  and h o r i z o n t a l  
z o n a t i o n  p a t t e r n s  i n  bay  t i d a l  marshes  
change w i t h  i n c r e a s i n g  d i s t a n c e  i n l a n d  
( T a b l e  11). The p r i m a r y  i n f l u e n c e  i s  t h e  
r e d u c t i o n  o f  s a l i n i t y  i n  t h e  w a t e r  f l ood -  
i n g  t h e  marshes and t h e r e f o r e  l owe r  sedi -  
ment s a l i n i t i e s .  A twa te r  and Hedel (1976) 
noted e l e v a t i o n a l  changes w i t h  r espec t  t o  
t i d a l  l e v e l s  f o r  severa l  spec ies from t h e  
d e l t a  t o  t h e  Go lden  Gate. F o r  example,  
t h e  C a l i f o r n i a  b u l r u s h  i s  found f r o m  MLLW 
t o  MHW i n  t h e  d e l t a ,  b u t  o n l y  e x t e n d s  
s l  i g h t l y  b e l o w  MTL i n  C a r q u i n e z  S t r a i t s .  
P i  ckleweed i s  found a t  g r e a t e r  e l e v a t i o n s  
as one moves in land .  A1 k a l  i b u l r u s h  grows 
e x t e n s i v e l y  a t  m i d - t i d e  e l e v a t i o n s  i n  
Su i sun  Bay b u t  i s  f o u n d  o n l y  i n  i s o l a t e d  
h i g h  marsh patches i n  San Pablo Bay. 

U s t i n  et d. (1982)  examined  t h e  
d i s t r i b u t i o n  o f  t h r e e  m a r s h  p l a n t s  

Table 10. Ranges o f  sediment s a l i n i t i e s ,  o rgan i c  m a t t e r  con ten t ,  and p e r -  
c e n t  s o i l  mo i s t u re  i n  which s p e c i f i c  marsh p l a n t s  dominate i n  d i ked  wet-  
l ands  o f  Suisun Marsh. Measurements made on s o i l  e x t r a c t s  d i l u t e d  w i t h  5  
p a r t s  d i s t i l l e d  wa te r  t o  1 p a r t  sediment. A l l  measurements i n  r o o t  zone 
(0 t o  30).  

Species 

Sci rpus 01 ney i  

Juncus b a l t h i c u s  

D i  s t i c h l  i s  s p i c a t a  

A t r i p l e x  h a s t a t a  ssp 
p a t u l a  

Co tu l  a coronopi  f o l  i a  

Sal  i c o r n i  a  v i  r g i  n i  ca 

Sci rpus robus tus 

Typha a n g u s t i f o l i a  

Percent  
mo i s t u re  

100-150 

25-1 25 

100-200 

Mean annual 
s a l t  i n  r o o t  zone 

(mmho/cm) 

Percent  
o rgan i c  

m a t t e r  con ten t  



Table 11. Tidal  ranges f o r  marsh p l a n t s  a t  s eve ra l  l oca t i ons  i n  San Francisco Bay 
(from Atwater and Hedel , 1976). 

Species  
Carqui nez 

Richardson Bay San Pablo Bay S t r a i t s  Del ta  

Spa r t i na  f o l  i o s a  MTL-MHW <MTL-MHW - - 
Sci  rpus ca1 i  f o r n i  cus - - <MTL-MHW <MLLW-MHW 

Sal i corn ia  v i r g i n i c a  <MHW- . MHHW <MHW- >MHHW > MHHW - 

Sc i rpus 01 nevi - - MHHW >MTL 

( P a c i f i c  cordgrass ,  pickleweed, and a l k a l i  
bu l rush)  near  t h e i r  d i s t r i b u t i o n a l  1  imi t s  
i n  San Pab lo  Bay. They found  a r e a s  whe re  
a1 k a l i  b u l r u s h  grew i n  a  nar row zone  be- 
t w e e n  P a c i f i c  c o r d g r a s s  and p i ck l eweed .  
S e d i m e n t  s a l i n i t i e s  i n  t h i s  zone were  
i n h i b i t o r y  t o  t h e  growth of a l k a l r  bulrush 
d u r i n g  t he  summer months. I t s  surv iva l  I n  
t h i s  zone  was dependen t  on t,he r e d u c t i o n  
o f  s e d i m e n t  s a l i n i t i e s  i n  t h e  s p r i n g  by 
heavy  d e l t a  o u t f l o w .  I t s  pcr - iod  o f  most  
r a p ~ d  g r o w t h  was from May t o  June  and by 
J u l y  when sediment  s a l  i n i t i e s  were r l s l n g ,  
growth ceased. Flower and seed production 
o c c u r r e d  r n f r e q u e n t l  y, underground r h i  - 
zomes i n j t ~ a t e d  a l m o s t  a l l  new s e a s o n a l  
grawth,  By July, a l k a l i  bulrush exceeded 
b o t h  P a c i f i c  c o r d g r a s s  and pickleweed I n  

height and ~ t s  dense canopy r n h l b ~ t e d  t h e  
s p r e a d  o f  e-i t h e r  s p e c i e s  i n t o  i t s  zone. 
Year - to-year  s u r v i  va 1 was dependen t  on 
s e a s o n a l  f r e s h w a t e r  in f low,  although the  
underground r h ~ z o m e s  of a l k a l  I bulrush can 
r ema in  do rman t  d u r i n g  d r o u g h t  y e a r s  and 
r e s p r o u t  when s e d ~ m e n t  s a l ~ n i t ~ e s  a r e  
reduced. 

Long term changes i n  spec i e s  composi- 
ti on have  been no t ed  by Atwa t e r  ( 1  980) on 
Browns I s land  a t  the  ea s t e rn  end of Sulsun 
Bay. Based on foss31 evidence,  s a l t g r a s s  
has  rep i  aced more f r e shwa te r  spec i e s  such 
a s  t h e  common reed ( P h r a g m ~ t e s  communis) 
and t he  a l k a l i  bulrush. He e s t i m a t e s  t h i s  
change  h a s  o c c u r r e d  o v e r  t h e  p a s t  1000 
years.  Shor t  t e rm  changes have a l s o  been 
observed a s  dur ing  a  severe  drought  (1976- 
77)  when P a c ~ f i c  c o r d g r a s s  became es tab-  

1 i s h e d  i n  a r e a s  f o r m e r l y  s u p p o r t i n g  
Cal ~ f o r n i a  bulrush i n  Southampton Marsh on 
t h e  Ca rqu lnez  S t r a i t s  ( A t w a t e r  et d. 
1979). 

The importance of seasonal  reduc t ions  
in s a l i n i t y  a s  a  d e t e r m i n a n t  of s p e c i e s  
compos i t  i on  a  long t h e  e s t u a r i n e  g r a d i e n t  
i s  f u r t h e r  s u p p o r t e d  by e v i d e n c e  f rom 
R o l l i n s  (1973) f o r  managed w e t l a n d s  i n  
Suisun  Marsh. He obse rved  a  h i g h l y  s i g -  
n i f i c a n t  c o r r e l a t i o n  between t he  s a l i n i t y  
of t i d a l  w a t e r  ( app l  i ed  t h r o u g h  t i d a l  
ga t e s )  and t he  r e s u l t i n g  sediment s a l i n i t y  
in  t h e  0 t o  30 cm depth. This  was f u r t h e r  
r e l a t e d  t o  t he  p l an t  community. Leaching 
of s a l t s  by applying low s a l i n i t y  wa te r  in  
t he  spr ing  g r e a t l y  increased t he  su rv iva l  
of b r a c k i s h  w a t e r  p l a n t s  s u c h  a s  a l k a l i  
bulrush,  

In summary, b o t h  v e r t i  c a l  and tlori  - 
z o n t a l  d i s t r i b u t i o n  p a t t e r n s  o f  t i d a l  
marsh spec i e s  appear c l o s e l y  t i e d  t o  s ed i -  
1ner1.t s a l i n i t i e s .  While  t i d a l  i n u n d a t i o n  
i s  i m p o r t a n t  a s  a  s o u r c e  of m o i s t u r e  and 
s a l t s ,  o t h e r  hydrologic  and c l i m a t i c  f ac -  
t o r s  i n t e r a c t  t o  c r e a t e  cond i t i ons  favor-  
a b l e  t o  a  few species .  Seasonal v a r i a t i o n  
f u r t h e r  compl i  c a t e s  t h e  p a t t e r n s  observed 
because t h e  prevalence of vege t a t i  ve repro-  
duct ion in  marsh p l an t  spec ies  a l l ows  each 
t o  r e spond  r a p i d l y  t o  f a v o r a b l e  c o n d i -  
t i o n s .  P l a n t  c o m p e t i t i o n  a p p e a r s  mos t  
s i g n i f i c a n t  i n  a r e a s  o f  o v e r l a p  be tween  
s a l i n e  and brackish marshes. 

5.3 TRANSITION Z O N E  (PER1 P H E R A L  HALO-  
PHYTES) 

The t r a n s i t ~ o n  zone r e p r e s e n t s  t h e  
change i n  p l an t  spec i  e s  c o m p o s i t  i o n  f rom 
t y p 3 c a l  w e t l a n d  s p e c l e s  (hydrophytes)  t o  
up i and species .  I t  i s  f requent1  y  r e f e r r e d  
t o  a: r e p r e s e n t i n g  an upper  boundary  f o r  
w e t l a n d s  and t h e r e f o r e  h a s  ga ined  some 
l e g a l  s ~ g n i  f i c a n c e  ( B r i s c o e  1979).  M H W  



se rves  a s  t he  j u r i s d i c t i o n a l  l i m i t  f o r  t h e  
Army Corps o f  E n g i n e e r s  under  t h e  R i v e r s  
and Harbor  Act  o f  1899. Few communi ty  
ana lyses ,  however, have been a b l e  t o  v e r i -  
f y  c o n s i s t e n t  r e l a t i o n s h i p s  between t i d a l  
da tums ( t h e  s t a t u t o r y  b o u n d a r i e s )  and 
p l a n t  spec i e s  i nd i ca to r s .  Ins tead ,  t r an -  
s i t i o n a l  c o m m u n i t i e s  v a r y  f rom s i t e  t o  
s i t e  i n  t h e i r  e l e v a t i o n a l  d i s t r i b u t i o n  
( F r e n k e l  et fi. 1 9 8 1  ). J o s s e l y n  and  
A t w a t e r  (1982) c o n c l  uded t h a t  g e o l o g i c  
phenomena ( s u b s i d e n c e ,  s e d i m e n t a t  i o n ) ,  
human i n t e r f e r e n c e  (diking,  f i  11 ing),  and 
p rob l ems  in p r e c i s e  l e v e l i n g  i n  b road  
marsh p l a i n s  compound the  d i f f i c u l t i e s  i n  
r e l a t i n g  t i d a l  e l e v a t i o n s  t o  p a s t  and 
c u r r e n t  d i s t r i b u t i o n s  of p l a n t  s p e c i e s .  
Use of  marsh v e g e t a t i o n  a l o n e  t o  l o c a t e  
j u r i s d i c t i o n a l  boundaries has been r e j e c t -  
ed i n  some c o u r t s  (Briscoe 1979). 

The t r a n s i t i o n  zone  i s  s i g n i f i c a n t  
e c o l o g i c a l l y .  Of t h e  s i x  a n i m a l s  1  i s t e d  
a s  r a r e  o r  e n d a n g e r e d  i n  bay t i d a l  mar- 
shes,  f o u r  u t i l i z e  t h e  region between M H W  
and t he  upland f o r  breeding and/or feed ing  
( T a b l e  12). Both p l a n t  s p e c i e s  l i s t e d  a s  
r a r e  o r  endange red  occupy  t h e  t r a n s i t i o n  
zone. Many o t h e r  an imals  use t h e  t r a n s i -  
t i o n  zone t o  escape extreme high t i d e s  o r  
w i n t e r  f l o o d s .  D ik ing  of w e t l a n d s  ha s  
impac t ed  t h i s  h a b i t a t  t o  t h e  g r e a t e s t  
e x t e n t  by c r e a t i n g  a  s h a r p  bounda ry  be- 

tween  t i d a l  m a r s h e s  and t h e  up land  ( d i k e  
s l ope ) .  

Harvey g fJ. (1978) have repor ted  on 
t h e  t r a n s i t i o n  z o n e  l i m i t s  f o r  s e v e r a l  
w e t l a n d s  i n  C a l i f o r n i a ,  one  o f  which  was 
in  San F r a n c i s c o  Bay. They found  t h a t  no 
p l a n t  s p e c i e s  were t yp i ca l  o r  l i m i t e d  on ly  
t o  t h e  t r a n s i t i o n  zone. I n s t e a d ,  t h e y  
used a  method t h a t  r e q u i r e d  an a  p r i o r i  
d e c i s i o n  b e  r e a c h e d  on w h e t h e r  a  s p e c i e s  
was t y p i c a l l y  w e t l a n d  o r  up land .  Using 
t h e s e  s p e c i e s  as  i n d i c a t o r s ,  t h e y  d e t e r -  
mined t r a n s i t i o n  zone l i m i t s  using percent  
cover  data .  Upper 1  i m i t s  were measured a t  
t h e  p o i n t  w h e r e  marsh p l a n t s  c o m p r i s e d  
l e s s  than  5% cover  and lower l i m i t s  where 
upland p l a n t s  we re  r e p r e s e n t e d  by l e s s  
t h a n  5% c o v e r .  The u p p e r  a n d  l o w e r  
t r a n s i t i o n  l i m i t s  f o r  a  mar sh  n e a r  P a l o  
A l t o  we re  +1.25m + 0.26 and 0.83m + 0.12 
above  M H W ,  r e s p e c t i v e l y .  The a v e r a g e  
w id th  o f  t h e  t r a n s i t i o n  zone was  3.1 1 m + 
3.43. A s i m i l a r  app roach  was t a k e n  by 
F r e n k e l  e t  a l .  ( 1  981)  f o r  Oregon marshes .  
The mean uppe r  and l o w e r  l i m i t s  i n  t h e i r  
s t u d y  were  0.58 and 0.36 m above  M H W  o r  
approximately 0.7 m lower than those  found 
by Harvey  e t  a l .  (1978). A l t h o u g h  i t  i s  a 
u s e f u l  t o o l  in  d e l i m i t i n g  w e t l a n d s .  t h e  
r e l a t i o n  o f  t h e  t r a n s i t i o n  zone  w i t h  
r e spec t  t o  t i d a l  datums v a r i e s  and cannot 
be u sed  as  a  c o n s i s t e n t  j u r i s d i c t i o n a l  
marker. 

Table 12. Rare and endangered animal and p l a n t s  spec i e s  i n  bay t i d a l  marshes 
(from Jones and Stokes and Assoc. 1979; Atwater e t  a1 . 1979). S = Cal i fo rn i a  
s t a t e o r C a l i f o r n i a N a t i v e P l a n t S o c i e t y l i s t i n g ; F = F e d e r a l  l i s t i n g .  Not 
included i n  t a b l e  a r e  spec i e s  which a r e  no t  l i m i t e d  t o  t i d a l  marshes al though 
they may sometimes be observed t h e r e ,  i e .  Ca l i fo rn i a  brown p e l i c a n ,  American 
peregrine f a l c o n ,  e t c .  

Species  Hab i t a t  - Rare Endangered 

Sa1 t marsh h a r v e s t  mouse (Rei throdontomys s a l t ,  b rack ish  F9s 
rav i  ventr is . )  

Ca l i fo rn i a  black r a i l  ( L a t e r a l l u s  s a l t ,  b rack ish  S 
jamaicensis  co turn icu l  u s )  - 
Cal i f o r n i a  c l appe r  r a i l  (Ral l  us 
longi  r o s t r i s  obso l e tu s )  

S o f t  b i r d ' s  beak (Cord l an thus  
mollss  ssp.  mo l l i s  r"- 

s a l t  

s a l t ,  brackish S 

Jepson ' s  pea (Lathyrus jepsoni  i  ) brackish  S 



CHAPTER 6 

ANIMAL INHABITANTS OF TIDAL MARSHES 

6.1 HABITATS 

The a p p a r e n t  monotony  o f  p i ck leweed 
( S a l  i c o r n i ' d  v i  r i n i c a )  a n d  t h e  ' b u l r u s h e s  
( S c i r p u s  s p p 2 ) ~ r a n c i  sco  Bay t i  d a l  
marshes i s  broken by a v a r i e t y  o f  h a b i t a t s  
wh ich  suppor t  a  d i v e r s e  group o f  animals. 
Ranging i n  d i v e r s i t y  and s i z e  f rom p ro to -  
zoans t o  harbor  seals, t he  an ima ls  u t i l i z e  
t h e  wet lands f o r  r es t i ng ,  feeding,  breed- 
ing, and p r o t e c t i o n  from predators .  Th i s  
chap te r  w i  11 i n t r oduce  t h e  k i n d s  and abun- 
dances o f  a n i m a l s  and t h e  h a b i t a t s  t h e y  
u t i l i z e .  The an ima ls  d iscussed f a l l  i n t o  
f o u r  m a j o r  c a t e g o r i e s :  i n v e r t e b r a t e s ,  
f i s h ,  b i r d s ,  and mammals. The i n v e r t e -  
b r a t e s  a re  t he  most d iverse,  ranging f rom 
i n f auna l  organisms w i t h i n  t h e  sediments o f  
bay  marshes  t o  t h e  numerous  s p e c i e s  o f  
c r u s t a c e a n s ,  i n s e c t s ,  and s p i d e r s  w h i c h  
occupy  t h e  mud s u r f a c e  and p l a n t  canopy. 
The v e r t e b r a t e s  a r e  l e s s  numerous, b u t  
u s u a l l y  more apparent i n  t h e  h a b i t a t s  t hey  
occupy: f i s h  can  b e  abundant  i n  t i d a l  
channe l s  and marsh poo l s ,  b i r d s  feed  o n  

a d j a c e n t  m u d f l a t s  and a f ew  n e s t  i n  t h e  
marsh vege ta t ion ,  and mammals a re  genera l -  
l y  r e s t r i c t e d  t o  h i ghe r  ground w i t h i n  t h e  
marsh and ad jacen t  upland. 

The t e r m  h a b i t a t  can b e  a p p l  i e d  t o  a  
broad spectrum o f  reg ions  from t h e  s e t  of 
phys i ca l  and chemica l  cond i t i ons  surround- 
i n g  a s i n g l e  s p e c i e s  t o  t h o s e  a round  a 
l a r g e  communi t y  ( C l  ements and S h e l f  o r d  
1939, Odum 1971). I n  r e f e r e n c e  t o  t i d a l  
marshes, t h e  h a b i t a t s  c o n s i d e r e d  a r e :  
t r a n s i t i o n  o r  p e r i p h e r a l  ha lophy te  zone, 
s a l t  pannes and p o o l s ,  t h e  v e g e t a t e d  
ma rsh ,  c h a n n e l s  ( i n c l u d i n g  m o s q u i t o  
d i t c h e s )  and s l oughs ,  and t h e  a d j a c e n t  
m u d f l a t  ( F i g u r e  26).  S a l t  pannes a r e  
g e n e r a l 1  y  f l a t ,  u n v e g e t a t e d  a reas  i n  t h e  
h i  gh ma rsh  whereas p o o l s  a re  depress ions 
w h i c h  u s u a l l y  c o n t a i n  w a t e r .  The t e r m  
p o t h o l e  i s  u s e d  t o  r e f e r  t o  p o o l s  w h i c h  
a r e  f o rmed  f r o m  p l u g g e d  t i d a l  channe ls .  
Channe ls  a r e  g e n e r a l  l y  deepe r  t h a n  w i d e  
and sloughs a re  w i d e r  than deep. Channels 
a r e  i n c i s e d  i n  t he  h i g h  marsh and s loughs 

M W M W -  

MWW - 

 MUD FLAT-I-TIDAL SLOUGH-I 
F igu re  26. Habitats d iscussed w ~ t h l ' n  p r o f  
s loughs extend ~ n t o  low marsh, and t i d a l  channels ( n o t  shown) extend through h ~ g h  marsh. 



meander th rough  t he  l o w  marsh. The te rms 
used h e r e  a r e  compared t o  t h e  c l a s s i -  
f i c a t i o n  scheme deve loped  by Cowardin gt- 
a l .  (1979) i n  T a b l e  13. - 

6.2 INVERTEBRATE FAUNA 

The  i n v e r t e b r a t e  f a u n a  i n  t i d a l  
marshes  can be d i v i d e d  i n t o  t h r e e  m a j o r  
groups:  b e n t h i c  i n f a u n a ,  ep i f auna ,  and 
t e r r e s t r i a l  a r t h r o p o d s .  The i n  f a u n a  and 
e p i f a u n a  a r e  1  a r g e l y  de r i ved  f r o m  mar i ne  
and e s t u a r i n e  g roups  whe reas  t h e  i n s e c t s  
and s p i d e r s  a r e  t e r r e s t r i a l  and a q u a t i c  
f o r m s  w h i  ch i n v a d e  t h e  marsh  communi  t y .  
Rev iew a r t i c l e s  on  t h e s e  g roups  i n  San 
F r a n c i s c o  Bay a r e  i n c l u d e d  i n  Macdona ld  
( 1 9 7 7 ) ,  C a r l  t o n  ( 1 9 7 9 ) .  and  Cameron  
(1972). Taxonomic t r ea tmen t s  a re  g i ven  i n  
S m i t h  a n d  C a r l t o n  ( 1 9 7 5 )  and C a r l t o n  
(1978). 

In fauna  

The d i s t r i b u t i o n  o f  t h e  b e n t h i c  i n -  
f a u n a  w i t h i n  t i d a l  marshes has n o t  been  
w e l l  s t u d i e d  and mus t  b e  i n f e r r e d  f r o m  
s t u d i e s  o f  t i d a l  c reeks and mud f l a t s  imme- 
d i a t e l y  a d j a c e n t  t o  t i d a l  marshes. F o r  
t h e  pu rpose  o f  t h i s  c o m m u n i t y  p r o f i  l e ,  a  
t i d a l  e l e v a t i o n  o f  + 0.5 m (above  MLLW) 
was se l ec ted  as t h e  boundary between mud- 
f l a t  and t i d a l  marsh  o r g a n i s m s .  T h i s  
e l e v a t i o n  approx i  mates t h e  maxi mum dep th  

o f  c h a n n e l s  d r a i n i n g  t i d a l  ma rshes  (Pes- 
t r o n g  1965). 

Ex tens i ve  s t u d i e s  have been completed 
over  t h e  p a s t  70 years  on t h e  d i s t r i b u t i o n  
and abundance o f  s u b t i d a l  and i n t e r t i d a l  
mudf l  a t  communi t ies  (see N i cho l s  1973 f o r  
rev iew) .  The r e s u l t s  i n d i c a t e  t h a t  sed i -  
ment t e x t u r e  and s a l i n i t y  a r e  t h e  mos t  
s i g n i f i c a n t  p h y s i c a l  f a c t o r s  a f f e c t i n g  
b e n t h i c  species. S tud ies  i n  o t h e r  es tuar -  
i e s  c o n f i r m  these f i n d i n g s  (Maurer e t  al. 
1977, Boesch 1977).  I n  San F r a n c i s c o  
Bay, t h e  d i s t r i b u t i o n  o f  s t r i c t l y  m a r i n e  
o r g a n i s m s  i s  l i m i t e d  t o  t h e  c e n t r a l  bay. 
A t  t h e  ext reme ends o f  t h e  bay e x i s t  popu- 
l a t i o n s  o f  f r e s h  and b r a c k i s h  w a t e r  
faunas .  Be tween  t h e s e  t w o  e x t r e m e s  i s  
found a  complex, ext reme1 y  v a r i a b l e  mosaic 
o f  c o m m u n i t i e s  h i g h l y  dependent on l o c a l  
phys ica l ,  chemica l ,  and b i o l o g i c a l  f a c t o r s  
(N i cho l s  1973). N i cho l s  (1979) a t t r i b u t e s  
t h e  h i g h  d e g r e e  o f  p a t c h i n e s s  t o  t h e  e f -  
f e c t s  o f  i n t e r m i  t t a n t  d i s t u r b a n c e  of t h e  
s u b s t r a t e  e i t h e r  b y  wave and c u r r e n t  ac- 
t i o n  o r  by b i o t i c  d i s t u r b a n c e  such as  
p reda to r  a c t i v i t y ,  accumulat ions o f  decay- 
i n g  d r i f t  a lgae, and bu r row ing  a c t i v i t y .  

Anthropogenic i n f l u e n c e s  such as sew- 
age p o l l u t i o n ,  f r e s h w a t e r  d i v e r s i o n ,  and 
i n t r o d u c t i o n  o f  e x o t i c  s p e c i e s  f u r t h e r  
comp l i ca te  t h e  c l a r i  f i  c a t i o n  o f  t h e  f ac- 
t o r s  a f f e c t i n g  b e n t h i c  c o m m u n i t y  s t r u c -  

Table 13. Comparison between h a b i t a t s  d iscussed  i n  t h i s  p r o f i l e  and those 
1 i s t e d  by Cowardin e t  a1 . ( 1  979) . 

Sys tem 

Subsys tem 

Class 

Subclass 

Dominance 

Modi f i e r  

Vegetated 
r : ~ a r s  h  - 
Estua r i ne  

I n t e r t i d a l  

Emergent 
w e t l  and 

P e r s i s t e n t  

Cordgrass 
P i  ckleweed 
Bu l rush  

Sa l  i ne 

B rack i sh  

Channels 
and sloughs 

Es tua r i ne  

I n t e r t i d a l  

Unconsol i dated 
shore 

Mud 

Macoma 

Regu'l a r l  y  
f 1  ooded 

S a l t  
pannes 

E s t u a r i n e  

I n t e r t i d a l  

Unconsol i dated  
shore 

Mud 

Cer i  t h e d i  a  

I r r e g u l a r l y  
f 1 ooded 

T r a n s i t i o n  
zone 

Es tua r i ne  

I n t e r t i  da1 

Emergent 
w e t l  and 

P e r s i s t e n t  

Temporar i l y  
f 1 ooded 



t u r e .  C a r l t o n  (1979)  l i s t s  o v e r  90  spe- 
c i e s  o f  i n v e r t e b r a t e s  w h i c h  have  been  
i n t r oduced  t o  t h e  bay through i n t e n t i o n a l  
t r a n s p l a n t i n g  ( o y s t e r s ,  c l a m s )  o r  a c c i -  
d e n t a l  e s t a b l  ishment  ( by  a s s o c i a t i o n  w i t h  
o y s t e r  cu l t u re ,  sh ipp ing ,  f i s h i n g  a c t i v i -  
ty ) .  Many o f  t h e  i n t r o d u c e d  o r g a n i s m s  
d o m i n a t e  t h e  b e n t h i c  and i n t e r t i d a l  mud- 
f l a t  community. As success fu l  co l on i ze r s ,  
t h e  i n t r oduced  spec ies are h i g h l y  adapted 
t o  t h e  d i s t u r b e d  e n v i r o n m e n t s  p r e s e n t  i n  
t h e  s h a l l o w  w a t e r s  o f  t h e  bay  ( N i c h o l s  
1979). Thus, t i d a l  marshes  and t h e i r  
s u r r o u n d i n g  m u d f l a t s  o f f e r  haven  t o  a  
d i v e r s e  g r o u p  o f  n a t i v e  and i n t r o d u c e d  
i nve r t eb ra tes .  

Among t h e  t y p i c a l  m u d f l a t  i n f a u n a l  
organisms p e n e t r a t i n g  t i d a l  marsh env i ron-  
ments ,  t h e  B a l t i c  c l a m  (M-acoma b a l t h i c a  
L.[=Macoma inconspicua B rode r i p  and Sower- 
by, 18291) has been i n v e s t i g a t e d  i n  t h e  
south bay by Vassa l lo  (1969). The g r e a t e s t  
abundance o f  t h e  B a l t i c  clam was a t  +0.8 m  
above MLLW (maximum e l e v a t i o n  o f  t h e  s tudy  
t r ansec t )  w i t h  an averaqe d e n s i t y  a t  t h a t  
e l e v a t i o n  of 1062 ind/m . She a t t r i b u t e d  
t h e  g r e a t e r  abundance o f  B a l t i c  c l a m s  a t  
h i g h e r  elevations t o  t h e i r  a d a p t a t i o n  t o  
d i s t u r b e d  e n v i r o n m e n t s ,  eg. wave a c t i o n .  
I n  a d d i t i o n ,  p r e d a t i o n  p r e s s u r e  on t h e  
a d u l t s  by t h e  channeled whelk  (Busycotypus 
c a n a l i c u l a t u s )  and o n  t h e  s p a t  by an am- 
ph ipod  (Ampel isca m i l l e r i )  i s  reduced a t  
h i g h e r  e l e v a t i o n s .  

The B a l t i c  clem i s  a  depos i t  feeder ,  
and B l a c k  ( 1980 )  f o u n d  t h a t  f e e d ~ n g  b y  
bo th  l a r g e  and sma l l  an ima ls  was g r e a t e r  
a t  law t j d e  ( m u d f l a t  exposed) than a t  h i g h  
t i d e ,  I n  a d d i t i o n ,  e s t i m a t e s  o f  f e e d i n g  
r a t e s  suggested t h a t  food resources  on t h e  
m u d f l a t  may be 1 i m i t i n g  and t h a t  i n p u t  by 
t ~ d a i  a c t i o n  1s necessary t o  s u s t a i n  popu- 
I a t J o n  growth. I n  San Franc isco  Bay, t h e  
abundance o f  t h e  B a l t i c  c lam i n  reg ions  o f  
g r e a t e r  p h y s i c a l  d ~ s t u r b a n c e  and h i g h e r  
t ~ d e  l e v e l s  may be a  r esponse  t o  f o o d  
i n p u t  and s t r and ing  by waves and a  longer  
p e r ~ o d  of exposure f o r  feeding. 

An i n t r o d u c e d  spec i es ,  t h e  r i b b e d  
mu s s e l  ( I  schad-i um [ = M o d i o l  us ]  demissum) 
i n h a b i t s  a  s l i n h t l v  h j a h e r  i n t e r t i d a l  
h s h i  t ,at  a n d  .is most-abun 'bant  w i t h i n  t h e  
P a c i f i c  co rdgrass  ( S p a r t i n a  f o l  i osa)  zone. 
The r l  bbed mussel was arababl  v i n t r oduced  
between 1860 and 1910 v i a  t h e "  i m p o r t a t i o n  

o f  eas te rn  oys te r s  (Crassost rea v i  r g i n i c a )  
f r o m  t h e  A t l a n t i c  c o a s t  ( C a r l t o n  1979). 
On t h e  A t l a n t i c  coas t ,  t h e  r i b b e d  musse l  
i s  a  common e s t u a r i n e  s p e c i e s  o c c u r r i n g  
w i t h i n  t h e  smoo th  c o r d g r a s s  ( S p a r t i n a  
a1 t e r n i f l o r a )  zone (Len t  1967). I t s  upper 
1  i m i  t i s  apparen t l y  c o n t r o l  l e d  by des icca-  
t i o n  and t h e r m a l  s t r e s s  and i t s  l o w e r  
l i m i t  by l ack  o f  s u i t a b l e  a t tachment  s i t e s  
and p r e d a t i o n  (Lent  1969, Wel ls  1958). I n  
San F r a n c i s c o  Bay, t h e  r i b b e d  musse l  i s  
commonly  f ound  i n  c lumps ,  a t  l e a s t  h a l f -  
b u r i e d  i n  t he  mud, w i t h  i t s  byssal  th reads  
a t tached  t o  t h e  rhizomes o f  P a c i f i c  cord-  
grass o r  o t he r  mussels. 

L a n g l o i s  (1980)  s t u d i e d  a  p o p u l a t i o n  
o f  r i b b e d  mussels i n  t h e  south bay. Great -  
e s t  d e n s i t i e s  were o b s e r v e d  a l o n g  t h e  
o u t e r  edge o f  t h e  P a c i f i c  c o r d g r a s s  z o n e  
and d e c l i n e d  w i t h  i n c r e a s i n g  e l e v a t i o n  
( T a b l e  14). He d i d  n o t  o b s e r v e  any d i f -  
ference i n  average s i z e  o f  i n d i v i d u a l s  on 
e i t h e r  a  seasona l  o r  e l e v a t i o n a l  b a s i s .  
Growth r a t es ,  however, were s i g n i f i c a n t l y  
f a s t e r  w i t h i n  t h e  P a c i f i c  c o r d g r a s s  zone  
t h a n  i n  t h e  p i c k l e w e e d .  Based on f i e l d  
s t u d i e s  o f  g row th  increments,  he developed 
g row th  curves which p rov i de  an e s t i m a t e  o f  
t h e  age o f  v a r i o u s - s i  zed musse l s  ( F i g u r e  
27). D u r i n g  t h e  t w o  y e a r s  o f  h i s  s t u d y  
(1977-79),  he obse rved  l i t t l e  t o  no new 
e s t a b l  i s h m e n t  o f  young. A s e v e r e  d r o u g h t  
occur red  d u r i n g  t h i s  s tudy per iod,  and t h e  
r e s u l t i n g  h i gh  s a l i n i t i e s  i n  t h e  south bay 
may have a f f e c t e d  r e p r o d u c t i o n  and r e -  
c r u i  tmen t .  P r e d a t i o n  and m o r t a l i t y  o f  
a d u l t s  i s  h i gh ;  however ,  i t  i s  n o t  known 
w h a t  f a c t o r s  may l i m i t  s p a t  f a l l  o r  
deve lopment .  P o p u l a t i o n  d e n s i t i e s  o f  
a d u l t s  may l i m i t  s u r v i v a l  o f  s p a t  and 

Table 14. Popu la t i on  b i o l o g y  o f  t he  
r i b b e d  mussel ( I s chad i  urn demi ssum) ( from 
Lang lo i s  1980). 

%31>.ind. e$%! IJser S ~ a r t i n j ~  Sal i corni a 

Density ( d / f f 1 2 )  412 156 12 

Avg. s i z e  Imm) 69 70 68 

Growth ra te  (nn!i!30 days) 
Size class  

Season a t  mx 
arowth 

Mortal 1 ty o f  adults 

Predation 

Ilarrh-Yay March-May March-May 

61 i; 22' 61 '6 
1 2  0 0 
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F-igure 27. E s t ~ m a t e d  growth curve f o r  the  r i b b e d  mussel ( Ischad~urn 
dern-rssurn) In t h r ee  h a b ~ t a t  types, Circles represent growth a t  bay-  
ward edge of P a c l  f rc cordgrass ,  squares  represen t  growth a t  landward 
edge o f  Pacr f i c  cordgrass ,  dnd tr7dngle.; represen t  growth l n  p ~ckiewecd 
(from iangiols 13861. 



s m a l l  mussels. San Franc isco  Bay popula- 
t i o n s  appear  t o  be l o n g  l i v e d  (avg  age = 
1 4  y r s ) ,  t o  be s t a b l e  i n  numbers, and t o  
exper ience  p e r i o d s  o f  low rec ru i tmen t .  

Another i n t r o d u c e d  i n f a u n a l  s p e c i e s  
i n h a b i t s  a  s l i g h t l y  h i ghe r  e l eva t i on .  The 
b u r r o w i n g  and b o r i n g  i s o p o d  (Sphaeroma 
quoyana) was p robab ly  in t roduced  i n t o  t h e  
b a y  d u r i n g  t h e  1 8 5 0 - 9 0 ' s  b y  s h i p p i n g  
a c t i v i t y  f rom A u s t r a l i a  and As ia ( C a r l t o n  
1979). I t  i s  f ound  a b u n d a n t l y  i n  San 
P a b l o  Bay and i n  t h e  s o u t h  bay  where i t  
b u r r o w s  i n t o  mud banks  f r o m  MSL t o  MHW 
( F i g u r e  28). A t  t h e  h i g h e r  e l e v a t ' i o n s ,  
i t s  burrows undercut  t h e  p i c k l e w e e d  z o n e  
and weaken t h e  c l a y  s u b s t r a t e ,  o f t e n  
f a c i l i t a t i n g  t h e  e r o s i o n  o f  t h e  s h o r e  b y  
wave a c t i o n  ( F i g u r e 2 9 ) .  R i c k e t t s e t  a l .  
(1968) s t a t e  t h a t  i t  b u r r o w s  f o r  p r o t e c -  
t i o n  and feeds on algae. Rotramel (1971) 
desc r i bed  i t  as a  f i  1 t e r  feeder, g a t h e r i n g  
d e t r i t u s  on  t h e  s e t a e  of i t s  f i r s t  t h r e e  
p a i r s  o f  legs. Adu l t s  a re  a c t i v e  swimmers 
a t  n i g h t  and t h e  isopod can r a p i d l y  co l o -  
n i z e  a v a i l a b l e  s u b s t r a t e s  ( S c h n e i d e r  
1976). 

Schneider (7976) s t u d i e d  a  p o p u l a t i o n  
o f  S haeroma uo ana on  Tubbs I s l a n d  i n  
San -%---."X- a b l o  Bay a b l e  15). A l t h o u g h  r e -  
p r o d u c t i o n  i s  c o n t i n u o u s ,  3, quoyana r e -  
l e a s e  g r e a t e r  number o f  young i n  t h e  

F i gu re  29. Marsh bank h e a v i l y  c o l o n i z e d  
by  Sphaeroma quoyana. Recent s lump ing  o f  
bank occurred on r i g h t .  

spr ing, and t h e  popu la t i on  reaches maximum 
s i z e  i n  t h e  f a l l .  The p o p u l a t i o n  a t  t h e  
l owes t  t i d a l  l e v e l  was l i m i t e d  by burrow 
c o l l a p s e  i n  t h e  s o f t  mud whe reas  f i r m e r  
mud a t  h i g h e r  l e v e l s  p r o v i d e d  more  p e r -  
manent  b u r r o w s .  Two s i z e  c l a s s  c o h o r t s  
were i d e n t i f i e d  d u r i n g  t h e  y e a r  and a n  
i n d i v i d u a l  i s o p o d  p r o b a b l y  l i v e s  1 t o  1 
112 years .  G row th  a t  a1 1  l e v e l s  i s  f a s t -  
e s t  f r om  March  t o  May. A n o t h e r  i s o p o d ,  

Table 15. Popu la t i on  b i o l o g y  o f  t h e  
bur row ing  i sopod  (S haeroma quoyana) 
( f  roin Schneider  1 9 7 6 ~ k t i o n s  g i ven  
a re  r e f e renced  t o  MSL. Dens i t y  c a l c u l a -  
t e d  f rom quadra ts  taken on v e r t i c a l  f a c e  
of mud bank. 

~ e n s i  ty (# /m2)  
March (rnin) 936 2,646 220 
October (max) 3,307 23,637 14,619 

Growth r a t e  
(mm/30 (lays) 
averaged o v e r  
yea r  4 . 6 +  
season o f  
rnax growth ------Mar- May 

F i g u r e  28. The bur row ing  isopod (Sphaeroma 
quoyana). 



I a i s  c a l i f o r n i c a  was observed as a commen- 
s a l  on  S. q u o y a n a .  I. c a l i f o r n i c a  
a p p a r e n t i y  f e e d s  f r o m  t h e  s e t a e  o f  2. 
q u o y a n a  on  p a r t i c l e s  o f  d e t r i t u s .  
Approx imate ly  1/3 o f  t h e  a d u l t  2. quoyana 
c a r r i e d  I, c a l  i f o r n i c a ,  u s u a l l y  t w o  p e r  
animal.  

Much l e s s  i s  known f o r  o t h e r  i n f a u n a l  
o r g a n i s m s  i n  bay  t i d a l  marshes. S e v e r a l  
l a r g e  p o l y c h a e t e s  ( C a p i t e l  l a  c a p i  t a t a ,  
S t r e b l o s p i o  b e n e d i c t i ,  E t e o n e  
c a l i f o r n i c a ) ,  t u b e  f o r m i n g  a m p h i p o d s  
( C o r o  h i  um s p i n i c o r n e ,  G r a n d i d i e r e l l a  
j a  a"r on i ca  and s m a l l  b i v a l v e s  (Gemma gemma, 
Tapes j a p o n i  ca)  can be abundan t  i n  t i d a l  
wetlands. Q u a n t i t a t i v e  s t u d i e s  conduct-  
ed o n  a l o w  m u d f l a t  i n  t h e  P a c i f i c  c o r d -  
g r a s s  zone i n  s o u t h  bay i n d i c a t e d  t h a t  
p o l  ychaetes a re  most  abundant (91%). f o l -  
l o w e d  by  o l i g o c h a e t e s  (6.2%). b i v a l v i  a  
(1.9%). and amph ipods  (0.5X) (Fox 1981). 
T o t a l  numbers  v a r i e d  d e p e n d i n g  on  sub-  
s t r a t e  sof tness (mo i s t u re  conten;) f rom a 
mean o f  500 ind/m2 t o  2500 ind/m . 
Ep i  fauna 

Scu r r y i ng  crabs, parad ing  mudsnai l s ,  
and jumping amphipods a re  u s u a l l y  f a r  more 
e v i d e n t  t o  t h e  c a s u a l  o b s e r v e r  t h a n  a r e  
i n f auna .  The e p i f a u n a l  o r g a n i s m s  a r e  
i m p o r t a n t  as d e t r i t a l  p r o c e s s o r s ,  a l g a l  
grazers, and predators .  They u t i l i z e  t h e  
s t r u c t u r a l  d i v e r s i t y  o f  t h e  t i d a l  rnarshes 
f o r  ~ r o t e c t i o n  a s  w e l l  as f o r  f o o d  
resources. Omnivory i s  p robab l y  t he  r u l e  
f o r  most macroconsumers i n  t h e  s a l t  marsh 
(Mon tague  e t  a l .  1981). Z e d l e r  ( 1982 )  
has emphasized t h e  s i g n i f i c a n c e  o f  a l g a l  
mats t o  energy f l o w  f o r  e p i f a u n a l  macro- 
consumers. 

The Crustacea and Grast ropoda are t h e  
most common e p i  f auna l  organisms. Severa l  
l a r g e  organisms dominate: t h e  ye1 l o w  shore 
c r a b  (Hemi r a  sus oregonensis), mud s n a i l  
(I lyan- sari u s ]  o b s o l e t a ) ,  and 
amphipod (Orchest ia  t r a s k i a n a ) .  The f o r -  
mer t w o  a r e  g e n e r a l l y  f o u n d  a l o n g  t h e  
bot tom and banks o f  t i d a l  s loughs and t h e  
l a t t e r  w i t h i n  t h e  1 i t t e r  beneath p i c k l e -  
weed. T h r e e  g a s t r o p o d s  ( A s s i m i n e a  
c a 1  i f o r n i c a ,  O v a t e l l a  m y o s o t i s ,  a n d  
C e r i  t h i d e a  c a l i f o r n i c a )  c a n  b e  l o c a l l y  
abundant e s p e c i a l l y  i n  t h e  h i ghe r  marsh. 

The ye1  l o w  s h o r e  c r a b  (Hem ig rapsus  
oregonensis) bu r rows  i n t o  t h e  mudbanks o f  
t i d a l  sloughs. It commonly feeds  w i t h i n  
t h e  t i d a l  s loughs a t  n i g h t  and remains i n  
i t s  burrow d u r i n g  t h e  day. Occas iona l l y ,  
t h e  n a t i v e  1 i ned shore c rab  (Pachygrapsus 
c r a s s i  es) and t h e  i n t r oduced  x a n t h i d  c r a b  
R i t h r o  anopeus h a r r i s i  i) a r e  a l s o  f o u n d  d 

i n  t i d a l  marsh  s l oughs .  The l a t t e r  i s  
most abundant i n  t h e  n o r t h  bay and extends 
up t h e  r i v e r  t o  S t o c k t o n  ( R i c k e t t s  e t  a l .  
1968). H e r m i t  c r a b s  (Pa  u r u s )  h a v e  been  
observed l i v i n g  i n  burrows -gT o t h e  burrow- 
i n g  i sopod ( ~ p h a e r o m a  q uoyana) (Cal Acad. 
Sc i. 1977). 

The mudsnai 1  (I lyanassa obso le ta )  i s  
bv f a r  one o f  t h e  most abundant e ~ i f a u n a l  
oFgan i  sms w i t h i n  t i d a l  s loughs a;ld ad ja-  
c e n t  mudf la ts .  I t  was f i r s t  recorded  f o r  
t h e  b a y  i n  1907 and was p r o b a b l y  i n t r o -  
d u c e d  f r o m  t h e  A t l a n t i c  v i a  o y s t e r  
i m p o r t a t i o n  (Carl  t o n  1979). I t  has l a rge -  
l y  d i s p l a c e d  t h e  n a t i v e  h o r n s n a i l  
( C e r i t h i d e a  c a l i  f o r n i c a )  f r o m  i t s  once  
ex tens i ve  d i s t r i b u t i o n  t h roughou t  t h e  bay 
t o  a  l i m i t e d  h a b i t a t  w i t h i n  h i g h  m a r s h  
s a l t  pannes  i n  t h e  s o u t h  bay  (Race 1982). 
The m u d s n a i l  f e e d s  on  a l g a l - r i c h  sub- 
s t r a t e s ,  as i t s  s t omach  c o n t e n t s  c o n s i s t  
of  75% a l g a e  and 25% decomposer  m i c r o b e s  
(Wetze l  1976). Mudsna i l s  a r e  most  a c t i v e  
when  s u b m e r g e d  a n d  c o n g r e g a t e  a r o u n d  
d r a i n a g e  t r i b u t a r i e s  d u r i n g  l o w  t i d e  t o  
r educe  m o i s t u r e  l o s s  ( S c h a e f f e r  d. 
1968). Thus, i t  i s  n o t  unusual t o  observe 
e x t e n s i v e  p o p u l a t i o n s  a t  l o w  t i d e  w h i c h  
o u t l i n e  t h e  d ra i nage  p a t t e r n  o f  t h e  marsh. 

Race  (1 9 8 1 , 1 9 8 2 )  h a s  s t u d i e d  t h e  
p o p u l a t i o n  e c o l o g y  and documented  t h e  
d i s p l a c e m e n t  o f  t h e  n a t i v e  h o r n s n a i  1 
( C e r i t h i d e a  c a l i f o r n i c a )  ( T a b l e  16). I n  
e s t u a r i e s  and lagoons o u t s i d e  o f  San Fran- 
c i s c o  Bay, t h e  h o r n s n a i  1  t y p i c a l l y  i n -  
h a b i t s  p i  c k l e w e e d  ( S a l  i c o r n i a  v i r g i n i c a )  
marshes, i n t e r t i d a l  creeks, and mudf lats.  
I n  San F r a n c i s c o  Bay, i t i s  l i m i t e d  p r i -  
m a r i l y  t o  h i g h  marsh pannes surrounded by 
p i c k l e w e e d .  D u r i n g  w i n t e r  months, i t  
r e t r e a t s  t o  edge  h a b i t a t s  b e n e a t h  t h e  
p i  ck leweed.  I n  s p r i n g ,  d i s p e r s i n g  h o r n -  
sna i  1  s  c o l o n i z e  submerged pannes. Others 
w h i c h  b e g i n  t o  m i g r a t e  t o  t i d a l  c h a n n e l s  
e x h i b i t  b e h a v i o r a l  a v o i d a n c e  w h e n  
encoun t e r i  ng t h e  i n t  roduced mudsnai 1 and 



Tab le  16. Popluat ion b io logy  o f  t h e  horn- 
s n a i  1 (Cer i  th idea c a l i f o r n i c a )  i n  a  south 
bay marsh ( f rom Race 1981,1982). Numbers 
i i  parenthesis i n d i c a t e  sample size. 

T ida l  Sal i corn ia  Submerged 
creeks -- edge panne 

Dens i ty  
( #/m2 

January 0  500 0  
(mi n  ) 
J u l y  250* 100 1000 
(ma4 

Summer 
growth 
r a t e  
( m / 3 0  days) 

I n i t i a l  
s i z e  
4 5m 1.0(3) 2,6(18) 4.0(1) 
>2 5mm 0  (14)  0.2(258) 1.1(18) 

Season of ----- Surnme r-- - 
maximum growth 

*Limited t o  creeks co lon ized by sna i l s  
moving from pannes. 

a r e  e f f e c t i v e l y  d i s p l a c e d  f r o m  mudf l a t s .  
The mudsnai 1 a l s o  feeds on egg cases and 
j u v e n i  1  es o f  t h e  h o r n s n a i  1, t h e r e b y  
t h w a r t i n g  f u r t h e r  d ispersal .  The mudsna3l 
i s  less  t h e r m a l l y  r e s i s t a n t  than the  horn- 
s n a i l  and cannot t o l e r a t e  the  warmer con- 
d i t i o n s  i n  t h e  s a l t  pannes. As l ong  as 
the  panne receives same t i d a l  inundation, 
t h e  ho rnsna i  1 grows r a p i d l y  du r i  ng t h e  
summer months. I t  w i l l  u sua l l y  not ,  how- 
ever,  a t t e m p t  t o  c o l o n i z e  upper t i d a l  
channels when thertfial cond i t ions  cause the 
mudsnail t o  r e t r e a t  t o  lower t ~ d a l  levels.  
Steeply eroded banks I n  areas o f  Sphaeroma 
guoyana i n f e s t a t i o n  can l i m i t  t he  a b i l i t y  
of t h e  hornsnar  l t o  r n j g r a t e  o u t  f r om t h e  
pickleweed marsh. 

Two o t h e r  s n a i l s  l o c a t e d  i n  t h e  
p i c k l e w e e d  marsh, Ass im i  nea ca1 i  f a r n i c a  
and Ovate1 l a  myosot i -s ,  a r e  usua l1  y  found 
together, al though the  l a t t e r  i s  i n  g reat -  
er-numbers. F o w l e r  (1977)  i n v e s t i g a t e d  
t h e  occurence o f  the two species I n  a  Falo 
A l t o  s a l t  marsh. B o t h  occupy t h e  same 
h a b i t a t  type (dense pickleweed); however, 

0. m y o s o t i s  i s  more g rega r ious .  T h e i r  - 
stomach c o n t e n t s  and f e c a l  m a t e r i a l  ap- 
p e a r e d  i d e n t i c a l  e x c e p t  f o r  s l i g h t l y  
g rea te r  mud content  i n  _0. myosotis. The 
a b i l  i t y  o f  t h e  t w o  s n a i l s  t o  c o e x i s t  may 
be based on f o o d  r e s o u r c e  p a r t i t i o n i n g .  
The r a d u l a  and r a d u l a r  mass o f  A. 
c a l i f o r n i c a  are i n  a  h i g h l y  maneuverable 
snou t  wh ich  i s  na r rower  than  t h a t  of 2. 
myosotis. Thus, A. c a l i f o r n i c a  can ob ta in  
food f r o m  s m a l l  c r e v i c e s  t h a t  have n o t  
been  c l e a r e d  by  t h e  b r o a d  s c r a p i n g  
a c t i v i t y  o f  0. myosotis. 

L i t t l e  work has been done on t h e  
a m p h i p o d s  w i t h i n  b a y  t i d a l  marshes .  
Seve ra l  spec ies  a r e  q u i t e  abundan t  i n -  
c l ud ing  the  na t i ve  species: Anisogammarus 
c o n f e r v i  co lus ,  O r c h e s t i  a  t r a s - k i  ana, and 
Hya le  pl umulosa; and an i n t r o d u c e d  spe- 
cies: Grand id ie re l l a  japonica. The amphi- 
pods l i v e  i n  t h e  d e t r i t a l  a c c u m u l a t i o n s  
beneath  t h e  p i c k l e w e e d  and f e e d  on l i v e  
and dead m a t e r i a l  by  s h r e d d i n g  l a r g e  
p a r t i c l e s .  Lopez et g. (1977) n o t e d  
increased m ic rob ia l  a c t i v i t y  on d e t r i t a l  
ma te r i a l  grazed by t h e  amphipod Orchesi ta 
g r i 1  lus.  By sh redd ing  p a r t i c l e s  i n t o  
s m a l  l e r  s i z e s ,  t h e  amph i  pods  e x p o s e  
g r e a t e r  s u r f a c e  a r e a  f o r  m i c r o b i a l  
a t t a c h m e n t  and a c t i v i t y .  Amphipods, 
t h e r e f  o re ,  p r o v i d e  an i m p o r t a n t  1  i n k  be- 
tween v a s c u l a r  p l a n t  p r o d u c t i o n  and t h e  
m ic rob ia l  processes i n  the  marsh. 

T e r r e s t r i a l  arthropods 

I n s e c t s  and s p i d e r s  a re  among t h e  
most  abundant  a n i m a l s  w i t h i n  t i d a l  s a l t  
marshes. Fo r  one spec ies  o f  s p r i n g t a i l  
( C o l l e m b o l a )  w h i c h  feeds on dead p l a n t  
m a t e r i  a? ,  Cameron (1 972) e s t i m a t e d  an 
average y e a r l y  d e n s i t y  o f  27,713/m2 i n  a  
s a l t  marsh a l o n g  San Pab lo  Bay. T h i s  
d e n s ~ t y  i s  f o r  a  s i n g l e  species out  o f  103 
c o l l e c t e d .  S i m i l a r  r e s u l t s  have been 
observed i n  Georgia s a l t  marshes where the 
p l a n t h o p p e r  (P . roke l i  s i  a) reaches abun- 
dances o f  5000. t o  50,000/m2 when feeding 
o n  s m o o t h  c o r d g r a s s  ( S p a r t i n a  
a1 t e r n  i f  l o r a ) ( P f  e i  f f  er and Wiegert 1981). 
Of course, the  species which has received 
the  mast a t t e n t i o n  i s  the  s a l t  marsh mos- 
qu  to (Aedes). Abatement d i s t r i c t s  have 
been formed t o  respond t o  the disease and 
nu isance prob lems assoc ia ted  w i t h  mos- 
q u i t o ~ .  S ince t h e  e a r l y  p a r t  o f  t h e  1 9 t h  



c e n t u r y ,  d i t c h i n g  t o  i n c r e a s e  t i d a l  f l o w  
has  been  e x t e n s i v e l y  used  i n  t i d a l  and 
d i k e d  wet lands. More r e c e n t l y  ( f o l l o w i n g  
W W  11). p e s t i c i d e  a p p l i c a t i o n  has r ece i ved  
w i d e s p r e a d  u s e  ( P r o v o s t  1977 ) .  A l l  
s t u d i e s  o f  i n s e c t s  i n  b a y  t i d a l  marshes  
have  been  u n d e r t a k e n  d u r i n g  t h i s  p e r i o d  
and  i t  i s  u s u a l l y  assumed t h a t  t h e y  h a v e  
a d a p t e d  t o  t h e  p e s t i c i d e  a p p l i c a t i o n  and 
are, i n  some cases, r e s i s t a n t  (Lane 1969). 

S e v e r a l  s t u d i e s  have samp led  i n s e c t  
p o p u l a t i o n s  i n  t i d a l  marshes: Lane(1969)  
i n  s o u t h  bay; Cameron (1972)  i n  San P a b l o  
Bay; and B a l  1 i ng and Resh ( 1  982)  a1 ong 
Petaluma R i ve r  and i n  Suisun Bay. Because 
d i f f e r e n t  sampl ing methods and a n a l y t i c a l  
methods were used i n  each study, compari-  
sons a re  d i f f i c u l t .  For  example, based on 
s p e c i e s  l i s t s ,  l e s s  t h a n  10% o v e r l a p  i n  
s p e c i e s  c o m p o s i t i o n  was p r e s e n t  be tween  
L a n e ' s  ( 1 9 6 9 )  a n d  C a m e r o n ' s  ( 1 9 7 2 )  
s t u d i e s .  On an o r d i n a l  l e v e l ,  g r e a t e r  
o v e r l a p  i s  seen; i.e. f l i e s ,  gna t s ,  m idg-  
es, and m o s q u i t o s  ( D i p t e r a )  d o m i n a t e d  
b o t h  t i d a l  marshes (Tab1 e  17). S p e c i e s  i n  
t h e  Coleoptera, Homoptera, and Hymenoptera 
were a1 so common. D i f f e r e n c e s  i n  sampl i n g  
t e c h n i q u e s  (i.e. s w e e p i n g  v s  h a r v e s t i n g  
p l a n t  m a t e r i a l )  accoun t s  f o r  much of t h e  

v a r i  a t  i o n  o b s e r v e d  (Lane 1969). However, 
t h e  t w o  s i t e s  d i f f e r  i n  s a l i n i t y  and t i d a l  
r eg imes ,  f a c t o r s  w h i c h  a r e  p a r t i c u l a r 1  y 
i m p o r t a n t  i n  s t r u c t u r i n g  i n s e c t  p o p u l a -  
t i o n s  i n  s a l t  marshes (Fos te r  and Treherne 
1976). 

Comparisons based on p o p u l a t i o n  num- 
h e r s  a l s o  d i f f e r  b e t w e e n  marshes  ( T a b l e  
18). I n  t h e  b r a c k i s h  P e t a l u m a  Marsh,  
A c a r i n a  ( m i t e s  a n d  t i c k s )  d o m i n a t e d  
( B a l l  i ng  and Resh 1982) whereas Homoptera 
( l e a f  h o p p e r s  and a p h i d s )  and  D i p t e r a  
( t r u e  f l i e s )  o c c u r r e d  i n  g r e a t e r  numbers 
i n  t h e  s a l t  m a r s h  s t u d i e d  by Lane (1969). 
Homopte ra  w e r e  m o s t  abundan t  i n  P a c i f i c  
co rdgrass  and p ick leweed and were  rep laced  
by D i p t e r a  w i t h i n  s a l t g r a s s  ( D i s t i c h l i s  
s  i c a t a ) .  The p r e s e n c e  o f  a  d e l p h a c i d  -f-"- p  anthopper (Proke l  i s i a  sp.) accounted f o r  
t h e  h i g h  numbers  o f  Homop te ra  i n  t h e  
P a c i f i c  c o r d g r a s s  zone and a  c h i r o n o m i d  
midge ( P s e u d o m i t t i a  sp.) was t h e  mos t  
abundan t  d i p t e r a n  w i t h i n  sa l tg rass .  The 
b r i n e  f l y  (Ephyd ra  c i n e r e a )  was  p a r t i c u -  
l a r l y  abundant i n  h i g h  marsh s a l t  pannes. 
Amongst t h e  mats o f  macroalgae (Enteromor- 
pha sp.), t h e  w a t e r b o a t m a n  ( T r i c h o c o r i x  
r e t i c u l a t a )  was common, and f e d  o n  t h e  
a l g a e  a s  we1 1  as m i d g e  and rnosqui  t o  l a r -  
vae. 

Table 17. Taxonomic compos i t i on  o f  i n s e c t s  i n  t i d a l  marshes ( f r o m  
Cameron 1972; Lane 1969).  

Percentage 
of t o t a l  
number o f  Number o f  

Loca t i on  H a b i t a t  Order spec ies spec ies  

Tolay Creek, S p a r t i n a  D i  p t e r a  40 34 
San Pablo Bay Coleoptera 2 1  18  

Hymenoptera 15 13 
Homoptera 8 7 
Thysanoptera 7  6 

Sa l  i c o r n i a  D i p t e r a  
Coleoptera 
 menop opt era 13 9  
Hornoptera 8 6 
Thysanoptera 8 6 

Fremon t , S p a r t i  na/ D i  p t e r a  46 43 
South Bay Sa l  i c o r n i  a  Homoptera 13 12 

t e p i  dop te ra  I2 I f  
Hemi p t e r a  9 8  



Table 18. R e l a t i v e  abundances (percentage 
o f  t o t a l  number co l l ec ted )  o f  t e r r e s t r i a l  
ar thropods i n  bay t i d a l  marshes. 

Locat ion Hab i ta t  

Fremont , Spar t i  na 
South Bay 
(Lane 1969) 

Sa l i co rn ia  

D i s t i c h l i s  

Petaluma S a l i c o r n i a  
Marsh 
(Balling 
and Resh 
1982) 

Order 

Homoptera 
Di p te ra  
Coleoptera 

Homoptera 
Di p te ra  
Hemi p  t e r a  

Di p te ra  
Homoptera 
Hemi p t e r a  

Acari  na 
Di p te ra  
Hemi p te ra  
Araneae 

% of 
t o t a l  

58 
35 
4 

76 
11 

9  

6 3  
17 
15 

51 
15 
10 
8  

B a l l i n g  and Resh ( i n  press) recen t l y  
reported on the  l i f e  h i s t o r y  o f  waterboat- 
men (Tr ichocor ixa r e t i c u l a t a )  i n  ponds i n  
t h e  Petaluma Marsh. They found  t h a t  t h e  
number o f  g e n e r a t i o n s  produced a n n u a l l y  
was dependent  on t h e  pond l o n g e v i t y .  
Ponds which d r i e d  dur ing  l a t e  summer con- 
t a i n e d  o v e r w i n t e r i n g ,  non- reproduc ing  
adtrl t s  w h i l e  wa te r  f i  I l e d  ponds produced 
another generatfon. O the r  f a c t o r s  w h i c h  
m o d i f i e d  g e n e r a t i o n  t i m e  were: prolonged 
p e r i o d  o f  ovS p o s i  t i  on (usua l  l y  over  a  2- 
week pe r iod ) ,  v a r i a b l e  egg development 
t ime  (0-1 1 days), v a r i a b l e  i n s t a r  develop- 
ment rates, and inter-pond d i f f e rences  i n  
r e c r u i t m e n t  o f  a d u l t s .  Through these  
v a r i  ou s  1 i f  e  h i s t o r y  adaptations, water- 
boatmen a r e  ab le  t o  e i t h e r  a c c e l e r a t e  o r  
d e l a y  deve l  opment and subsequent genera- 
t i o n s  as cond i t ions  permit.  

Mosquito larvae (Aedes spp.) are a lso 
abundant i n  h i g h  ponds and have r e c e i v e d  
much a t t e n t i o n  due t o  t he  human and animal 
diseases the  a d u l t  mosquito can t ransmit .  
Ae. d o r s a l i  s  and &. squamiger  a r e  t h e  - 
m a j o r  s p e c i e s  p r o d u c e d  w i t h i n  s a l t  
marshes. Larvae from t h e  former are found 
i n  t i d a l  s a l t  marshes f rom March t o  Octo- 
be r  w i t h  peak abundance i n  August, w h i l e  
t h e  l a t t e r  produces l a r v a e  i n  bo th  t i d a l  
and d i k e d  marsh lands f rom November t o  

A p r i l  w i t h  peak abundance i n  January (Tel- 
f o r d  1958, B o h a r t  and Washino 1978). The 
l a r v a e  o f  b o t h  s p e c i e s  c a n  t o l e r a t e  
s a l i n i t i e s  f rom 2 t o 6 1  ppt. B a l l i n g  and 
Resh (1983b) s t u d i e d  t h e  abundance o f  
l a r v a e  i n  h i g h  ponds and p o t h o l e s  i n  
marshes throughout the bay. I n  add i t ion ,  
they  took  v a r i o u s  morphomet r i c  measure- 
ments o f  t h e  ponds, measured p h y s i c a l  
f a c t o r s ,  and d e t e r m i n e d  abundance f o r  
o ther  insects. Through m u l t i p l e  r e g r e s -  
s i o n  a n a l y s i s ,  t h e y  found t h a t  62% o f  t h e  
v a r i a t i o n  i n  mosquito occurrence could be 
accounted f o r  by t h e  e l e v a t i o n  o f  t h e  
pond. Ponds h i g h e r  t han  1.6 m above MLLW 
( r e f e r e n c e d  t o  t h e  Go lden  Gate t i d a l  
range) most f requen t l y  contained mosqui t o  
larvae. Abundance o f  la rvae was p o s i t i v e -  
l y  co r re la ted  t o  pond elevat ion,  presence 
o f  emergent  vege ta t i on ,  and pond area. 
They concluded t h a t  t i d a l  f l u s h i n g  was 
p r o b a b l y  t h e  most  s i g n i f i c a n t  f a c t o r  i n  
reduc ing  l a r v a l  s u r v i v a l ,  and t h a t  ponds 
above MHW represent  t he  vast  m a j o r i t y  o f  
mosquito producizng areas. O f  these, ponds 
l ess  than  100 m , o r  i f  g r e a t e r  t han  100 
my c o n t a i n i n g  30 % emergent  v e g e t a t i o n ,  
reduc ing  l a r v a l  s u r v i v a l i  were t h e  most  
l i k e l y  candidates f o r  d i tch ing .  The pre- 
sence o f  waterboatmen was nega t i ve l y  cor- 
r e l a t e d  w i t h  mosqui to l a r v a l  occur rence.  
Th i s  was n o t  due t o  any p r e d a t o r - p r e y  
re la t ionsh ip ,  bu t  t o  t he  drought r e s i s t a n t  
eggs o f  t h e  m o s q u i t o  a l l o w i n g  i t  t o  
ov idepos i t i n  h igher e leva t i on  ponds. 

I n  a d d i t i o n  t o  c a t a g o r i z a t i o n  and 
studies o f  i n d i v i d u a l  species, c l a s s i f i c a -  
t i o n  based on f e e d i n g  g u i l d s  i s  a n o t h e r  
way t o  e x a m i n e  i n s e c t  p o p u l a t i o n s .  
Cameron (1972) c l a s s i f i e d  t h e  popu la t ion  
i n  a  San Pablo Bay marsh as 50% herbivore,  
35% s a p r o v o r e  ( d e t r i t i v o r e ) ,  and 15% 
p reda to r .  I n  bo th  P a c i f i c  c o r d g r a s s  and 
p i  ckleweed, he observed an i n c r e a s e  i n  
herbivore d i v e r s i t y  w i t h  increas ing  above- 
ground biomass. Predator d i v e r s i t y ,  con- 
s i s t i n g  mostly o f  spiders, increased w i t h  
increasing herbivores. High predator  d i -  
v e r s i t y  caused a  d e c l i n e  i n  h e r b i v o r e s  
d u r i n g  mid-summer. Saprovores  reached 
maximum d i v e r s i t y  dur ing  w i n t e r  when lit- 
t e r  was more ava i l ab le  (Figure 30). Lane 
(1969) d i d  n o t  c l a s s i f y  a l l  s p e c i e s  i n t o  
feeding gui lds, bu t  d i d  n o t i c e  increas ing  
numbers and d ~ v e r s l t y  w l t h  increasing 
above-ground biomass o f  P a c i f i c  cordgrass. 
He noted g rea te r  numbers o f  herbivores on 



- Dry wt. s tand ing  crop suggested t h a t  t h e  h i g h e r  b iomass o f  - --  L i t t e r  pickleweed near channels prov ided g rea te r  
f o o d  and  s h e l t e r .  Reduced s e d i m e n t  
s a l i n i t i e s  a1 so decreased p h y s i o l o g i c a l  
s t r e s s  f o r  t h e  i n s e c t s .  I n  t h e  w i n t e r  
h igh  t i d e s  and increased r u n o f f  washed out  

.-. i n s e c t s  near channels.  No s i g n i f i c a n t  
d i f f e r e n c e  was obse rved  between d i t c h e s  
and open marsh i n  Suisun Marsh where p l a n t  
d i v e r s i t y  was g rea te r  and annual s a l i n i t y  
f 1  uc t u a t i o n  reduced. 

J  F M A M J J  A S O N D  

Saprovores 

.2 

1 

2 P r e d a t o r s  

,J, , A , . 0 

F i g u r e  30. Top: S t a n d i n g  c r o p  o f  l i v e  
pickleweed ( S a l i c o r n i a  v i r g i n i c a )  and dead 
m a t e r i a l  ( l i t t e r ) .  Bot tom: Changes i n  
species d i v e r s i t y  i n  i nsec ts  c l a s s i f i e d  as 
h e r b i v o r e s ,  saprovores ,  and p r e d a t o r s .  
Species d i v e r s i t y  ca l cu la ted  as B r i  1  l o u i n  
(H). ( from Cameron 1972). 

P a c i f i c  cordgrass compared t o  pickleweed. 
A  ch lo rop id  f l y  (Co r t i ca r i a )  was especia l -  
l y  abundant on t h e  i n f l o r e s c e n c e s  o f  
P a c i f i c  cordgrass. Spiders were t h e  c h i e f  
predators and f e d  heav i l y  on the b r i n e  f l y  
(Ephydra c i  nerea). 

B a l l i n g  and Resh (1982) f ound  t h a t  
age and morpho logy  o f  mosqu i to  d i t c h e s  
a f f e c t  i nsec t  community st ructure.  Commu- 
n i t y  d i v e r s i t y  was l o w e r e d  n e a r  n e w l y  
excavated mosqu i to  d i t c h e s  compared t o  
open marsh. E i g h t - y e a r - o l d  d i t c h e s  and 
n a t u r a l  channe ls ,  however, had g r e a t e r  
d i v e r s i t y  than n e a r b y  open marsh. T h i s  
d i f f e r e n c e  was e s p e c i a l  1  y  p ronounced 
d u r i n g  t h e  summer d r y  season,  They  

Overa l l  d i s t r i b u t i o n  of inve r teb ra tes  

The d i s t r i b u t i o n  and abundance o f  
i nve r teb ra tes  i n  t i d a l  marshes have been 
a l t e r e d  g r e a t l y  through intended o r  inad- 
ve r tan t  i n t r o d u c t i  ons and v e c t o r  con t  r o 1  
a c t i v i t i e s .  Changes i n  t h e  h y d r o l o g y  o f  
t h e  San F r a n c i s c o  Bay sys tem due t o  up- 
stream water management have a l s o  i n f l  u- 
enced i nve r teb ra te  communi t i e s  (Hedgpeth 
1979). The r e s u l t  i s  a  mix  o f  spec ies  
u n l i k e  any o t h e r  a l o n g  t h e  w e s t  c o a s t  o f  
North America, even i n  comparison t o  near- 
by ernbayments l i k e  Bodega and Tomales 
Bays. 

Zonation pa t te rns  o f  i nve r teb ra tes  i n  
t i d a l  marshes, u n l i k e  r o c k y  shores, a r e  
d i f f i c u l t  t o  obse rve  due t o  t h e  p resence  
o f  sediments and dense vegetat ion. I n d i -  
v i d u a l  spec ies ,  however, are d i s t r i b u t e d  
w i t h i n  t i d a l  ranges which depend on t h e i r  
m o r p h o l o g i c a l  and p h y s i o l o g i c a l  adapta- 
t i o n s  ( T a b l e  19). Recent work  on r o c k y  
shores suggest t h a t  phys ica l  f a c t o r s  (tem- 
p e r a t u  re, d e s i c c a t i o n ,  1 ong p e r i o d  o f  
emergence) are the p r imary  determinants o f  
t h e  upper  l i m i t  t o  i n d i v i d u a l  spec ies  
whereas b i o l o g i  c a l  f a c t o r s  (compet i t ion,  
predat ion)  a f f e c t  t h e  lower l i m i t s  reached 
by organisms (Carefoot  1977). The i n f o r -  
mation on t i d a l  marsh infauna and epifauna 
s u p p o r t  t hese  genera1 conc lus ions .  The 
B a l t i c  c l am (Macoma ba th i ca ) ,  t h e  r i b b e d  
mussel (Ischadium demi ssum), and the  horn- 
s n a i l  (Cer i th idea c a f ~ f o r n i c a )  a r e  l a r g e l y  
l i m i t e d  by i n c r e a s e d  p r e d a t i o n  and 
compe t i t i ve  exc lus ion  a t  lower i n t e r t i d a l  
e l e v a t i o n s  a n d  b y  h a r s h  p h y s i c a l  
cond i t ions  a t  h igh  levels.  The hornsnai l  
i s  more t o l e r a n t  o f  d e s i c c a t i o n  t h a n  t h e  
int roduced mudsnai l  (I Jyanassa o b s o l e t a )  
and, t h e r e f o r e ,  has found a  r e f u g e  i n  t h e  
h igh  i n t e r t i d a l  zone. 



fable 19. Ben th i c  i n v e r t e b r a t e s  c o l l e c t e d  i n  t h r e e  San Franc isco  Bay s a l t  marshes 
l o c a t e d  i n  Gor te  Madera: Muzzi Marsh, Creeks ide Park, and T r i a n g l e  Marsh. Diamond i n -  
d ica tes  i n t r o d u c e d  spec ies accord ing  t o  C a r l t o n  (1979). Hab i t a t s  def ined as: I - 
Channels ,  banks, sediments w i t h i n  0.5 m NGVD; 11 - P a c i f i c  cordgrass zone; 111 - Rocks 
and  r i p - r a p ;  I V  - High marsh pools ;  V - Pick leweed zone. Samples c o l l e c t e d  i n  H a b i t a t s  
1; IT, and V u s i n g  c o r i n g  dev ices  and s i e v i n g  through 0.5 mm mesh. Hand and n e t  
methods  used i n  H a b i t a t s  111 and I V .  Data p rov ided  by  J. Buchholz and E. Lazo-Wasem. 

Nematostel l a  vectensis 

UID nematodes 
Anne1 i da 

P o l  ychaeta 
Capi t e l l  idae 

Crustarea  
Ostracoda 

CJ-1 indroleheris- sp. 
Copepoda 

UID Harpactacoid 
C l  rrlpedja 

Balanus glandu18 Assimineidae 
~ a l s c o ~  Asslminea c a l i f o r n i c a  

Wassari idae + Wassarius ohsoletus 
-(.Ilyana-e t a  ) 

S u b s t r a t e  a l s o  a f f e c t s  d i s t r i b u t i o n  submergence have enabled i n s e c t s  t o  invade 
of i n t e r t i d a l  i nver tebra tes .  F i rm burrow- t r d a l  marshes (Foster and Treherne 1976). 
ina s u b s t r a t e  i s  needed f o r  t h e  i s o ~ o d  
( s p h a e r o m a  quoyana),  r o c k y  r u b s  t r a t e  f o r  6.3 FISH COMMUNITIES I N  TIDAL WETLANDS 
t h e  l i n e d  s h o r e  c r a b  ( P a c h y g r a p s u s  
c rass ipes) ,  and abundant p l a n t  1 i t t e r  f o r  S c i e n t ~ s t s  have l o n g  h y p o t h e s i z e d  
amphipods, Thus, t h e  a v a i l a b i l i t y  of  such t h a t  e s t u a r i e s  and t h e i r  su r round ing  t i d a i  
m i c r o h a b i t a t s  leads  t o  a mosaic of popula- marshes a r e  i m p o r t a n t  n u r s e r y  a r e a s  f o r  
t i s n s  o v e r l y i n g  t h e  b a s i c  z o n a t i o n  p a t -  f i s h e s  ( G u n t e r  1967) .  E s t u a r i e s  and  
terns. sha l low t i d a l  channels p rov i de  p ro tec t i on ,  

food, and r educed  o s m o r e g u l a t o r y  s t r e s s  
I n s e c t s  have approached marshes f rom f o r  j u v e n i l e  f i s h .  Much has been w r i t t e n  

a t e r r e s t r i a l  hab i t a t .  T h e i r  d i s t r i b u t i o n  on t he  s ~ g n i f i  cance o f  s a l t  marsh d e t r i t a l  
i s  t a r g e l  y dependen t  o n  a v a i  l a b i  li t y  o f  m a t e r i a l  i n  f i s h  d i e t s  (Darnel1 1967, Odum 
p l a n t  m a t e r i a l  and, i n  some cases,  t h e y  d. 1972 ). B o t h  c o m m e r c i a l l y  i m p o r -  
h a v e  a d a p t e d  t o  i n d i v i d u a l  p l a n t  s p e c i e s  t a n t  a n d  non-game s p e c i e s  h a v e  b e e n  

t h e  2kysicat  f a c t o r s  su r round ing  those s t ud fed  lr. r e l a t i o n  t o  t h e i r  dependence on 
p l a n t s .  The d e v e l o p m e n t  of  a w a t e r p r o o f  t i d a l  marshes. S k ~ n n e r  ( 1  962) has r e -  
jn tegument ,  e f f i c i e n t  osmoregulatory  sys- v iewed former and p resen t  d i s t r i b u t ~ o n s  of 
terns, and p h y s i o l o g i c a l  a d a p t a t i o n s  t o  c o m m e r c i a l  fi s h e r i e s  i n  r e l a t i o n  t o  bay  



t i d a l  marshes. S m i t h  and K a t o  (1979) 
p a r t i a l  l y  a t t r i b u t e  the  decl  i n e  o f  commer- 
c i a l  f i s h e r i e s  i n  San F r a n c i s c o  Bay t o  
w e t l a n d  h a b i t a t  loss .  Yet, f e w  s t u d i e s  
have examined f i s h  u t i l i z a t i o n  o f  t i d a l  
marshes i n  t h e  bay. O f  t h e  121 s p e c i e s  
reco rded  f o r  t h e  bay, Jones and S tokes  
Assoc.  ( 1 9 7 9 )  1  i s t e d  o n l y  16 s p e c i e s  
expected t o  o c c u r  i n  t i d a l  marshes b u t  
i nd i ca ted  t h a t  no d e f i n i t i v e  data e x i s t  t o  
enumerate uses o r  abundances. 

A  r e c e n t  s t u d y  b y  Woods (1981) docu- 
mented seasona l  use o f  a  t i d a l  s l o u g h  
system a t  t h e  Hayward s a l t  marsh res tora-  
t i o n  i n  t h e  sou th  bay. She used t h r e e  
co l  l e c t i o n  techniques ( o t t e r  t r a w l ,  minnow 
t r a p ,  and g i  11 n e t )  and found marked d i f -  
ferences among t h e  f i s h  species c o l l e c t e d  
(Tab le  20). O f  t h e  22 s p e c i e s  c o l l e c t e d .  
the  two  most abundant s p e c i e s  t h r o u g h o u t  
t h e  y e a r  were  t h e  t o p s m e l t  ( ~ t h e r i n o ~ s  
a f  f i  n i  s) and t h e  a r row  goby (C1 eve1 andi  a  
-). They compr i sed  75Z o f  t h e  t o t a l  
catch. The ye1 l o w f  i n  goby (Acanthogobius 
f l a v i m a n u s )  and t h e  s t a g h o r n  s c u l p i n  
(Lep toco - t t us  a rma tus )  were a l s o  common. 
S p r i n g  and summer months y i e l d e d  t h e  
g r e a t e s t  a b u n d a n c e  o f  t h e  t o p  f o u r  
spec ies ;  few t o  none were c o l l e c t e d  i n  
w in te r  months. The m a j o r i t y  o f  t he  f i shes  
caught were j uven i l es  suggesting t h a t  t he  
t i d a l  s l oughs  p r o v i d e  a  n u r s e r y  h a b i t a t  

f o r  t h e s e  spec ies .  O the r  s t u d i e s  i n  t h e  
s o u t h  bay c o n f i r m  t h e  s i g n i f i c a n c e  o f  
topsmel t  and gobies w i t h i n  sha l low slough 
sys tems (Jones and S t o k e s  Assoc. 1979). 
Add i t i ona l  species f requen t l y  sampled are: 
sh iner  sur fperch  (Cymatogas t e  r agg r e g a t a )  
and three-spi  ned s t i ck leback  (Gasterosteus 
acu lea tus ) .  The l a t t e r  s p e c i e s  i s  more 
common i n  t he  upper reaches o f  t i d a l  chan- 
ne l s  and mosquito d i tches ,  a long w i t h  t h e  
mosqu i to f ish  ' (~ambus ia  a f f i n i s ) c ~ a l l i n g  et 
al .  1980). - 

The topsmel t (Ather inops a f f i  n i s )  i s  
w e l l  adapted t o  e s t u a r i n e  c o n d i t i o n s .  
Carpe l  an (1955, 1957) found i t  t o  be  t h e  
most abundant f i s h  i n  s a l t  ponds, t o l e r a t -  
i n g  s a l i n i t i e s  up t o  80 ppt. I t apparent- 
l y  a1 so t o l e r a t e s  d i u r n a l  t e m p e r a t u r e  
ranges o f  12°C and an annual  range o f  
25°C t o  a  maximum o f  33°C. A l co rn  e t  a1. 
(1980) obse rved  no d e c l i n e  i n  t h e  abun- 
dance o f  t opsme l  t i n  a  s a l t  marsh  s l o u g h  
s u b j e c t  t o  an u n t r e a t e d  sewage e f f l u e n t  
s p i l l .  Topsmelt are bottom g raz ing  f ish,  
feeding on diatoms, d e t r i t u s ,  i n s e c t  l a r -  
vae, and amphi pods (Moy le  1976). S w i f t  
c u r r e n t s  i n  t i d a l  s l oughs  may resuspend 
t h e s e  m a t e r i  a1 s. A1 though t o p s m e l  t a r e  
abundant i n  shal low waters o f f s h o r e  from 
t i d a l  marshes, they a re  never found as t h e  
dominant  s p e c i e s  (Green 1975). Eggs and 
l a r v a e  a r e  o n l y  i n f r e q u e n t l y  c o l l e c t e d  

Table 20. Tota l  number of f i s h  caught w i t h i n  t i d a l  sloughs a t  t h e  Hayward s a l t  marsh 
r e s t o r a t i o n  (June 1980 - May 1981 ) (from Woods 1981 ). 

Species O t t e r t r a w l  

Topsrnel t (Ather inops a f f i n i s )  2829 

Arrow goby (Clevelandis &) 21 72 

Ye1 l o w f i  n  goby (Acanthogobi us f l  avimanus) 692 

Staghorn scu l  p i  n  (Leptocot tus armatus) 566 

3-spi ned s t i ck leback  (Gasterosteus aculeatus)  144 

S ta r r y  f lounder  ( P I  a t i ch thys  s t e l  l a t u s )  83 

Longjaw mudsucker ( s i l l i c h t h y s  m i r a b i l i s )  15 

Northern anchovy (Engraul i s  mordax) 24 

Leopard shark ( T r i  ak i s  semi f a s c i a t a )  0  

- (Other species 13  sp) 19 

Minnow 
t r a p  

Tota l  
# % -- 



o f f s h o r e  and  u s u a l l y  i n  l o w  n u m b e r s  (1975) was unable t o  c o n f i r m  t h e  s i g n i f i -  
( E I d r i d g e  1977). I n  t h e  T i  j u a n a  e s t u a r y  c a n c e  o f  i n t e r t i d a l  f e e d i n g  f o r  t h e  
i n  sou thern  C a l i f o r n i a ,  Morby (1982) found l e o p a r d  s h a r k ,  b u t  n o t e d  a  g r e a t e r  
t h a t  t h e  abundance o f  t o p s m e l t  eggs and abundance o f  i n t e r t i d a l  o r g a n i s m s  i n  t h e  
l a r v a e  we re  p o s i t i v e l y  c o r r e l a t e d  w i t h  s tomachs  o f  b rown  smoothhounds (Mus te lus  
a l g a l  mats ,  p a r t i c u l  a r l y  En t e r o m o r p  ha. henlei) ,  Apparent ly,  sharks o f  bo th  spe- 
The a l g a l  mats grew more abundant ly  i n  low c i e s  a re  impo r t an t  bo t tom feeders and can 
v e l o c i t y  t i d a l  channels  i n  marshes. Thus, be s i g n i f i c a n t  p reda to rs  i n  t i d a l  sloughs. 
i t  appea rs  t h a t  t o p s m e l  t a r e  v e r y  depen-  
d e n t  on t i d a l  marshes f o r  j u v e n i l e  s u r v i -  I n  San Pablo Bay, g r e a t e r  numbers o f  
v a l  and a re  a b l e  t o  t o l e r a t e  t he  f l u c t u a t -  j u v e n i l e  anadromous f i s h  and a d u l t  f resh-  
i n g  and some t imes  h a r s h  c o n d i t i o n s  as  w a t e r  f i s h  a r e  o b s e r v e d .  M a d r o n e  
a d u l t s .  Assoc ia tes (1977) o b s e r v e d  l a r g e  numbers 

o f  j u v e n i l e  s t r i p e d  b a s s  ( M o r o n e  
The gobies found i n  t i d a l  marshes a re  s a x a t i  li s) i n  t h e i  r t h r e e - y e a r  s t u d y  o f  

a l s o  t o l e r a n t  o f  w i d e l y  f l u c t u a t i n g  condi -  Napa Ma rsh  s l o u g h s  ( T a b l e  21). S i m i  l a r  
t i o n s .  B o t h  y e l l o w f i n  g o b y  abundances have  been o b s e r v e d  i n  M a r i n  
(Acantho ob ius  f l av imanus)  and t h e  longjaw County  w e t l a n d s  by J o s s e l y n  (unpub l ) .  
m u d s u c k e r  GI 11 i c h t h  s  m i r a b i l i s )  can be Dur ing  summer months, when s a l i n i t i e s  a re  
f o u n d  (_i i n  f r e s h w a t e r  M o m ) .  They  higher,  t y p i c a l  e s t u a r j n e  spec ies such as 
a r e  bot tom feeders, u t i  1  i z i n g  s m a l l  i n v e r -  t h e  ye1 l o w f i n  goby and t h e  s taghorn scu l -  
t e b r a t e s ,  d i a t o m s ,  and s m a l l  f i s h .  The p i n  ( L e p t o c o t t u s  a r m a t u s )  a r e  p r e v a l e n t .  
l ong jaw mudsucker i s  o f  commercial  impor-  The r e d u c t i o n  i n  s a l i n i t i e s  d u r i n g  pe r i ods  
t a n c e  as a  b a i t f i s h  and can  be l o c a l l y  of  h i g h  d e l t a  o u t f l o w  a l l o w  d e l t a  s m e l t  
d e p l e t e d  by b a i t  c o l  l e c t o r s  (Moyle 1976). (Hypomesus t r a n s p a c i f i c u s )  and t u l e  perch  

( H y s t e r o c a r p u s  t r a s k i )  t o  e x t e n d  f u r t h e r  
The p r e s e n c e  o f  l e o p a r d  s h a r k s  i n  seaward i n  t h e  n o r t h  bay. A l l  o f  t h e  f i s h  

s h a l  l ow  t i d a l  s l o u g h s  i s  a? so r e 1  a t e d  t o  feed on s i m i l a r  food: s m a l l  b e n t h i c  i n ve r -  
t h e i r  b e n t h i c  f e e d i n g  h a b i t s .  de W i t  t e b r a t e s  and insects .  
(1975)  d e t e r m i n e d  t h a t  p o l  y c h a e t e s  com- 
p r i s e d  64% o f  t h e  s t omach  c o n t e n t s  o f  M o y l e  e t  a l .  (1982)  samp led  t h e  f i s h  
l e o p a r d  s h a r k s  I n  t h e  s o u t h  bay. O t h e r  commun i t y  i n  t h e  t i d a l  s l o u g h s  o f  S u i s u n  
f o o d  i t e m s  i n c l u d e d :  c r d b s  (13x1, s h r i m p  Marsh. Of t h e  39  s p e c i e s  c o l l e c t e d ,  2  
(9%), c'l ams (7%), and  f i s h  and f i s h  eggs  were endemic t o  t h e  Delta;  13 were n a t i v e  
(10%). O f  t h e  f i s h ,  a t h e r i n i d  eggs and marine, es tuar ine ,  o r  anadromous species; 
j u v e n i l e s  we re  m o s t  a b u n d a n t .  R u s s o  5 were freshwater;  and 18 were in t roduced  

Tab le  21. F i s h  c o l l e c t e d  i n  t h e  Napa Marsh Slough: 1973-1976 ( f r om  Madrone Assoc. 
1977).  
-- 

Season Percent  
o f  max T o t a l  # o f  t o t a l  

Species, numbers caught caught 

S t r i p e d  bass (Morone -- s a x a t i l  i s )  s u m e r  1,672 50 

De1 t a  smel t  (&pomesus t r anspac i  f i  cus ) w i  n t e r -  488 14 
s p r i n g  

Ye1 l ow f i n  goby { A c a n t h o g o b i ~  f l av imanus)  summer- 246 7 
f a 1  1 

f u l e  perch  ( 3 s  te rocarpus  t r a s k i  ) w i n t e r  201 6  

P a c i f i c  s taghorn  s c u l p i n  ( _ L ~ t o c o t t u s  armatus) summer 181 5 

Spl i t t a i  t (fogonichthys rnacrolepi dotus)  s u~inrer 7 29 

60 



spec ies .  The m o s t  common s p e c i e s  were  
p resen t  as year-round r e s i d e n t s  w i t h  more 
f r e s h w a t e r  f o r m s  p r e s e n t  i n  t h e  w i n t e r -  
s ~ r i n a  p e r i o d  ( T a b l e  22). S t r i p e d  b a s s  
( ~ o r o i e '  s a x a t i l  i s ) ,  p a r t i c u l a r l y  j u v e n i l e  
f o rms .  we re  t h e  mos t  a b u n d a n t  f i s h .  The . - 

j u v e n i l e s  f e d  p r i m a r i l y  on t h e  opossum 
shr imp (Neomysis mercedis), and a d u l t s  f e d  
on o t h e r  f i s h .  tj. m e r c e d i s  i s  a  s i g n i f i -  
can t  component i n  t h e  d i e t s  o f  most o t h e r  
f i s h  as w e l l ,  They n o t e d  t h a t  d i e t a r y  
o v e r l a p  was g r e a t e s t  among i n t r o d u c e d  
s p e c i e s  and seasona l  spec i es  whereas na- 
t i v e  r e s i d e n t s  had  t h e  l e a s t  o v e r l a p  i n  
food resources. Most o f  t h e  spec ies were 
c h a n n e l  f e e d e r s  w i t h  o n l y  a  few f e e d i n g  
w i t h i n  t h e  v e g e t a t i o n  o f  t h e  t i d a l  
marshes. 

An i n t r o d u c e d  s p e c i e s  w h i c h  has  
assumed g r e a t  i m p o r t a n c e  i n  s a l t  and 
b r a c k i s h  marshes around San Franc isco  Bay 

i s  t h e  m o s q u i t o f i s h  (Gambusia a f f i n i s ) .  
Mosqu i t o f i sh  a re  t o l e r a n t  o f  a  wide range 
o f  t e m p e r a t u r e s  ( 4 "  t o  37OC) and s a l i n i -  
t i e s  ( M o y l e  1976). They t o l e r a t e  l o w  
oxygen l e v e l s  by  u t i l i z i n g  t h e  uppe r  f ew  
m i l l i m e t e r s  o f  t h e  wa te r  column. They a re  
omn i vo rous  and o p p o r t u n i  t i  s t  i c  feeders .  
They w i  11 consume abundant  q u a n t i t i e s  o f  
m o s q u i t o  l a r v a e  as w e l l  a s  any  o t h e r  
a p p r o p r i a t e l y  s i z e d  o r g a n i s m s  such  as  
a l gae ,  z o o p l a n k t o n ,  and  b e n t h i c  i n v e r t e -  
brates. They genera l  1  y p r e f e r  r e l a t i v e 1  y  
open w a t e r  a r e a s  and d o  n o t  p e n e t r a t e  
a r e a s  o f  d e n s e  v e g e t a t i o n .  K rumho l  z 
(1948) has rev iewed t h e i r  r ep roduc t i on  and 
p o p u l a t i o n  e c o l o g y  and  f o u n d  t h a t  mos t  
f i s h  l i v e  l e s s  t han  15 months. Growth i s  
dependent on food  supp ly  and temperature. 
Four broods may be re leased  each year. 

Mosqu i  t o f i  sh  a r e  g e n e r a l l y  re leased  
f o r  mosquito l a r v a l  c o n t r o l  i n t o  s a l t  and 

Table 22. The t e n  most common f i s h  spec ies c o l l e c t e d  i n  Suisun Marsh (1979-81) (from 
Moyle -- e t  a1 . 1982). A s t e r i s k  i n d i c a t e s  i n t r o d u c e d  spec ies.  

Species 

Percent  
o f  

Catch 

S t r i p e d  bass (Morone s a x a t i l  i s ) *  28 

S p l i t t a i l  (Po o n i c h t h  s  4" 18 
macro lep i  dotus 

Three-spined s t i c k l e b a c k  (Gastero- 16 
steus acu lea tus )  

Tu le perch (Hysterocarpus t r a s k i )  9  

Long f i n  smel t (Spi r i n chus  8 
t h a l  e i  chthys ) 

P r i c k l y  sme l t  (Co t tus  asper)  6 

Ye1 l o w f i n  oby (Acanthogobi us 4 3 
f lav imanus * 
Sacramento sucker  (Catostomus 3 
o c c i d e n t a l i s )  

Seasona l i t y  

res  i dent  

res  i dent  

res  i dent  

res  i dent  

w i n t e r -  
s p r i n g  

res  i dent  

res  i dent  

s p r i n g  

Feeding t ype  

c a r n i v o r e  

omnivore 

b e n t h i c  
c a r n i  vo re  

b e n t h i c  
c a r n i v o r e  

p l  a n k t i  v o r e  

b e n t h i c  
c a r n i v o r e  

b e n t h i c  
c a r n i v o r e  

d e t r i  ti vo re  

Common carp  (Cypr ius c a r p i o ) *  2  

Staghorn scu l  p i n  (Lep toco t tus  
armatus) -- 

res i dent  

s p r i n g  b e n t h i c  
carni gore 

Pr imary food  

Neomysi s  , 
d e b r i s  

po lychaetes,  
copepods 

arnphi pods 

Neomys i s 

amphi pods 

Neomys i s 

b e n t h i c  
copepods , 
d e b r i s  

Neomys i s 



brack ish  ponds. A r t i f i c a l  d i tches  i n  the 
h igh  marsh o r  pickleweed zone can prov ide  
r e f u g e  f o r  m o s q u i t o f  i s h  dur ing  low t i d e s  
and a i d  i n  t h e i r  d ispersa l  t o  o the r  areas 
i n  the marsh. B a l l  i n g  g &. (1980) found 
t h a t  mosqui t o f i s h  dens i t y  was th ree  t imes 
greater  i n  d i tched areas (11 f ish/m" than 
u n d i t c h e d  areas  ( 4  f i s h / m 2 ) .  A  g r e a t e r  
p r o p o r t i o n  o f  j u v e n i l e s  were found i n  
d i tched areas. An e x p e r i m e n t a l  d i t c h i n g  
program i n d i c a t e d  t h a t  t he  j uven i l e  f i s h  
migrated t o  new areas v i a  channels ra the r  
than through submerged vegetat ion a t  h igh 
t i d e .  I n  a d d i t i o n  t o  l a r g e r  p o p u l a t i o n s  
o f  m o s q u i t o f  i s h ,  d i t c h e d  we t l ands  con- 
ta ined t w i c e  as many other  species of f i s h  
as und i  t c h e d  areas. Thei r s tudy  focused 
on d i t c h e s  wh ich  enhanced c i r c u l a t i o n .  
Ditches designed s imply  t o  d ra in  the h igh 
marsh would be less  e f f e c t i v e  i n  support- 
i n g  d iverse  f i s h  communities because they 
lack  standing water  a t  low t ide. 

Much remains t o  be learned about f i s h  
communities i n  bay t i d a l  marshes. Synop- 
t i c  s tud ies  o f  open bay and marsh hab i ta t s  
a re  requ i red  t o  understand the dependence 
o f  v a r i o u s  spec ies  on t h e  t i d a l  s l ough  
system. The few species most f requent ly  
caught i n  marsh sloughs are  phys io log ica l -  
l y  adapted t o  changing and extreme condi- 
t i o n s .  These a t t r i b u t e s  a l l o w  them t o  
e x p l o i t  the abundant food resources o f  the 
marsh i n  t h e  absence o f  o t h e r  p o t e n t i a l  
c o m p e t i t o r s .  We a r e  o n l y  b e g i n n i n g  t o  
understand how slough morphology a f f e c t s  
t he  p r o d u c t i v i t y  and d i s t r i b u t i o n  o f  t ~ d a l  
marsh f i s h .  Norby (1982) found t h a t  r e l a -  
t i v e l y  deep c h a n n e l s  w i t h  l o w  t i d a l  
v e l o c i t i e s  p r o v i d e d  t h e  b e s t  spawning 
h a b i t a t  f o r  t o p s m e l t ,  longjaw mudsucker, 
n o r t h e r n  anchovy and s tagho rn  s c u l p i n .  
The d e s i g n  a f  c i r c u l a t i o n  channels i n  
marsh r e s t o r a t ~ o n s  shou ld  b e n e f i t  f r o m  
such increased know ledge. 

6.4 BIRDS USING TIDAL MARSHES 

San F r a n c i s c o  Bay marshes p l a y  an 
extremely impor tan t  r o l e  i n  the  m ig ra t i on  
o f  b i r d s  through the  P a c i f i c  flyway. Most 
o f  the a v a i l a b l e  data r e l a t e  t o  water fowl ,  
espec ia l l y  gamebirds. I n  1968, C a l i f o r n i a  
Department  o f  F ~ s h  and Game [DFGj e s t i -  
mated t h a t  s i x t y  p e r c e n t  o f  t h e  canvas- 
backs (Aythya r a l  i s i ~ e r i a )  and O\~PF- 20% ~f 
t h e  greater  and lesser  scaups (Aythya sp.) 
and s u r f  scoters (Melani t t a  pe rsp i c i  1 l a ta )  

i n  t h e  P a c i f i c  f l y w a y  u t i l i z e d  t h e  bay 
we t l ands  ( C a l i f o r n i a  Dept. F i s h  and Game 
[DFG] 1968). The percentage use v a r i e s  
c o n s i d e r a b l y  each year  and has d e c l i n e d  
more r e c e n t l y  (R. Lowe, pers. comm.). 
N o r t h e r n  p i n t a i l s  (Anas acu ta )  a r e  more 
abundant, bu t  on ly  9% o f  t he  t o t a l  popula- 
t i o n  a r e  e s t i m a t e d  t o  use bay wet lands.  
Most o f  t h e  w a t e r f o w l  u t i l i z e  t h e  open 
wa te r  and a d j a c e n t  s a l t  ponds, s c a t t e r e d  
f reshwater  marshes, o r  t h e  managed d iked 
we t l ands  o f  Suisun Marsh ( G i l l  1977. 
Bo l lman  etd. 1970). 

The m a j o r i t y  o f  b i r d s  u t i l i z i n g  San 
Francisco Bay t i d a l  marshes are m ig ra to ry  
and do not  breed i n  t h i s  area. Bol lman & 
al. (1970) observed the  g rea tes t  number of - 
b i r d s  d u r i n g  t h e  s p r i n g  and f a l l  ( F i g u r e  
31). D u r i n g  t h e  1964 and 1965 census ing  
seasons, o v e r  3.5 m i l  l i o n  b i r d s  were 
counted each year. F i f t y - f i v e  p e r c e n t  
were shorebirds and 34% water fow 1. O f  the 
h a b i t a t s  surveyed, mudf l a t s  and sa l  tponds 
had t h e  h i g h e s t  b i r d  d e n s i t i e s  and vege- 
t a t e d  marsh areas t h e  lowest .  Herons, 
c o o t s ,  a n d  t e r n s  h a d  t h e  h i g h e s t  
percentage o b s e r v a t i o n s  i n  t i d a l  marshes 
r e l a t i v e  t o  o ther  species; however, t h e i r  
t o t a l  numbers were low (Table 23). Shore- 
b i r d s  were t h e  most  abundant b i r d s  i n  
t i d a l  marshes. B i r d  census ing  i n  t h e  
Bollman & G .  (1970) study was conducted 
on ebbing t ides.  Cogswell (1981 ) observed 
marked d i f f e rences  i n  b i r d  populat ions i n  
t i d a l  marshes dur ing  var ious t i d e  phases. 
M u d f l a t  f eede rs ,  s u c h  as s h o r e b i r d s ,  
u t i l i z e d  open areas  i n  t h e  marsh when 
outer  mudf lats were covered and re t rea ted  
t o  is lands and levee banks a t  t he  h ighest  
t ides. During low t ide ,  they f o l l o w e d  the  
r e t r e a t i n g  wa te r  edge, f e e d i n g  on  t h e  
newly exposed mudf lat .  F ish-eat ing b i r d s  
such as herons and egrets usua l l y  remained 
i n  t h e  marsh and f e d  a l o n g  s loughs  o r  i n  
s h a l l o w  ponds. O the r  f i s h - e a t i n g  b i r d s ,  
such as te rns  and cormorants, were a t t r a c t  
ed t o  c o n c e n t r a t e d  f i s h  p o p u l a t i o n s  i n  
t i d a l  sloughs dur ing  ebbing t ides.  Duck,s 
were most  abundant a t  h i g h  t i d e  p e r i o d s  
when 9 %  t o  100% o f  t h e  marsh s u r f a c e  was 
covered. Thus, t h e  501 lman e t  a l .  (1970) 
study probably underestimated b i r d  u t i l i -  
za t i on  i n  t i d a l  marshes. 

Numerical l y  t h e  most abundant species 
found i n  t i d a l  marshes are the shorebirds 
( F i g u r e  32). The more common s p e c i e s  



F ~ g u r e  31. Top: To ta l  number o f  b i r d s  observed a t  13 s i t e s  i n  $an 
Francisco Bay du r t ng  1964-66. H a b i t a t s  su r veyed  a t  each s i t e  i n c l u -  
ded: t i d a l  marsh, m u d f l a t s ,  s a l t  ponds,  open wate r ,  and o t h e r .  Bot-  
tom: Number o f  b l r d s  r n  t housands  o b s e r v e d  a t  13  bay s i t e s  w i t h i n  
t ~ d a 7  marshes f o r  1964-65 and 7965-66 ( f rom Bol lnlan fi 1. 9970). 

i n c l u d e :  A r n e r ~ c a n  avoce t  ( R e c u r v i r o s t r a  
a m e r  i c  an  a ) ,  l o n g - b ~  l l e d  dow r t c h e r  
( L ~ m n o d r o r n u ~  s c o l a p n c e u s ) ,  d u n  l i n  
( C a l ~ d r % s  a l p ~ n a ) ,  marb led godw i t  (Lfmmosa 
f w & i i p a l m a t e d  p l o v e r  ( C h a r a d r i u s  - 
semipa lma tus ) ,  W Y  l l e t  ( C a t o p t r o p h o r u s  
s e m i p a l m a t u s ) ,  b l  ac k - n e c k e d  s t  i 1 t 
(Himantopus mexicanus ), and varTous sand- 
p i p e r  s p e c i e s  ( C a l i d r i s  spp). Mos t  a r e  
migratory and u s u a l l y  f e e d  on a d j a c e n t  
m u d f l a t s  o r  s a l t  ponds. Of t h e  sho re -  
b i r d s ,  o n l y  t h e  Amer i can  a v o c e t ,  b l a c k -  
necked s t 1  lt, and snowy p l ove r  (Cnaradrlus 
a lexandr inus)  e s t a b l i s h  nes ts  and breed I n  
t h ~ s r e g ~ o n  ( G i l l  1977). S h o r e b i r d s  a r e  
e x t r e m e l y  a c t i v e  f e e d e r s  and may have  a 
s i g n i f ~ c a n t  impact  on t h e t r  p rey  organisms 
(Quamman 19131). Recher  (1966) hypu the -  
s i z e d  t h a t  p o p u l a t i o n  d e n s i t y  o f  s h o r e -  
birds on bay t i d a l  f;aCs w a s  ioritro:led by 
a v a i l a b l e  feed ing  space and t h a t  food was 

genera l  l y  abundant r e 1  a l i v e  t o  t h e  meta -  
b o l i c  r e q u i r e m e n t s  o f  t h e  b i r d s .  He d i d  
n o t i c e  d i f f e r e n c e s  i n  p r e y  s e l e c t i v i t y  
among shoreb i rds  (Table 24). The American 
a v o c e t  and w i l l e t  we re  l e a s t  s e l e c t i v e  
whereas t h e  s e m i p a l m a t e d  p l o v e r  was t h e  
most se1eet;ive. Feedt ng methods and ma jo r  
p r e y  7 terns a l s o  d i f f e r e d  among s p e c i e s  
a1 l o w i n g  f o r  some r e s o u r c e  p a r t i t i o n i n g  
on t h e  m u d f l a t ,  W i t h i n  t i d a l  marshes,  
most. f e e d i n g  a c t i v i t y  i s  r e s t r i c t e d  t o  
t i d a l  s l o u g h s  and h i g h  marsh p o o l s .  A t  
extreme h ~ g h  t ides,  shoreb i rds  may congre- 
ga te  I n  dense masses a w a i t i n g  t h e  exposure 
o f  t h e ~ r  f e e d i n g  h a b i t a t .  K e l l y  (1976)  
observed t h a t  w t l l e t s  and marb led godw i t s  
h a b i t u a l l y  used  c e r t a i n  h i g h  t i d e  r o o s t s  
I n  t h e  s a l t  marsh, moving approx imate ly  1 
km be tween  t h e  r o o s t  and t h e  m u d f l a t .  
5f-ight 7ar:at ions i n  the topography o f  the 
marsh and t h e  p r o t e c t i o n  a f f o r d e d  by t h e  



Tab le  23. B i r d s  counted month ly  i n  13  
t i d a l  marshes around San Franc isco  Bay 
d u r i n g  1964-65 ( f rom Bol lman e t  a l .  1970). 
O ther  h a b i t a t s  counted were: open water ,  
t i d a l  f l a t s ,  s a l t  ponds, and o t h e r  ( i n  
f 1  i g h t ) .  

B i r d  t ype  

Pe l i cans  
Shore b i  r d s  
Loons 
Cormorants 
Herons 
Ducks 
Geese 
Grebes 
Coots 
G u l l s  
Terns 

Number o f  b i r d s  
i n  t i d a l  marsh 

-- 1965 1964 

1  70 95 
67,950 125,700 

0  2  
640 39 5  

1,280 2,852 
17,750 19,200 

0  20 
21 0  140 

2,560 14,170 
500 14,450 
700 800 
- -- 

T o t a l  91,760 177,824 

% o f  t o t a l  
counted 
w i t h i n  

t i d a l  
marshes -- 

1964 1965 - -  

vegeta t i on  may reduce m e t a b o l i c  losses  due 
t o  w ind  c h i l l  and ext reme h i gh  t ides .  

F ish -ea t ing  b i r d s  such as herons and 
e g r e t s  f r e q u e n t  t i d a l  m a r s h  a r e a s  a t  a l l  
t i d e  l e v e l s .  Though t h e y  a r e  n e v e r  v e r y  
abundant, t h e i r  s i z e  and g r a c e f u l  appear- 
ance make them more apparent  t o  t h e  casual  
o b s e r v e r .  They a r e  e a s i l y  d i s t u r b e d  b y  
human a c t i v i t y  and a re  f l ushed  more r e a d i -  
l y .  They feed a long  t i d a l  s loughs, pos ing  
q u i e t l y  a t  t h e  w a t e r ' s  edge and m a k i n g  
r a p i d  s t a b s  a t  p r e y  i tems ( F i g u r e  33). 
They p r e f e r  t o  n e s t  i n  t a l l  t r e e s  o r  b u l -  
rushes, b u t  w i l l  use sma l l  shrubs ad jacen t  
t o  t i d a l  marshes ( G i  11 1977). 

R e s i d e n t  b i r d  s p e c i e s  w h i c h  r e l y  on  
t i d a l  marshes f o r  b reed ing  and n e s t i n g  a re  
most impacted by h a b i t a t  l o s s  (Table 25). 
F o s t e r  (1977)  e s t i m a t e d  t h a t  popu la t i ons  
o f  s a l t  ma rsh  y e l l o w t h r o a t  ( G e o t h l y p i s  
t r i c h a s  sinuosa) have been reduced by 80% 
t o  952 i n  t h e  l a s t  100 vears. and C a l i f o r -  
n i a  c l a p p e r  r a i  I s  (R,& l u s ' l o n g i ' r o s t r i  s  
o b s o l e t u s )  we re  once  s o  abundan t  t h a t  
sportsmen would k i l l  thousands i n  a  s i n g l e  
week (She1 lhammer and Ha rvey  1982). Be- 
cause o f  t h e i r  c u r r e n t  o r  p o t e n t i a l  en- 
dangered  s t a t u s ,  s t u d i e s  have  been com- 

F i g u r e  32. %"t i id f la t  o f f s h o r e  ~f t i d a l  m a r s h  i t r  s o u t h  San F v a n c i s c o  i3ay p o p u l a t e d  
b y  s h o r e b i r d s  ~ n c l u d i n g  s a n d p i p e r s  ( f o reg round ) ,  Amer i can  a v o c e t s  ( m i d d l e  l e f t  
and  t o p  r i g h t ) ,  and dowi tchers  (m idd le  r i g h t )  (Photo by D. Spicher) .  



$ble 24. Prey d ivers i ty  and feeding techniques for  various shorebirds in bay t ida l  
marshes (from Recher 1966). 

Prey Depth in mud 
d ivers i ty  Feeding of e f fec t ive  Major prey Median s i z e  

Species ( H )  Method feeding (cm) i tem of prey (m) 

Ameri can Avocet 1 -23 sweeping surface small bi valves <6 

Dowitcher 1.02 deep probe 8 polychaetes 6-1 2 

Marbled godwi t 0.86 deep probe 15 polychaetes 6-1 2 

Semi -palmated 0.19 rapid peck surface polychaetes 6-1 2 
plover 

Willet 1.33 probe 5 small bi valves i6  

Western sandpi per 1.17 rapid peck 2 ostracod <6 



Table 25. Breeding b i r d  popu la t i ons  w i t h i n  
t i d a l  marshes o f  south San Franc isco  Bay 
d u r i n q  1971 ( f rom G i l l ,  1977). 

Mean 
Peak c l u t c h  

Sj;g*~j e> -- Nesting -- habitat n e s t ~ f q  size 

Great blue 
hcrorl 

R i d (  k - I  rtwned 
heron 

Toys o f  coyote  h u s h ,  May 3.63 
b u l r u s h  

Gumplant/ June 3.20 
p i  ckleweed 

lops  o f  c;oyote b u s h  Mag 3.50 

~ ~ ~ ~ t r - r , h w r e r i  c a t t i i l l s  
iictt-wt r~gcad Scr l t nkj r 4 h  Ma Y - F-igure 34. S a l t  marsh song sparrow (Photo 
! ~ i a t ; k t t  rd by L. V. J.  Compagno). 
'rbivdnnah Pick leweed/ M ~ Y  3.60 
\,g)d~row levrc 

t , r l  c R M ~ S J I  Pickleweedl  Apr i  1 2.90 T e r r i  t o r  l a1  I t y  i n  t h e  s a l t  marsh song 
4.0rtct s p a r r o w  c o r d q r a s l ;  

a " "". -"""----"----.-<--.- - - ---.------ - s p a r r o w  IS o b s e r v e d  t h r o u g h o u t  t h e  yea r ,  
bil t I s s t r o n g e s t  i n  March  ~n  a s s o c l  a t  i o n  
w i t h  n e s t i n g .  T e r r ~ t o r i e s  r a n g e  1 n  s i z e  
from 350 t o  650 m h n d  a re  l oca ted  a lmos t  

pleted whrch assess t he  p a p u l a t ~ o n  b i o l o g y  e x c l u s i v e 1  y w r t h i n  p~  c k l e w e e d  a t  a  
o f  tbrae r es rden t  species. d i s t a n c e  n o t  g r e a t e r  t h a n  10 rn f r o m  a  

wa te rway  ( J o h n s t o n  1956b.  W a l t o n  1978, 
The s a l t  m a r s h  s a n g  s p a r r o w  C o l l 3 n s  and Resh I n  p ress ) .  T e r r i t o r y  

(M-qJc,spraa mej-~,-iJ~j is a r cs rden t  specles s i z e  1 s  a t  a i n l n  lrnunl d u r i n g  t h e  n e s t i n g  
w h l c l ~  e s t a b l   shes s m a l l  t ; e r r i t ~ r i e s  w ~ t h i n  season due o  b o t h  an  i n c r e a s e  I n  t h e  
p ~ c k l e w e c d  a l o i ~ g  t i d a l  s l o u g h s  and chan- a v a i  l a b 1  1 1  t? y  o f  f o o d  (seeds  and  ~ n s e c t s )  
nc? ls  ( F ~ g u r e  341, Three  races ,  each num- and t h e  g r e a t e r  c o n c e n t r a t ~ o n  o f  a c t l v l t y  
b e r i r ~ g  b e t w e e n  2000-5000 ma ted  p a l r s ,  near t h e  nest,. The most  success fu l  nes ts  
C)O:CIIY' 1r1 t h e  bdy  area:  Alameda (M. m. a r e  b u i l t  i n  t h e  canopy  at. a  h e i g h t  above 

u s r l I u l & ) ,  Samuel's (i, m. samuelis), azd h i g h e s t  h i g h  t ~ d e s  o f  s p r i n g .  y e t  l ow E""w-w- -- 
Su t l ; t t r T ~ ,  m. ~ d & l w ) ( M a l t o n  11378). enough i n  t h e  canopy t o  conceal t h e  young 
bdvth~n sihtinble h a b ~ t a t s ,  population den-- f r o m  r a p t o r s ,  F o r  t h e  Pe ta l uma  marshes,  

t ~ r ; ~  r ange  be tween  5 t o  30 p a i r s / h e c -  C o l l i n s  and Resh ( i n  p r e s s )  d e t e r m i n e d  
t.txre, X s o l a t  ? o n  o f  t h e s e  r aces  1s due t o  t h a t  n e s t s  m u s t  be a t  l e a s t  25 cm above 
i j a i f t ~ d  d i s p e r s a l  o f  young and t h e  d i s -  t h e  g r o u n d  and t h e  v e g e t a t i v e  c o v e r  o v e r  
t ,~~ra fcs  b e t w e e n  a d j a c e n t  p o p u l a t i o n s ,  50 cm t a l l  t o  a f f o r d  r e l a t i v e l y  safe n e s t  
~ I o t ~ t r ~ t a n  (1956a)  estimated t h e  mean d i s -  s l  tes .  T e r r ~ t o r y  s i r e  1s a1 so dependen t  
y~t?r.yal d i s t a n c e  o f  young f r o i n  h a t c h  s i t e  on t h e  t y p e  of w a t e r w a y  a d j a c e n t  t o  t h e  
r u  nest tng  s i t e  as  185 rn, and Wal t o n  n e s t i n g  sr te .  C o l l i n s  and Resh ( i n  p ress )  
( 1978) observed t h a t  channels g r e a t e r  than faurrd t h a t  s n a  11 e r  t e r r i  L o r i  es o c c u r r e d  
50 nl w i de  were e f f e c t ~ v e  b a r r i e r s  t o  d i s -  a d j a c e n t  t o  n a t u r a l  c h a ~ n e l  r and s l o u g h s  
?r3rsal.  D ~ s t a n c e s  between ad jacen t  popu- ( avg  = 387 and 498 m , r e s p e c t 1  v e l y )  
jdt1c)ns range between 1 km i n  Su-isun Marsh r a t h e r  t h a n  t o  mosqux to  c o r r t r o l  d l  t c h e s  
i u  iGkr tn  r i r  bout i t  S a y  jWa:ton 1378;. Any ( a v g  L CIS$ f i t a ) ,  Tfie a u t k a r s  a t t r f b t i t ~ d  
f u v l h e r  h a b ~ t a t  l oss  will lead ta g rea te r  t h e  reduced t e r r ~ t o r y  s ? z e  to  g r e a t e r  food 
- i s c t ? d i  >an.  a v a r l a b i l ~ t y  ( concen t ra t i on )  a long  n a t u r a l  

6 ti 



waterways due t o  h igher  p l a n t  biomass and 
d i v e r s i t y .  Vege ta t i on  i s  e q u a l l y  i m p o r -  
t a n t  dur ing  the  post-nest ing season. The 
numbers o f  s a l t  marsh song sparrows were 
p o s i t i v e l y  co r re la ted  w i t h  t he  vegetat ion 
h e i g h t  and p e r c e n t  c o v e r  o f  c o y o t e  bush 
(Baccharis p i  l u l a r i  s). Coyote bush, appa- 
r e n t l y ,  p r o v i d e s  b o t h  an i m p o r t r u s e s a n t  
r o o s t i n g  s t r u c t u r e  and a summer food re -  
source. The a u t h o r s  conc lude  t h a t  a l -  
though mosquito c o n t r o l  d i t ches  are not  a 
p re fe r red  h a b i t a t  f o r  t h e  s a l t  marsh song 
sparrow, t he  increased system of waterways 
has resu l ted  i n  a h igher c a r r y i n g  capac i ty  
f o r  t h i s  species i n  the  marsh. 

T h e  s a l t  m a r s h  v e l  l o w t h r o a t  
(G-eoth lypi  s  t r i c h a s  s i  nuosa) n e s t s  i n  
f reshwater  marshes i n  t h e  spr ing  and sum- 
mer, and d u r i n g  t h e  w i n t e r  spreads i n t o  
adjacent  s a l t  marshes. Dispersal  i s  along 
t i d a l  sloughs and channels. Foster (1977) 
observed t h a t  d i  s t u r b e d  areas  between 
f r e s h  and s a l t  marsh h a b i t a t s  r e s t r i c t  
movements. S i t e  f i d e l i t y  may a l s o  be  
impor tan t  i n  r e s t r i c t i n g  movement ou ts ide  
t h e  n a t a l  l o c a l i t y .  P o p u l a t i o n  s i z e  i s  
low; G i l l  (1977) e s t i m a t e d  o n l y  25 t o  30 
p a i r s  i n  Coyote  H i l l s ,  and F o s t e r  (1977) 
found a few s i t e s  w i t h  o n l y  one t o  two  
pairs. Planning f o r  w e t l a n d  enhancement 
and r e s t o r a t i o n  must inc lude cons idera t ion  
o f  means t o  encourage t h e  d i s p e r s a l  o f  
both t h e  song sparrow and ye l lowthroat .  

The C a l i f o r n i a  b lack r a i  1 (La te ra l  l u s  
j a m a i c e n i s i s  c o t u r n i c u l  us) and the Ca l i -  
f o r n i a  c lapper r a i l  (Ral  l u s  1 ong i  r o s t r i  s  
o b s o l e t u s )  were h i  s t o r i c a l l y  w ide ly  d is -  
t r i b u t e d  th roughou t  n o r t h e r n  Ca 1 i f o r n i a .  
The des t ruc t i on  of t i d a l  s a l t  marsh habi- 
t a t  upon wh ich  t h e y  depend f o r  food and 
b r e e d i n g  has dec ima ted  t h e  p o p u l a t i o n s  
r e s u l t i n g  i n  designat ion o f  "rare" s ta tus  
f o r  t h e  fo rmer  (Ca l  i f o r n i a  Dept  F i s h  and 
Game 1978) and "endangeredw s ta tus  f o r  the  
l a t t e r  ( C a l i f o r n i a  Dept  F i s h  and Game 
1978, USFGJS 1979). 

The C a l i f o r n i a  b l a c k  r a i l ,  a l t h o u g h  
r a r e  t h r o u g h o u t  i t s  range i n  C a l i f o r n i a ,  
i s  f a i r l y  common i n  San Francisco Bay. It 
i s  n o t  f r e q u e n t l y  observed, however, due 
t o  i t s  sec re t i ve  nature. I t  i s  more abun- 
dant i n  b rack ish  areas such as the  Petalu- 
ma R ive r ,  t h e  Napa R ive r ,  and Su isun  
Slough. Evens and L e v a l l e y  (7981) e s t i -  
mated 150 b i r d s  i n  a marsh near Por t  Chi- 

cago (Su isun  Bay) and 40 b i r d s  have been 
coun ted  i n  t h e  Petaluma Marsh (Evens and 
Page 1983). I t  appears t o  be more f r e -  
quen t  i n  w i n t e r ,  though t h i s  may be an  
a r t i f a c t  o f  t h e  d i f f i c u l t y  i n  o b s e r v i n g  
b i r d s  d u r i n g  t h e  March t o  June b r e e d i n g  
and nes t i ng  period. High t i d e s  dur ing  t h e  
w i n t e r  t e n d  t o  d r i v e  b i r d s  o u t  o f  t h e  
marsh t o  h igher  ground and w i t h i n  s i g h t  o f  
observers. 

Evens and Page (1983) found t h a t  t h e  
d e n s i t y  o f  C a l i f o r n i a  b l a c k  r a i l s  i n  t h e  
Corte Madera Ecological  Reserve s a l t  marsh 
was co r re la ted  w i t h  areas con ta in ing  90% 
97% cover by pickleweed and a h igh  degree 
o f  u n d e r s t o r y  p e n e t r a b i l i t y .  The l a t t e r  
a t t r i b u t e  was d e f i n e d  as t h e  r e l a t i v e  
a b i l i t y  o f  a 4.2 cm o b j e c t  ( d i a m e t e r  o f  a 
b lack  r a i l )  t o  pass through the  pickleweed 
understory. Canopy he igh t  i n  t h i s  type o f  
h a b i t a t  averaged 29 cm. No a s s o c i a t i o n  
w i t h  channe ls  was found. I n s e c t s  and 
crustaceans are 1 i s t e d  as the  p r imary  food 
o f  t h e  b lack  r a i  1 (Jones and Stokes Assoc. 
1979). P r e d a t i o n  on t h e  r a i l  occu rs  p r i -  
mar i  l y  d u r i n g  ex t reme h i g h  t i d e s  when 
b i r d s  seek cover along the  marsh pe r iphe ry  
o r  a t  t h e  t o p  o f  emergent  vege ta t i on .  
Evens and Page (1983) repor ted  a t tacks  on 
r a i l s  by  t h e  n o r t h e r n  h a r r i e r  ( C i r c u s  
cyaneus ) ,  a g r e a t  e g r e t  ( ~ a s m e r o d i u s  
a lbus) ,  and a g r e a t  b l u e  heron (Ardea -- 
h e r o d i  as). Ta 11 vegeta t ion  loca ted above 
t i d e  l e v e l  a p p a r e n t l y  p r o v i d e s  a r e f u g e  
f o r  t h e  r a i l  and p r o t e c t i o n  f rom preda-  
to rs .  

Due t o  i t s  endangered s t a t u s ,  more 
s tud ies  have been conducted on Cal i f o r n i a  
c l a p p e r  r a i l  ( F i g u r e  35). Once w i d e l y  
d i s t r i b u t e d  i n  n o r t h e r n  C a l i f o r n i a ,  
breeding popu la t ions  are  now r e s t r i c t e d  t o  
San Francisco Bay and Elkhorn Slough. Non- 
b r e e d i n g  i n d i v i d u a l s  have been found i n  
Humboldt, Morro. and Tomales Bays ( G i l l  
1979). The r a i l  i s  r e s t r i c t e d  t o  t i d a l  
s a l t  marshes; however, i n d i v i d u a l  s  have 
r e c e n t l y  been found  on  J o i c e  and G r i z z l y  
I s l a n d s  i n  Su isun  Bay (Shel lhammer and 
Harvey 1982). The r a i  1 t y p i c a l  l y  u t i l i z e s  
s m a l l  t i d a l  s l oughs  as f o r a g i n g  h a b i t a t  
and r e s t s  i n  e i t h e r  P a c i f i c  co rdg rass  o r  
pickleweed. Cordgrass supports the h ighest  
d e n s i t i e s  o f  r a i l s  due t o  i s o l a t i o n  f r o m  
f e r a l  predators and Norway rats,  t he  cover 
provided f rom raptors, and the  p r o x i m i t y  
o f  p re fe r red  feeding areas. 



C a l i f o r n i a  c l a p p e r  r a i l s  b u i l d  t h e i r  
n e s t s  b e t w e e n  mid-March and J u l y .  I n  a 
Cor te  Madera marsh, Evens and Page (1983) 
f o u n d  t h a t  m o s t  c l a p p e r  r a i l  n e s t s  w e r e  

n e s t  i n d i c a t i n g  t h a t  t h  
lodge the she7 1 from i t s  

held between t h e  v a l v e s  of a  mussel. 



F i g u r e  36. C a l i f o r n i a  c l a p p e r  r a i l  f e e d i n g  o n  h a r v e s t  mouse. Mouse i d e n t i f i e d  
f rom p rev i ous  photos. Prey was cap tu red  w h i l e  r e t r e a t i n g  f r o m  marsh a t  h i g h  t i d e  
(Photo by L. V.  J. Compagno). 

F i g u r e 3 7 .  A d u l t  C a l i f o r n i a c l a p p e r  r a i l  F i g u r e 3 8 .  C l a p p e r  r a i l  n e s t  b u i l t  
w i t h  a t l a ched  r i b b e d  muzsei. hate m i s s i n g  w 7  t h  ~n P a c i  t7 c c o r d g r a s s  ( P h o t c  f r om  
t o e  a t  f a r  l e f t  (Pho to  f r o m  A p p l e g a r t h  A 3 p l e g a r t h  1938). 
1938). 



downy young, t h e  Norway r a t  i s  p r o b a b l y  
t h e  most  s i g n i f i c a n t  p r e d a t o r  whereas 
a d u l t s  a r e  p r e y e d  upon by  t h e  r e d - t a i l e d  
hawk, p e r e g r i n e  fa lcon,  ba rn  owl ,  and 
n o r t h e r n  h a r r i e r .  I n  a  y e a r - l o n g  study,  
Evens and Page (1983) found  11 carcasses 
o f  young and a d u l t  b i r d s  o u t  o f  an e s t i -  
mated p o p u l a t i o n  o f  44 b i r d s .  Most  dead 
b i r d s  were found along an abandoned board- 
walk i n  t h e  marsh, sugges t i ng  t h a t  t h e  
r a p t o r s  u t i l i z e  t h i s  a r t i f i c a l  pe rch  f o r  
s t a l k i n g  and feed ing  on t h e i r  prey. 

Adu l t  C a l i f o r n i a  c lapper r a i l s  have a  
l i m i t e d  d i s p e r s a l .  They genera l ly  remain 
hidden amongst t he  t i d a l  slough vegetat ion 
and f l y  o n l y  s h o r t  d i s t a n c e s  a long  t h e  
slough (She1 1  hammer and Harvey 1982). G i  11 
(1979) e s t i m a t e d  t h e  r a i l  p o p u l a t i o n  f o r  
t h e  p e r i o d  o f  1971-5 as between 4,200 t o  
6,000 ind iv idua ls ,  w- i th 55% located i n  the 
s o u t h  b a y  and 45% i n  San P a b l o  Bay. 
Shel lhammer and Harvey (1982) c i t e  more 
r e c e n t  su rveys  wh ich  e s t i m a t e  t h e  sou th  
bay p o p u l a t i o n  a t  h a l f  o f  t h e  1971-5 
p ~ p u l a t i o n .  Breeding popu la t ion  dens i t i es  
average 1.5 r a i l s l h a  (Gi 11 1979, Harvey 
1980, Evens and Page 1983). Shel lhammer 
and Harvey  (1 982) recommend an acqu i  s i  - 
t ion,  management, and r e s e a r c h / e d u c a t i o n  
p l a n  t o  p r o t e c t  t h e  C a l i f o r n i a  c l a p p e r  
r a i l .  1 t  i s  l i k e l y  t h a t  t h e  o t h e r  r e s i -  
den t  b i r d  s p e c i e s  d i scussed  above w i l l  
b e n e f i t  from these e f f o r t s .  

6.5 MAMMALS FOUND I N  BAY TIDAL MARSHES 

P r e h r s t o r i c  and h i s t o r i c  ev idence  
s u p p o r t  t h e  c o n c l u s i o n  t h a t  bay t i d a l  
marshes were once r i c h  i n  t h e  abundance 
and d i v e r s i t y  of mammal t a n  i n h a b i t a n t s .  
R o o s e v e l  t e l k  ( C e r v u s  c a n a d e n - s i  s  
r o o s e v e l  ti-) and t u  l e  e l  k (&. s. nannodes) 
were abundant as w e l l  as b lack - ta i l ed  deer 
(Odocoi leus hemionus co'lumbianus). Preda- 
t o r s  such as t h e  g r i z z l y  b e a r  (Ursus 
caJi f o r n i c u s )  and mounta in  1  i o n  ( F e l i s  - 
c o n c o l o r  c a l  i f o r n i  ca)  we re  f r e q u e n t .  
H u n t i n g  and t h e  l i v e s t o c k  i n d u s t r y  com- 
bined t o  reduce the  numbers o f  these l a rge  
mammals by the  e a r l y  20th century. Other 
valuable furbear ing mammals, such as mink 
( M u s t e l a  v i s o n )  and r i v e r  o t t e r  ( L u t r a  
canadensis brevip i losus) ,  were hunted and 
d r a r ; t i c a l l y  reduced. Marine mammals, such 
as the harbor seal (Phoca v i t u l i n a )  which 
u t i l i z e d  t i d a l  wetlands as haul-out areas, 
were e q u a l l y  sough t  a f t e r .  L e g i s l a t i v e  

p r o t e c t i o n  ( e i t h e r  t h rough  1  i c e n s e s  o r  
t o t a l  p r o t e c t i o n )  have b r o u g h t  b e t t e r  
management t o  mammali an resources ,  b u t  
p o p u l a t i o n s  have s u f f e r e d  i r r e v e r s i b l e  
dec l ines  due t o  h a b i t a t  l o s s  and urbaniza- 
t ion .  

Many s m a l l  mammals can b e  found i n  
bay t i d a l  marshes (Table 26). Many s imp ly  
use t h e  marsh as a  f o r a g i n g  area o r  f o r  
d ispersa l  and are usua l l y  found around the 
upper f r i n g e s  o f  t h e  marsh. On ly  t w o  
species are t o t a l l y  dependent on the t i d a l  
wetland: the Suisun shrew (Sorey sinuosus) 
and t h e  s a l t  m a r s h  h a r v e s t  mouse 
(Rei t h rodon toms  r a v i  ventr is) .  The l a t t e r  
i s  designated as an endangered species (US 
FWS 1959). A  species,  t h e  
harbor seal (Phoca v i  t u l  ina), has consis- 
t e n t l y  u t i l i z e d  a  s a l t  marsh i n  south bay 
as a  rookery (Fancher and Alcorn 1982). 

T h e  s a l t  m a r s h  h a r v e s t  m o u s e  
(Re i th rodontoms r a v i v e n t r G )  c o n s i  s t s  o f  
two populations: a  nor thern  (San Pablo and 
Suisun Bays) subspecies (R. 1. ha l icoetes)  
and a  sou the rn  ( C o r t e  Madera, Richmond, 
south bay) subspecies (R. r. rav i ven t r i s ) .  
It frequents both s a l t  and-brackish water  
h a b i t a t s ,  and b o t h  d i k e d  and non-di ked 
areas. I t s  p r e f e r r e d  h a b i t a t  i s  p i c k l e -  
weed, where i t  feeds  on green v e g e t a t i o n  
and seeds. Both Haines (1964) and F i s l e r  
(1963) s tud ied  the water  i n take  by harvest  
m i c e  a n d  f o u n d  t h a t  t h e  n o r t h e r n  
subspecies regu la tes  i t s  i n take  o f  s a l t  t o  
about t he  same l e v e l  a t  a1 1  concentrat ions 
o f f e r e d  it, b u t  t h e  s o u t h e r n  subspec ies  
p r e f e r s  t o  consume c o n s i d e r a b l e  s a l t  
water, decreasing on l y  a f t e r  0.4 molar  i s  
reached. I t  has g e n e r a l l y  been assumed 
t h a t  t h e  m i c e  spend t h e i r  e n t i r e  l i f e  
w i t h i n  t h e  s a l t  marsh, however, Z e t t e r -  
q u i s t  (1977) observed s m a l l  numbers i n  
marginal (non-t idal  marsh) hab i ta t s  i n  the 
sou th  bay. It i s  p r o b a b l e  t h a t  d i k e d  l a n d  
w i t h  s u i t a b l e  vegetat ion w i  11 harbor s ig-  
n i f i c a n t  populat ions. I dea l  h a b i t a t  con- 
d i t i o n s  a r e  l i s t e d  b y  Shel lhammer and 
Harvey (1982) as: 100% p l a n t  cove r  o f  
which a t  l e a s t  60% i s  p i c k l e w e e d  and 
approximately 30-50 cm t a l l .  The mice can 
swim o r  r e t r e a t  t o  h i g h e r  ground d u r i n g  
h i g h  t ides .  F i s ' i e r  (1965) no ted  t h a t  
i n d i v i d u a l s  w i l l  no t  leave t h i c k  cover o r  
t r a v e r s e  bare  areas. Thus, t h e  h ~ g h i y  
d i s t u r b e d  n a t u r e  o f  mos t  r e m a i n i n g  
h a b i t a t s  g r e a t l y  1 i m i t s  d i s p e r s a l .  The 



Tab le  26. Mammalian uses o f  bay t i d a l  marshes ( f rom Madrone Assoc. 1977; Jones and 
Stokes Assoc. 1979). Non-spec i f i c  use r e f e r s  t o  uses such as d i s p e r s a l ,  r e s t i n g ,  
r o o s t i n g ,  and occas iona l  movement. Key: 0 = o b l i g a t o r y  use; X = common use, b u t  n o t  
o b l i g a t o r y .  

Species 

I n s e c t i  vora: 
Vagrant shrew (Sorex vagrans) 
Sui sun shrew (Sorey sinuosus ) 

Lagomorpha : 
B l a c k t a i l  j a c k r a b b i  t (Lepus 
c a l  i f o r n i c u s )  
Brush (Syl  v i  1  agus bachmani ) 

Rodent i  a  : 
Cal i f o r n i  a  ground squ i  r r e l  
( C i  t e l l  us beeche i ) 
C a l i  f o r n i  a&i c r o t u s  
c a l  i f o r n i  cus 1 
House mouse (MUS musculus) 
Muskrat ( O n d a T k  z i b e t h i  ca)  
Norway rat-us norveg i  cus ) 
S a l t  marsh h a r v e s t  mouse 
(Rei throdontomys r a v i  v e n t r i s )  

~ a F n i  vo ra  : 
Mink (Mustel  a  v i son )  
R i v e r  o t t e r  ( L u t r a  canadensi s )  
S t r i ~ e d  skunk-hi t i s  m e ~ h i  t i s )  
~ a r b b r  sea l  ( ~ h i = l i n a ) '  

Non- 
H a b i t a t  Breeding Feed ing  s p e c i f i c  

s a l t ,  b r a c k i s h  X X X 
b r a c k i s h  0 0 0  

s a l t ,  b r a c k i s h  X X 

s a l t ,  b rack i sh  X X 

s a l t ,  b r a c k i s h  X 

s a l t ,  b r a c k i s h  X 

s a l t ,  b r a c k i s h  X X X 
b r a c k i s h  X X X 
s a l t  X X 
s a l t  , b r a c k i s h  0  0  0 

b r a c k i s h  
b r a c k i s h  
b r a c k i s h  
s a l t  

d e n s i t y  o f  an ima ls  i s  d i f f i c u l t  t o  de te r -  
m ine  and m u s t  be  based on number o f  t r a p  
n i g h t s  n e c e s s a r y  t o  c a p t u r e  one mouse. 
Shellhammer and Harvey (1982) g i v e  77 t r a p  
nights/mouse f o r  San Pablo Bay, 213/mouse 
f o r  s o u t h  bay, and 272/mouse f o r  S u i s u n  
Bay. The d e n s e s t  p o p u l a t i o n s  we re  f o u n d  
i n  Tolay Creek Marsh (Tubbs I s l and ) ,  Fagan 
Marsh (Napa R i v e r ) ,  Newark S lough  ( n e a r  
FWS h e a d q u a r t e r s ) ,  and t h e  C o l l i n s v i l l e  
marshes  i n  S u i s u n  Bay. Recommendat ions  
f o r  t h e  recovery  o f  t h e  s a l t  marsh ha r ves t  
mouse c a l l  f o r  p r e s e r v a t i o n  o f  h a b i t a t ,  
p a r t i c u l a r l y  l a r g e  a r e a s  o f  200  h e c t a r e s  
o r  more. C o n n e c t i o n s  b e t w e e n  s u i t a b l e  
h a b i t a t  a r e  n e c e s s a r y  and s h o u l d  be a t  
l e a s t  2 0  m w i d e  and h a v e  100% c o v e r  b y  
p ick leweed (She1 lhammer and Harvey 1982). 

The l a r g e s t  mammal u t i l i z i n g  s a l t  
m a r s h e s  i s  t h e  h a r b o r  s e a l  (P-hoca 
v i t u l i n a ) .  S-ince 1926, ha rbo r  sea ls  have 
been o b s e r v e d  h a u l e d - o u t  a l o n g  Mowry  
S lough  i n  t h e  s o u t h  bay. The s e a l s  a r e  

t y p i c a l l y  h a u l e d  o u t  on p i c k l e w e e d  and 
s a l t g r a s s  a t  h i g h  t i d e  and on t h e  m u d f l a t  
a t  low t ide .  Numbers f l u c t u a t e  seasona l l y  
w i t h  t h e  g r e a t e s t  numbers  (100-300)  ob- 
s e r v e d  f r o m  A p r i  1  t o  May d u r i n g  t h e  pup-  
p i n g  season (Fancher and A l co rn  1982). As 
many as 100  pups  have  been  o b s e r v e d  h e r e  
( F i g u r e  39). Be tween  1972 and 1976, t h e  
p e r c e n t a g e  o f  pups b o r n  each  y e a r  i n -  
c r e a s e d  f r o m  17% t o  25% i n  t h e  s o u t h  bay  
(Fancher  1979). O t h e r  t i d a l  marsh  s i t e s  
i n  t h e  bay where harbor  sea l s  haul -out  i n -  
c l  ude: Green I s 1  and, Guadal upe R i v e r ,  
Corkscrew Slough ( B a i r  I s 1  and), and Tubbs 
I s l a n d  (R. Lowe, pers .  comm.) 

6.6 SUMMARY 

T i d a l  marshes c o n t a i n  a  g r e a t  d i v e r -  
s i t y  o f  an imal  l i f e  dependent on t h e  pro- 
t e c t i o n  and f o o d  p r o v i d e d  by  t h e  vege ta -  
t i o n .  Each s p e c i e s  h a s  u n i a u e  reau- i re -  
ments  w h i c h  e n a b l e  i t  t o  t o l e r a t e  t h e  
d i f f i c u l t  c o n d i t i o n s  o f  t h e  marsh h a b i t a t  



F igu re  39. Harbor seal  pup hauled-out on t i d a l  marsh i n  south San Franc isco  Bay 
(Photo f rom App legar th  1938). 

( s a l  i n i t y ,  d e s i c c a t i o n ) ,  w h i l e  benefiting 
f rom h i g h  p r o d u c t i v i t y  o f  t he  marshes and 
p r o t e c t i o n  f r o m  e i t h e r  l a n d  o r  w a t e r -  
o r i e n t e d  predators.  The s w i f t  t i d a l  cu r -  
r e n t s  b r i n g  suspended p a r t i c u l a t e s  t o  
f i l t e r  feeders and suppor t  an exchange o f  
n u t r i e n t s  w h i c h  s t i m u l a t e s  ben th i c  a l g a l  
g r o w t h  f o r  t h e  g r a z i n g  e p i f a u n a .  F i s h  
invade t h e  t i d a l  marsh a t  h i gh  t i d e ,  g raz -  
i n g  h e a v i l y  on t h e  b e n t h i c  fauna.  A t  t h e  
same t ime,  f i s h - e a t ~ n g  b i r d s  congregate a t  
t h e  s lough edge and consume t h e  f ~ s h  con- 
ce n t r a t e d  there. 

The marsh v e g e t a t ~ o n  i t s e l f  1s l i t t l e  

a f f e c t e d  by t h e  numerous an imal  denizens. 
C e r t a i n  i n s e c t s  may cause m ino r  damage t o  
t h e  above-ground b i omass  o r  b i r d s  may 
u t i l i z e  s t ems  f o r  n e s t s  o r  feed o n  t h e  
seeds. The vege ta t i on  serves more as t h e  
a r c h i t e c t u r e  a round  w h i c h  t h e  a n i m a l s  
s t r u c t u r e  t h e i r  e x i s t e n c e .  I t  i s  an 
i m p o r t a n t  e l e m e n t  as d i s t u rbance  can de- 
c r e a s e  a n i m a l  movement o r  a f f e c t  a v a i l -  
a b i l i t y  o f  n e s t i n g  s i t e s .  It i s ,  t h e r e -  
fore, impo r t an t  t o  know as much as poss i -  
b l e  about t h e  vege ta t i ona l  requ i rements  o f  
va r i ous  an imal  spec ies i n  o rde r  t o  proper-  
l y  manage f o r  t h e i r  c o n t i n u e d  s u r v i v a l  
w i t h i n  1 i m i t e d  hab i t a t s .  



CHAPTER 7  

COMMUNITY METABOLISM OF BAY TIDAL MARSHES 

No h o l i s t i c  s t u d i e s  h a v e  been  com- 
p l e t e d  on bay marshes f rom which d e t a i l e d  
e n e r g y  f l o w  mode l s  can b e  d e v e l o p e d  t o  
d e s c r i b e  t h e  i n t e r r e l a t i o n s h i p s  be tween  
p l a n t s  and an i  ma1 s. Model s  developed from 
A t l a n t i c  coas t  marshes do p r o v i d e  a  s t a r t -  
i n g  p o i n t  (Pomeroy and W i e g e r t  1981). 
Grea t  c a u t i o n  must be exe rc i sed  i n  d i r e c t -  
l y  a p p l y i n g  such mode l s  t o  P a c i f i c  c o a s t  
w e t l a n d s  because  o f  s u b s t a n t i a l  d i f f e r -  
ences i n  c l  i mate, hyd ro1  ogy, and t h e  
o r g a n i s m s  p r e s e n t  ( Z e d l e r  1982). San 
F r a n c i s c o  Bay marshes  p r e s e n t  f u r t h e r  
c o m p l i c a t i o n s  due t o  t h e  l a r g e  number  o f  
i n t r o d u c e d  o r g a n i  sms w h i c h  s u p e r i m p o s e  
i n t e r s p e c i f i c  c o m p e t i t i o n  e f f e c t s  o v e r  
f a c t o r s  no rma l  l y  c o n t r o l  l i n g  t h e  n a t i v e  
populat ions.  I n  add i t i on ,  g radua l  changes 
i n  species compos i t i on  a long  t h e  e s t u a r i n e  
g r a d i e n t  may i n v a l i d a t e  a  s i n g l e  mode l  
approach. 

San F r a n c i s c o  Bay t i d a l  ma rshes  a r e  
d i s t i n c t i v e  f r o m  A t l a n t i c  c o a s t  w e t l a n d s  
i n  severa l  respects.  F i r s t ,  t h e  Med i t e r -  
ranean  c l i m a t e  r e s u l t s  i n  a marked  sea- 
sonal  d i f f e r e n c e  i n  t h e  h y d r o l o g i c  regime; 
e v a p o r a t i o n  o v e r  t h e  y e a r  f a r  exceeds  
a n n u a l  r a i  n f  a1 1. Second ,  o i  c k l e w e e d  . . 
( S a l  i c o r n i  a  v i r g i  n i  ca) c o v e r s  a  1  a r g e r  
a r e a  o f  t i d a l  ma rsh  c o m ~ a r e d  t o  P a c i f i c  
cordgrass (Spar t ina  f o l  io'sa). Much o f  t he  
l i t e r a t u r e  f o r  A t l a n t i c  coas t  marshes i s  
based on t h e  r o l e  of s m o o t h  c o r d a r a s s  
( S p a r t i n a  a l t e r n i  f l o r a )  i n  p r o d u c T i o n ,  
d e c o m p o s i t i o n ,  and n u t r i e n t  c y c l  ing.  No 
c o m p a r a b l e  d a t a  e x i s t  f o r  p i c k l e w e e d  
domi  n a t e d  marshes. T h i r d .  d i  k i n g  and- 
f i l l i n g  have des t royed  95% o f  t h e  h i s t o r i c  
t i d a l  w e t l a n d  i n  t h e  p a s t  170 yea rs .  The 
r e m a i n i n g  marshes  a r e  o f t e n  a l t e r e d  o r  
i n f l u e n c e d  by ad jacen t  a c t i v i t i e s .  I t i s  
u n l i k e l y  t h a t  s c i e n t i s t s  w i l l  ever  be ab le  
t o  r e c o n s t r u c t  t h e  s i g n i f i c a n c e  o f  p reh i s -  
t o r i c  t i d a l  w e t l a n d s  t o  e s t u a r i n e  

f u n c t i o n i n g .  A t l a n t i c  c o a s t  ma rshes  a r e  
more ex tens i ve  and, a l though  impacted by 
human a c t i v i t y ,  c a n  b e  m o r e  e a s i l y  
examined i n  t h e i r  n a t u r a l  environment. 

S e v e r a l  a s p e c t s  o f  marsh  f u n c t i o n  
have n o t  been  exam ined  a t  a l l  f o r  b a y  
marshes.  No i n f o r m a t i o n  i s  a v a i l a b l e  o n  
m i c r o b i a l  a c t i v i t y  i n  t h e  sed imen t s .  
Ra tes  o f  o r g a n i c  m a t t e r  d e c o m p o s i t i o n ,  
s u l f a t e  r e d u c t i o n ,  d e n i  t r i f  i c a t i o n ,  and 
o t h e r  m i c r o b i a l  p r o c e s s e s  have  n o t  been  
de te rmi  ned. Measures o f  n u t r i e n t  l e v e l s  
i n  bay marshes a r e  few and no i n f o r m a t i o n  
i s  a v a i l a b l e  on t h e  r o l e  o f  n u t r i e n t s  i n  
marsh product ion.  M i c r o a l g a l  p r o d u c t i o n  
i s  unmeasured. Each o f  t h e s e  measures  
p l a y s  a  s i g n i f i c a n t  r o l e  i n  m o d e l s  
d e v e l o p e d  f o r  o t h e r  marshes (Pomeroy and 
W i e g e r t  1981, Z e d l e r  1982). and w i t h o u t  
them, a  severe 1  i m i t  i s  p laced  on concep- 
t u a l  models f o r  bay wet lands. 

Q u a n t i t a t i v e  models, the re fo re ,  must 
a w a i t  f u r t h e r  s t u d i e s .  T h i s  c h a p t e r  r e -  
v i e w s  t h o s e  a r e a s  whe re  d a t a  have  been  
c o l  l ec ted ,  and where appropr ia te ,  1 inkages 
w i l l  be made. Weaknesses should be appa- 
r e n t  and, i t i s  hoped, w i l l  p rov i de  s t imu-  
l u s  t o  f u r t h e r  study. 

7.1 PRIMARY PRODUCTION 

P r i m a r y  p r o d u c t i o n  i s  t h e  mos t  f r e -  
q u e n t l y  measured p a r a m e t e r  o f  c o m m u n i t y  
m e t a b o l i s m  i n  b a y  t i d a l  marshes. I t  i s  
a1 so one o f  t h e  mos t  d i f f i c u l t  t o  i n t e r -  
p r e t  due t o  v a r i a b i l i t y  between and w i t h -  
i n  marshes. Some o f  t h e  v a r i a b i l i t y  can 
be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  sampl ing 
t e c h n i q u e s  ( q u a d r a t  s i  ze, s a m p l i n g  f r e -  
quency, method  o f  c a l c u l a t i o n ) .  A11 o f  
t h e  s t y d i e s  fcr Say marr5es have used t h e  
abov e-ground ha l-ves t method which under- 
e s t i m a t e s  b i omass  l o s t  t o  h e r b i v o r e s ,  



decomposers,  and e x p o r t  f r o m  t h e  marsh. 
Mos t  s t u d i e s  have r e 1  i e d  on e i t h e r  a  
s i n g l e  end-of-season ha rves t  o r  on minimum 
and maximum c o l l e c t i o n s .  The u s e  o f  t h e  
Smal ley (1958) method r e l i e s  on more f r e -  
quent  samp l ing  and i nc l udes  bo th  l i v e  and 
dead components; however, l o s s  o f  m a t e r i a l  
b y  decomposi t ion between s a m p l i n g  i n t e r -  
v a l s  i s  n o t  cons i de red .  T u r n e r  (1976)  
de te rmined  t h a t  t h e  end-of-season e s t i m a t e  
y i e l d e d  t h e  l o w e s t  e s t i m a t e s  and t h a t  
Smalfey's method, t h o u g h  y i e l d i n g  h i g h e r  
e s t i m a t e s ,  c a n  b e  a f f e c t e d  b y  
unco r rec tab l e  e r r o r s  when 1  i ve biomass i s  
d e c l i n i n g .  Onu f  e t  a l .  (1978), i n  a  s t u d y  
o f  s u c c u l e n t s  i n  a  s o u t h e r n  C a l i f o r n i a  
we t1  and, f o u n d  t h a t  t h e  p r o d u c t i o n  e s t i -  
mated  f r o m  t h e  h a r v e s t  method was 1 / 2  t o  
1/3 t h a t  d e t e r m i n e d  f rom t agg ing  i n d i v i d -  
u a l  p lan ts .  On t h e  o t h e r  hand, h i s  h igh-  
e s t  e s t i m a t e  f o r  p i c k l e w e e d ,  u s i n g  t h e  
t a g g i n g  method, was 286 g/m"yr .  T h i s  i s  
t h e  l owes t  va l ue  r epo r t ed  f o r  t h e  P a c i f l c  
coas t .  Z e d l e r  (1982) c o n c l u d e d  t h a t  de- 
s p i t e  unresolved d i f f i c u l t i e s  i n  assessing 
s a l t  marsh product ion,  es t ima tes  based on 
p e r i o d i c  h a r v e s t i n g  a r e  t h e  o n l y  com- 
parab le  da ta  ava i l ab l e .  

P r o d u c t i o n  e s t i m a t e s  f o r  bay  t i d a l  
marshes ( T a b l e  27) a r e  w e l l  w i t h i n  t h e  
r a n g e  o f  t h o s e  r e p o r t e d  f o r  b o t h  P a c i f t c  
and A t l a n t i c  c o a s t  ma rshes  ( T u r n e r  1976, 
E i l e r s  1979, Z e d l e r  e t  a l .  1980). T u r n e r  
( 1  976) r e p o r t e d  annua l  p r o d u c t i o n  on t h f  
A t l a n t i c  c o a s t  o f  300 t o  550 g  d r y  w t / m  
f a r  smooth cordgrass a t  t h e  same l a t i t u d e  
as San F r a n c i s c o  Bay (38" N). The h i g h e r  
es t ima tes  f o r  P a c i f i c  c o r d g r a s s  m i g h t  b e  
accounted f o r  by t h e  longer  growing season 
(10  mas) and m l l d e r  w i n t e r  c l ~ m a t e .  E s t i -  
mates f o r  p i ck leweed are as h i gh  o r  h i ghe r  
than P a c l f i c  cordgrass. There seems 1  i t t l e  
j u s t i f i c a t i o n  t o  c o n c l u d e  t h a t  v a s c u l a r  
p l a n t s  i n  P a c i f i c  coast  we t lands  are l e s s  
p r o d u c t i  ve t h a n  A t l a n t i c  c o a s t  h a b i t a t s  
(Onuf  e t  a l .  1978), 

Less i n f o r m a t i o n  1s a v a i l a b l e  on 
b e l o w - g r o u n d  b i o m a s s  f o r  b a y  t i d a l  
marshes. Good &. (1 982)  r e v  i e w e d  t h e  
s ~ g n ~ f i c a n c e  of be low-ground  b ~ o m a s s  and 
p r o d u c t i o n .  Be1 ow-ground b i omass  o f  t e n  
exceeds  above-ground s t a n d i n g  crop,  and 
t h e  p roduc t i on  c o n t r i b u t e s  t o  t h e  o v e r a l l  
s t a b 1 1  i z a t i s n  and b u i l d - u p  o f  t h e  marsh 
s u b s t r a t e .  The amount  of  be l ow -g round  
biomass v a r i e s  w i t h  species, dep th  l n  t h e  
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sed imen t ,  and season. M a h a l l  and P a r k  
(1976a)  f o u n d  t h a t  r o o t s  and r h i z o m e s  o f  
P a c i f i c  c o r d g r a s s  were  more a b u n d a n t  a t  
t h e  5-15 cm l e v e l  compared t o  p ick leweed 
i n  w h i c h  o v e r  50% o f  t h e  b e l o w - g r o u n d  
biomass was i n  t h e  upper 5  cm o f  sediment. 
The r o o t  t o  shoot r a t i o  was about 3.65 f o r  
P a c i f i c  cordgrass and 0.55 f o r  pickleweed. 
S p i c h e r  (1982) measured an  a v e r a g e  r o o t -  
s h o o t  r a t i o  o f  1.1 f o r  p i c k l e w e e d  a t  var- 
i o u s  e l e v a t i o n s  i n  a  m a r s h  r e s t o r a t i o n  
nea r  C o r t e  Madera. F o r  compa r i son ,  t h e  
r o o t - s h o o t  r a t i o  o f  s m o o t h  c o r d g r a s s  
ranges  be tween  1.2 t o  5.3 f o r  t h e  s h o r t  
f o rm  and 0.4 t o  8.2 f o r  t h e  t a l l  f o r m  
(Good et g .  1982). I n  g e n e r a l ,  r o o t -  
s h o o t  r a t i o s  f o r  p e r e n n i a l  marsh p l a n t s  
exceed 4.0 and annua l  s p e c i e s  r a n g e  be- 
tween 0.14 t o  0.46. Sampl ing has n o t  been 
conduc ted  f r e q u e n t l y  enough t o  e s t i m a t e  
p r o d u c t i v i t y  o f  be l ow -g round  p a r t s ;  how- 
ever ,  based on r o o t - s h o o t  r a t i o s ,  i t  can 
be assumed t h a t  bay marsh p l a n t s  are equ i v -  
a l e n t  to ,  o r  l o w e r  t h a n ,  t h e  A t l a n t i c  
coast  p l a n t s  surveyed t o  date. 

Z e d l e r  (1980) obse rved  t h a t  t h e  n e t  
p r i m a r y  p r o d u c t i v i t y  o f  b e n t h i c  m i c roa l gae  
was 0.8 t o  1.4 t h a t  o f  t h e  v a s c u l a r  p l a n t  
ove r s t o r y  i n  sou thern  C a l i f o r n i a  ma rshes  
and emphas i  zed t h e  s i g n i f i c a n c e  o f  t h e  
r e l a t i v e l y  open canopy of these marshes t o  
h i g h  a l g a l  p r o d u c t i o n .  Zed1 e r  (1982)  
hypothes ized t h a t  a l g a l  p r o d u c t i  v i  t y  can 
f o r m  t h e  b a s i s  o f  a  s i g n i f i c a n t  g r a z e r  
f o o d  c h a i n  a s  opposed t o  a  d e t r i t a l  f o o d  
web based on d e c a y i n g  v a s c u l a r  p l a n t s .  
Desp i te  i t s  p o t e n t i a l  s i g n i f i c a n c e  t o  bay 
we t l ands ,  no measurements  o f  m i c r o a l g a l  
p roduc t i on  have been made. 

Macroa lga l  biomass and p roduc t i on  by 
v a r i o u s  s p e c i e s  o f  g r e e n  a l g a e  
(Enteromorpha and @) i s  h i ghes t  d u r i n g  
sp r i ng  and summer months when day t ime  low 
t i d e s  are most  f requen t ,  the reby  p r o v i d i n g  
h i g h  l i g h t  i n t e n s i t i e s .  S h e l l e m  a n d  
J o s s e l  yn ( 1982 )  e s t i m a t e d  peak s t a n d i n g  
c r o p s  f o r  En te romorpha  c l a t h r a t a  a t  15 g 
d r y  w t / m 2  i n  May and n e t  annual p roduc t i on  
o f  270 g  C / m 2 .  T h i s  e s t i m a t e  was f o r  a  
m u d f l a t  a d j a c e n t  t o  t h e  s a l t  marsh and 
p roduc t i on  i s  p r o b a b l y  l o w e r  b e n e a t h  t h e  
marsh canopy. I t  i s  w i t h i n  t h e  r ange  
g iven  f o r  m i c roa l gae  (185-341 g  C/m fir) i n  
t h e  marsh s t u d i e s  by  Zed'ler (1980). 



Table 27. Summary of estimated annual vascular plant production 
fo r  selected species in  bay t ida l  marshes. All s tudies  use end-of- 
season biomass t o  estimate production, except those reported by 
Josselyn (unpubl ) which i s  estimated using the Smal ley method. 
Single values a r e  averages f o r  one s i t e .  Ranges r e f e r  t o  averages 
a t  several locations in  a s ingle  marsh. 

--- .._ - __ 

Estimated 
Annual 

Production Quadrat Sampling 
( g  dry Size quadrats/  frequency 

Species Location Year w t / m 2 )  (rn') statlor1 per yea r  Reference - p--- - 
Spartina Tolay Creek 1968 1400 0 25 5 5 2 Cameron 
fo l io sa  San Pablo bay (1 972) 

Mare Island 1972 274 0.125 8 1 Mahall and 
San Pablo Bay Park(1976a) 

Petal  uma 1972 689 0.125 8 1 Mahall and 
River Park(1976a) 

Creekside 1982 9501 0.20 5 7 Josselyn 
Park (unpubl ) 
Corte Madera 
Creek 

Corte Madera 1982 710-1 120L 0.20 5 7 Josselyn 
Bay (unpubl ) 

Sal icornia  Tolay Creek 1968 1050 0.25 5 52 Cameron 
virgi  nica San Pablo Bay (1 972) 

Mare Island 1972 820-958 0.125 8 2 Mahall and 
San Pablo Bay Park(1976a) 

Petal  uma 1972 590 0.125 8 2 Mahall and 
River Park(1976a) 

Pe t a  1 uma 1979 604-146Z3 0.25 10 2 Ball ing and 
River Resh(1983b) 

Muzzi llarsh 1982 950-15004 0.10 10 2 Josselyn 
Corte Madera (unpubl ) 
Bay 
Creekside 1982 600-10004 0.10 4 7 Josselyn 
Park (unpubl ) 

Sal icornia  Muzzi Marsh 1982 720 0.10 4 7 Josselyn 
europaea Corte Madera (unpubl ) 

Bay 
Sci rpus 
robus tu s  

Sonoma Creek 1979- 3160 0.25 1 Pearcy g fi 
San Pablo Bay 1980 (1981 ) 
Suisun Marsh 1979- 604-18405 0.25 1 Pearcy g fl 

1980 (1981) 

Creeksi de 1982 7906 0.20 5 7 Josselyn 
Park (unpubl ) 
Corte Madera 
Creek 

Sci rpus Delta 1977 2500 0.12 5 
cal i forni  cus 

1 Atwater e t  
a l .  ( 1 9 7 g  - 

'S ta t ions  taken in t i d a l  channel i n  mid-marsh area 
2Range i s  f o r  s t a t i o n s  located over e n t i r e  i n t e r t i d a l  d i s t r i bu t ion  of Paci f ic  cord- 
grass located d i r e c t l y  on bay mudflat 

3Range i s  f o r  s t a t i o n s  located adjacent t o  natural  channels and mosquito d i tches  
&Range i s  f o r  s t a t i o n s  located over e n t i r e  i n t e r t i d a l  d i s t r t bu t ion  o f  pickleweed 

located in res tored  marsh 
5Range i s  fo r  s t a t i o n s  i n  diked wetland subjec t  to  var ia t ions  in flooding regimes and 
sediment s a l i n i t y  

'Station located adjacent to  freshwater drainage plpe 



A rough e s t i m a t e  o f  t h e  c o n t r ~ b u t i o n  
o f  t i d a l  marshes t o  o v e r a l l  bay p roduc t i on  
can  be made f r o m  e x i s t i n g  da ta .  C o l e  
(1982)  and C o l e  e t  a l .  ( u n p u b l )  measured  
n e t  p roduc t i on  by phy top lank ton  us1 ng C-14 
techn-iques. T h e l r  e s t ~ m a t e s  were averaged 
f o r  b o t h  deep and s h a l  l ow  s i t e s .  Annua l  
p roduc t i on  f o r  south bay was es t ima ted  a t  
130 g  C/m ', f o r  San Pablo Bay a t  110 g  C/m: 
and f o r  Suisun Bay a t  94 g C / m 2 .  Assuming 
a  bay-w i d e  average o f  115 g  C / m 2  (based on 
r e l a t i v e  areas), m u l t i p l y i n g  by t h e  t o t a l  
s u r f a c e  a rea  o f  t h e  bay (1.24 x  l G 9  m 2 )  
g i v e s  an  e s t i m a t e  o f  1.4 x  1011 g  C f o r  
t h e  year. Average marsh p r o d u c t ~ o n  i s  360 
g  C/ml (assuming an average p roduc t i on  of 
800  g  d r y  w t / m 2  and a  p e r c e n t  ca rbon  o f  
45). A r e a  o f  t i d a l  marsh i s  1.25 x  108  
m2. The es t ima ted  annual marsh produc- 
t i o n  i s  4.5 x  101Q g  C. T h i s  i s  a p p r o x i -  
m a t e l y  25X o f  t h e  comb.~ned phy top lank ton  
and marsh annual product ion.  I t  does no t  
i n c l u d e  c o n t r t b u t i o n s  from ben th i c  m i c ro -  
and macroa  l g a e  n o r  p r o d u c t i o n  i n  d l  ked 
w e t l a n d s  n o t  s u b j e c t  t o  f r e q u e n t  t i d d l  
act ion.  Because phy top lank ton  and vascu- 
l a r  p l a n t  p roduc t i on  are u t l l i z e d  i n  ve ry  
different ways w i t h l n  t h e  estuarine f o o d  
web, judgements on t h e i r  r e l a t i v e  s i g n i f i -  
c a n c e  a r e  d i f f ~ c u l t  t o  make. M a r s h  
p r a d u c t ~ o n ,  however ,  i s  r e l a t i v e l y  l a r g e  
d e s p ~ t e  i t s  s m a l l  area. Consider ing t h a t  
95% o f  fo rmer  we t lands  are now d l  ked, pre-  
h i s t o r i c  m a r s h  p r o d u c t i o n  mus t  have  f a r  
exceeded t h a t  o f  t h e  open waters.  

7,2 FACTORS CONTROLLING PRIMARY PRODUC- 
T  ION 

The f a c t o r s  w h i c h  c o n t r o l  o v e r a l  1 
p r o d u c t i o n  i n  t h e  rnarsh a r e  t h e  same as 
those w h ~ c h  a f f e c t  t h e  e l e v a t i o n a l  d i s t r i -  
b u t ~ o n  o f  p l a n t s :  l i g h t ,  s a l ~ n i t y ,  t i d a l  
f low, and n u t r i e n t s .  Much of t h ~ s  i n f o r -  
mat ion i s  d iscussed i n  chapter  5 and o n l y  
da ta  p e r t i n e n t  t o  p roduc t i on  d re  rev iewed 
here, 

Pearcy  "c 31. (1981) measured p h o t o -  
s yn thes i s  under va r y i ng  1 i g h t  intensities 
f o r  s e v e r a l  s a l t  and b r a c k ~ s h  m a r s h  
spec ies (F i gu re  40). A t  t h e  h i ghes t  l i g h t  
i n t e n s i t 7 e s  measured  (equivalent t o  f a l l  
sun1 i g h t  l e v e l s ) .  P a c ~ f i c  c o r d g r a s s  had 
t h e  h i ghes t  CO2 uptake, f o l  lowed by a1 k a l  i 
bu l r ush  (Sc i r pus  robustus). p i ck leweed and 
b r a s s  b u t t o n s  ( C o t u l  a  co ronop i f o l i a ) .  As 
l i g h t  i n t e n s i t y  was r educed  (as  w - t t h ~ n  a  

m a r s h  c a n o p y ) ,  p i  c k l e w e e d  r e a c h e d  a  
compensation p o i n t  (no n e t  C02 uptake)  a t  
a  h i g h e r  l i g h t  i n t e n s i t y  t h a n  e i t h e r  
P a c i f i c  c o r d g r a s s  o r  a1 k a l i  b u l r u s h .  A t  
114 f u l l  d a y t i m e  l i g h t  i n t e n s i t y  (500 
pe in/m2/sec = 0.5 mmol/m2/sec), t h e  photo-  
s y n t h e t i c  r a t e  f o r  t h e  l a t t e r  t w o  spec ies 
was t w i c e  t h a t  o f  pickleweed. P ick leweed 
i s ,  t h e r e f o r e ,  more s e n s i t i v e  t o  shading. 
Most o f  t h e  p h o t o s y n t h e t i c  t i s s u e  o f  
p i c k l e w e e d  i s  l o c a t e d  i n  t h e  u p p e r  
branches as compared t o  P a c i f i c c o r d g r a s s ,  
i n  w h i c h  l e a v e s  a r e  f ound  a t  a l l  h e i g h t s  
i n  t he  canopy. Even a t  l i g h t  i n t e n s i t i e s  
near  f u l l  sun1 i g h t  (2000 p e i n / m 2 / s e c ) ,  
C02 u p t a k e  b y  p i c k l e w e e d  i s  o n l y  t w o -  
t h i r d s  t h a t  o f  P a c i f i c  c o r d g r a s s .  I f  
l i g h t  we re  t h e  o n l y  c o n t r o l l i n g  f a c t o r ,  
o n e  w o u l d  e x p e c t  t h e  t a l l e r  P a c i f i c  
cordgrass t o  dominate t i d a l  marshes. 

S a l i n i t y ,  e s p e c i a l  l y  t h e  seasona l  
range, has an i m p o r t a n t  i n f l u e n c e  on 
p h o t o s y n t h e s i s  and g r o w t h  o f  i n d i v i d u a l  
spec ies .  Z e d l e r  e t  a l .  (1980)  showed t h a t  
r e d u c t i o n  o f  h y p e r s a l i n e  c o n d i t i o n s  i n  
southern Cal i f o r n i a  marshes s i g n i f i c a n t l y  
enhanced P a c i f i c  c o r d g r a s s  p r o d u c t i o n .  
Hypersal  i ne  c o n d i t i o n s  a r e  no t  f r e q u e n t l y  
obse rved  i n  bay  t i d a l  marshes; however, 
changes i n  sed iment  s a l i n i t y  can  r e v e r s e  
t h e  r e l a t i v e  p h o t o s n t h e t i c  r a t e s  o f  marsh 
p l a n t s .  P e a r c y  9 d. ( 1  981) f ound  t h a t  
CO2 uptake i n  a l k a l i  bu l r ush  and P a c i f i c  
cordgrass dec l  i ned  above 20 p p t  whi  l e  t h a t  
i n  p i c k l e w e e d  i n c r e a s e d  ( F i g u r e  41). A t  
30 ppt ,  p i ck leweed had t h e  h i ghes t  photo- 
s y n t h e t i c  r a t e  o f  a l l  spec ies tested.  On 
a  r e 1  a t i v e  b a s i s ,  p i c k l e w e e d  exceeded  
P a c i f i c  cordgrass a t  approx imate ly  24 ppt ,  
remarkably  s i m i l a r  t o  t h e  f i e l d  s a l i n i t y  
observed by Maha l l  and Park (1976a) i n  t he  
e c o t o n e  be tween  P a c i f i c  c o r d g r a s s  and 
p i  ckleweed. 

I n  t h e i r  two-year f i e l d  s tudy i n  San 
P a b l o  Bay, P e a r c y  e t  a l .  (1951)  o b s e r v e d  
t h a t  reduced s a l i n i t i e s  i n  t h e  s p r i n g  d i d  
s t i m u l a t e  t h e  g r o w t h  o f  b r a c k i s h  w a t e r  
species i n  s a l t  ma rsh  h a b i t a t s .  A l k a l i  
b u l r u s h  g r e w  mos t  r a p i d l y  i n  t h e  s p r i n g  
when P a c i f i c  cordgrass and p ick leweed were 
g r o w i n g  a t  r e l a t i v e 1  y s l o w e r  r a t e s .  T h i s  
p e r ~ o d  o f  r a p ~ d  g r o w t h  a l l o w e d  a l k a l i  
b u l r u s h  t o  exceed  t h e  o t h e r  s p e c i e s  i n  
height,  and there fo re ,  shade i t s  compet i -  
t o r s  i n  t h e  summer when h i g h e r  s a l i n i t i e s  
reduced i t s  own growth. On t h e  o t h e r  hand, 
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F igu re  40. Pho tosyn the t i c  C02 uptake as a  f u n c t i o n  o f  l i g h t  i n t e n -  
s i t y .  Measured a t  30° C l e a f  temperatures, 320  bar CO2 pressures,  
and a  vapor  pressure d i f f e r e n t i a l  of  5-10 ubar ( f r o m  Pearcy e t  a l .  
1981 ). 

i f  sediment s a l i n i t i e s  a r e  n o t  lowered i n  
t h e  s p r i n g  ( a s  d u r i n g  d r o u g h t  o r  r e d u c e d  
d e l t a  o u t f l o w ) ,  P a c i f i c  c o r d g r a s s  and 
p ick leweed w i l l  dominate. 

L o c a t i o n  w i t h i n  t h e  ma rsh  w i t h  r e -  
spect  t o  channels can a l s o  i n f l u e n c e  pro-  
d u c t i o n .  B a l l i  ng and Resh (1983b)  f o u n d  
t h a t  i n  t h e  Pe ta l uma  marshes, a n n u a l  
above-ground p roduc t i on  o f  p i ck leweed near  
watercourses was h i ghe r  by 40% than i n  t h e  
open warsh.  They  a l s o  n o t i c e d  t h a t  t h e  
p l a n t s  were more r o b u s t  and t h e  canopy  
dense r  a d j a c e n t  t o  t h e  channe l .  They  

a t t r i b u t e d  t h e  h i g h e r  p roduc t i on  t o  g rea t -  
e r  f l u s h i n g  o f  s e d ~ m e n t s  near  t h e  channel. 
They were a b l e  t o  show t h a t  g r o u n d w a t e r  
recharge occur red  d u r i n g  eve ry  t i d e  c y c l e  
i n  t h e  a r e a s  w i  t h l n  1 m f r o m  t h e  c h a n n e l  
edge. T h e r e  was a l s o  a  r e d u c t i o n  i n  
g r o u n d w a t e r  s a l i n i t y  n e a r  t h e  c h a n n e l  
edge. The c e n t r a l  marsh sites showed n o  
l o w e r i n g  o f  t h e  w a t e r  t a b l e  d u r i n g  t i d a l  
c y c l e s  and s a l i n ~ t i e s  w e r e  h i g h e r  t h a n  
n e a r  t h e  c h a n n e l .  S p i c h e r  ( u n p u b ?  ) 
observed s i m i l a r  enhancement o f  s t a n d i n g  
b io i i i ass  a d j a c e n t  t o  d r e d g e d  channe l s  f n 
t h e  Muzz i  M a r s h  r e s t o r a t i o n  p r o j e c t  I n  
Cor te  Nadera, 



- 50 The e f f e c t s  o f  n u t r i e n t s  on t i d a l  
I 
o marsh  p r o d u c t i o n  have  n o t  been measured 
a, 
cn f o r  P a c i f i c  coas t  wet lands. For  A t l a n t i c  

40 c o a s t  marshes, V a l  i e l a  and T e a l  (1974)  

E have shown t h a t  d i r e c t  a d d i t i o n  o f  n i t r o -  

- gen does enhance above-ground biomass and 
o p r o d u c  t i  v i  t y  i n  s m o o t h  c o r d g r a s s ,  
E 30 e s p e c i a l l y  t h e  s h o r t  fo rm.  No i n c r e a s e  
3- was observed w i t h  a d d i t i o n s  o f  phosphorus .. a l o n e  s u g g e s t i n g  t h a t  smooth c o r d g r a s s  
w 
Y g r o w t h  i s  l i m i t e d  b y  n i t r o g e n .  I n  a  San 
0 20 
+- Franc isco  Bay marsh r e s t o r a t i o n ,  Newcombe 
Q. 
3 

and P r i d e  (1976)  a p p l i e d  s i n g l e  doses o f  
f e r t i l i z e r  c o n t a i n i n g  u n s p e c i f i e d  amounts 

10 0 o f  n i t r o g e n  and phospho rus  t o  P a c i f i c  
0 cordgrass seed l ings  and observed no e f f e c t  
t on su r v i va l ,  growth, o r  h e i g h t  form. Some 
6, 

z 0 enhancement i n  above-ground d r y  we igh t  was 
obse rved  f o r  p i c k l e w e e d .  S t u d i e s  u s i n g  
c o n t i n u o u s  o r  l o n g - t e r m  a p p l  i c a t i o n  o f  
n u t r i e n t s  t o  P a c i f i c  c o a s t  w e t l a n d s  a r e  
n e e d e d  t o  c o m p a r e  t o  t h e  r e s u l t s  o f  
V a l i e l a  and Teal (1974). 

I n d i r e c t  measurements  o f  n u t r i e n t  
u p t a k e  have been  made f r o m  t i d a l  f l u x  
s tud ies.  W i n f i e l d  (1980) c a l c u l a t e d  a  n e t  
i m p o r t  o f  ammonium f o r  a  t i d a l  we t l and  i n  
sou thern  Cal i f o r n i  a. He es t ima ted  t h a t  6% 
o f  t h e  n i t r o g e n  needed f o r  vascu la r  p l a n t  
p r o d u c t i o n  was i m p o r t e d  d u r i n g  t i d a l  
cycles. Buchholz (1982) a l s o  observed an 
i m p o r t  o f  n i t r o g e n  f o r  a  s a l t  marsh mud- 
f l a t  i n  San F r a n c i s c o  Bay. No v a s c u l a r  
p l a n t s  were  p r e s e n t  a t  t h e  s i t e  and he  
a t t r i b u t e d  t h e  n i t r o g e n  r e m o v a l  t o  geo-  
c h e m i c a l  ( a d s o r p t i o n  t o  c l a y  p a r t i c l e s  ) 
and m i c r o b i a l  p rocesses .  Two i m p o r t a n t  
m i c r o b i a l  p r o c e s s e s  a p p e a r e d  t o  b e  
d e n i t r i f i c a t i o n  and  b e n t h i c  m i c r o a l g a l  

3Q uptake.  W i t h o u t  d i r e c t  measurements  o f  
%I  inif y , ppt n u t r i e n t  r e m o v a l  b y  m a r s h  p l a n t s ,  i t  i s  

u n l i k e l y  t h a t  f i r m  c o n c l u s i o n s  can  b e  
r e a c h e d  a t  t h . i s  p o i n t  o n  t h e  r o l e  o f  nu- 

F i g u r e  41. TOP: E f f e c t  o f  s a l i n i t y  on  t r i e n t s  i n  bay t i d a l  marsh p roduc t ion .  
mean C02 uptake f o r  va r i ous  marsh p lan ts .  
F i l 1 e d c i r c l e = ! P a c i f i c c o r d g r a s s ;  open 7.3 UTILIZATION OF PRIMARY PRODUCTION 
c i r c l e  -- a l k a l i  b u l r u s h ;  open s q u a r e  = 

pickleweed; open t r i a n g l e  = brass  buttons. Pomeroy and Wieger t  (1981) p r o v i d e  an 
BOTTOM: R e l a t i v e  pho tosyn the t i c  COi uptake e x c e l l e n t  d i s c u s s i o n  o f  t h e  u t i l i z a t i o n  o f  
as a f u n c t i o n  of s a l i n i t y .  Rates p l o t t e d  marsh p r i m a r y  p roduc t i on  f o r  s a l t  marshes 
r e l a t j v e  t o  t h e  maximum r a t e  f o r  e a c h  i n  G e o r g i 4  based on 20 y e a r s  o f  r esea rch .  
species. Measurements made a t  320 pbars  The d a t a  base  f o r  P a c i f i c  c o a s t  w e t 1  and% 
CO2 p r e s s u r e ,  pho ton  f l u x  d e n s i t i e s  o f  i n c l u d i n g s a n  F r a n c i s c o  Bay,  d o e s  n o t  
1.7-2.0 mmol/m2/sec, lea f  temperatures of approach  t h i s  t i m e  span i n  i n t e n s i t y  n o r  
3O0C and VPD o f  5-10 mbar. Each P o i n t  completeness. Zed le r  (1982) suggests t h a t  
r e p r e s e n t s  mean of 2-8 1 eaves. From m i c r o b i a l  u t i  li z a t i o n  r ep resen t s  a  ma jo r  
Pearcy @ d. 1981. s i n k  f o r  marsh  p r i m a r y  p r o d u c t i o n '  i n  

78 



southern  Cal i f o r n i a  wetlands. High micro- 
a l g a l  p r o d u c t i o n  may a1 s o  s u p p o r t  an 
impor tan ta lgae-herb i  vore food web, which 
i s  not a s  wel l  developed i n  A t l a n t i c  coas t  
w e t l a n d  s y s t e m s .  Much work r e m a i n s  t o  
t e s t  t h e s e  h y p o t h e s e s  t o  a v o i d  making 
g e n e r a l i z a t i o n s  on marsh f u n c t i o n  which 
l a t e r  p rove  t o  be u n s u p p o r t a b l e  (Ni xon 
1980). In t h e  d i s cus s ion  below, u t i l i z a -  
t i o n  of primary product ion i s  grouped i n t o  
t h r e e  c a t a g o r i e s :  d i r e c t  grazing,  micro- 
b i a l - d e t r i t a l  u t i l i z a t i o n  w i t h i n  t h e  
marsh, and expor t  t o  t he  es tuary .  

D i r ec t  g r az ing  

D i r ec t  g raz ing  i s  u sua l l y  assumed t o  
r e p r e s e n t  a  s m a l l  p e r c e n t a g e  of t o t a l  
p r o d u c t i o n  ( P f e i f f e r  and W i e g e r t  1981).  
However, b e c a u s e  marsh  p r o d u c t i v i t y  i s  
high, h e r b i  vore  p r o d u c t i o n  ( e s p e c i a l  1 y  
i n s e c t  h e r b i v o r e s )  c a n  e x c e e d  t h a t  
o b s e r v e d  f o r  t e r r e s t r i a l  g r a s s l a n d  s y s -  
tems. I n s e c t  g r a z e r s  in  bay t i d a l  marshes 
can r e a c h  l a r g e  p o p u l a t i o n  numbers  and 
many s p e c i e s  g r a z e  d i r e c t l y  on v a s c u l a r  
p l a n t  m a t e r i  a1 ( i . e .  1  e a v e s ,  f l o w e r s ,  
s e e d s ,  and p l a n t  s a p )  (Cameron 1972).  
H e r b i v o r e  abundance  and d i v e r s i t y  a r e  
u s u a ' l l y  d i r e c t l y  c o r r e l a t e d  w i t h  above-  
ground s t a n d i n g  c r o p ;  however ,  no e s t i  - 
mates of t o t a l  consumption a r e  avai l ab le .  
Qua1 i  t a t i v e  observa t ions  usua l  1  y  i  nd i c a t e  
m i n i m a l  i m p a c t  f r o m  i n s e c t  g r a z e r s .  
G r a z i n g  on b e n t h i c  a l g a e  by e p i f a u n a l  
i n v e r t e b r a t e s  i s  hypothesized t o  represen t  
a  more i m p o r t a n t  food web i n  s o u t h e r n  
C a l i f o r n i a  w e t l a n d s  (Zedler  1982). Algal 
m a t e r i a l  f o r m s  a  m a j o r  p o r t i o n  o f  t h e  
d i e t s  o f  g a s t r o p o d s  and d e p o s i t  f e e d e r s  
w i t h i n  t h e  marsh. The numbers  of mud- 
snai  1  s  ( I lyanassa  obso l e t a )  in  t i d a l  chan- 
n e l s  c an  exceed  1 0 m n d  t h e i r  t r a c k s  
a r e  apparent  as  c l ea r ed  a r ea s  in  t he  a lga l  
mat. O t h e r  d i r e c t  g r a z e r s  in  t i d a l  marsh- 
e s  a r e  t he  f i l t e r  feeders .  They feed on 
phytoplankton and benth ic  microalgae sus- 
pended in t h e  t i d a l  channels. The ribbed 
m u s s e l  ( I s c h a d i u m  d e m i s s u m )  f e e d s  
p a r t i a l l y  on v a s c u l a r  p l a n t  d e t r i t u s  and 
p h y t o p l a n k t o n  ( M o n t a g u e  et g. 1981) .  
F i n a l l y ,  d i r e c t  g r a z i n g  by v e r t e b r a t e s  
p r o b a b l y  h a s  some minor  impac t  on t h e  
vege ta t ion ,  p a r t i c u l a r l y  i t s  reproduct ive  
capac l  t y .  Wa te r fowl  g r a z e  h e a v i l y  on 
seeds of a l k a l ~  bulrush and b ra s s  bu t tons  
(Cotul a  coronopifol  i a). Many small  b i rd s  
and mammals a1 so i n c l u d e  s e e d s  in t h e i r  

d i e t .  The i m p a c t  of seed  e a t e r s  may b e  
more i m p o r t a n t  t o  p l a n t s  such  a s  P a c i f i c  
cordgrass ,  w hich f r e q u e n t l y  do not produce 
abundant v i ab l e  seed. 

Mic rob i a l -de t r i t a l  u t i l i z a t i o n  

M i c r o b i a l  m e t a b o l i s a  i s  the m a j o r  
l i n k  i n  t h e  mine ra l i z a t i on  and t ransforma- 
t i o n  of o r g a n i c  m a t t e r  i n  s a l t  marshes .  
The o r g a n i c  m a t t e r  i s  s u b s e q u e n t l y  u t i -  
l i z e d  by d e t r i t i v o r e s  o r  d e p o s i t e d  a s  
f o s s i l  m a t e r i a l  i n  t h e  bu i  ld-up of mar sh  
sediments.  The mic rob i a l  processes  occur- 
r i n g  i n  t h e  marsh a r e  g e n e r i c  t o  a l l  r e -  
gi  ons:  decompos i  t i  on, s u l f a t e  reduc t ion ,  
d e n i t r i f i c a t i o n ,  n i t r i f i c a t i o n ,  n i t r o g e n  
f i  x a t i  on, and me thanogenes i  s. However, 
t he  r a t e s  of t h e s e  processes  can vary w i t h  
c l  i m a t i c  f a c t o r s ,  s u b s t r a t e s ,  and oxygen 
a v a i l a b i l i t y .  Only a  few measurements a r e  
a v a i l a b l e  f o r  bay marshes. 

Murray and Horne (1979) e s t i m a t e d  
r a t e s  o f  n i t r o g e n  f i x a t i o n  and s u l f a t e  
r e d u c t i o n  i n  an i s o l a t e d  (d i  ked)  we t1  and 
in  t h e  c e n t r a l  bay  (Richmond). R a t e s  o f  
n i t r o g e n  f i x a t i o n  based  on a c e t y l e n e  r e -  
duc t ion  ranged between 0.0 t o  1.9 IJI e thy-  
l ene jg  wet w t  sediment. Assuming a  mois- 
t u r e  c o n t e n t  o f  45%. a  bu lk  d e n s i t y  o f  
a p p r o x i m a t e l y  1.00, and a  c o n s t a n t  r a t e  
throughout t h e  year,  n i t rogen  f i x a t i o n  can 
be e s t ima ted  a t  between 0  and 52 g  ~ / m ' / y r  
w h ~ c h  i s  e q u i v a l e n t  t o  t h a t  obse rved  i n  
smooth cordgrass  ( S p a r t i  na a1 t e r n  i f  l o r a  ) 
marshes  (Whi tney  e t  a l .  1981).  G lucose  
addi  t i o n  s t i m u l a t e d  a c e t y l e n e  r e d u c t i o n  
i n d i c a t i n g  t h a t  n i t r o g e n  f i x a t i o n  i s  
l ~ m i  t e d  by a v a i  l a b l e  c a r b o n  s o u r c e s .  
Murray and Horne (1979)  e s t i m a t e d  t h e  
t h i o b a c i  11 i  ( s u l f a t e  r e d u c e r s )  i n  t h e  
m a r s h  s o i l s  a s  b e t w e e n  102 t o  1 0 6  
b a c t e r i a l g  wet w t  sediment. Higher num- 
b e r s  were found i n  i s o l a t e d ,  a c i d i c  po r -  
t i o n s  of t h e  marsh. U n f o r t u n a t e l y ,  few 
general  I z a t i ons  from t h e s e  ana lyses  can be 
made f o r  a l l  bay t i d a l  marshes. 

D e t r i t i v o r e  food webs a r e  a l s o  poorly 
known, although organisms known t o  inc lude  
l a r g e  amounts  of d e t r i t u s  i n  t h e i r  d i e t s  
a r e  common t o  t i d a l  marshes.  D e p o s i t  
f e e d e r s  ( p o l y c h a e t e s ,  b i v a l v e s )  a r e  
e s p e c i a l l y  abundant in mudf la t s  and t i d a l  
s l o u g h s  w h e r e a s  T i t t e r  s h r e d d e r s  and 
g r a z e r s  (air phi pods and i n s e c t s )  a r e  preva- 
l e n t  i n  t h e  h igh  marsh whe re  d e t r i t a l  



m a t e r i a l  accumulates. Because t h e i r  popu- 
l a t i o n  numbers a r e  o n l y  p o o r l y  known, 
q u a n t i t a t i v e  models would be d i f f i c u l t  t o  
develop a t  t h i s  po in t .  

Expor t  

Expor t  f r o m  the' marsh t o  t h e  es tua r y  
r e p r e s e n t s  a n o t h e r  means b y  w h i c h  t i  da1 
marsh  p r o d u c t i v i t y  can b e  u t i l i z e d .  A l -  
though many es t ima tes  o f  m a t e r i a l  f l u x  are 
a v a - i l a b l e ,  m e t h o d o l o g i c a l  d i f f i c u l t i e s  
abound, and mos t  s i  t e s  have s p e c i f i c  
a t t r i b u t e s  which make comparisons tenuous 
(Nixon 1980). Several  categor- ies o f  mate- 
r i a l  f l u x  mus t  b e  c o n s i d e r e d :  c h e m i c a l  
f l u x ,  d i s s o l v e d  and s m a l l  p a r t i c u l a t e  
carbon f l u x .  and macro -de t r i  t a l  f l u x .  

W i n f i e l d  (1980) measured a  n e t  ~ n f l u x  
o f  n i t r o g e n  t o  southern Cal ~ f o r n ~ a  marshes 
i n  t h e  b u l k  w a t e r  column. Buchholz (1982) 
measured t h e  f l u x  o f  i n o r g a n i c ,  o r g a n i c ,  
and p a r t i c u l a t e  n i t r o g e n  bet-ween San Fran- 
c i s c o  Bay and a  s a l t  marsh m u d f l a t .  He 
c a l c u l a t e d  f l u x e s  b a s e d  on d i s c r e t e  
s a m p l e s  m u l t i p l i e d  by t h e  e s t ~ m a t e d  
vo l umes  o f  w a t e r  e n t e r i n g  o r  l e a v - i n g  t h e  
marsh. We determined t h a t  t h e  tnudf la t  was 
a  n i t r o g e n  sink, removing up t o  25% o f  t h e  
f l o o d  phase d i s s o l v e d  ~ n o r g a n i c  n i t r ogen ,  
p r i m a r i l y  ammonium. An a d j a c e n t  sewage 
e f f l u e n t  o u t f a l l  may h a v e  c o n t r i b u t e d  a  
s i g n i f i c a n t  p o r t i o n  o f  t h e  n i t r o g e n  
o b s e r v e d  i n  h i s  s t u d y .  S e a s o n a l  
v a r i a b i l i t y  was a t t r i b u t e d  t o  m i c r o b i a l  
a c t i v i t y  and m i c r o a l g a l  ( d i a t o m )  up take .  
Chan & &. (1 981) r e p o r t  u p t a k e  o f  i n o r -  
g a n i c  n i  t r a g e n  -in s t o r n i w a t e r  r e t e n t i o n  
b a s i n s  w h i c h  c o n t a  1 7 1  p i c k l e w e e d ,  i n  
a d d i t i o n  t o  s e t t l ~ n g  o f  suspended s e d i -  
ments  and r e m o v a l  o f  some p o l  l u t a n t s .  I n  
g e n e r a l ,  M i  x o n  (1980)  c o n c l u d e d  t h a t  
marshes  a c t  as n i t r o g e n  t r a n s f o r m e r s  b y  
i m p o r t j n g  d i s s o l v e d  o x ~ d i i ~ e d  f o r m s  o f  
i n o r g a n i c  n i t r o g e n  and e x p o r t i n g  d i s s o l v e d  
and p a r t i c u l a t e  r e d u c e d  forms. I t  7s 
apparent  t h a t  more l n f o rm i l t l on  on m i c ro -  
b i a l  p r o c e s s e s  i n  marsh 5ed l m e n t s  1s  
needed t o  e v a l i i a t e  t h e l r  r o l e  i n  n e t  
n u t r i e n t  f l u x e s  i n  bay wet lands. 

T r a c e  m e t a l  u p t a k e  1s a  f u n c t i o n  
f r e q u e n t l y  a t t r i b u t e d  t o  bay  marshes,  
o f t e n  w i t h o u t  s u f f i c i e n t  e x p e r - i m e n t a l  
meas U r e m e n t q c - ,  L r n n  and Lec k i  e  (1982 ) 
f o u n d  t h e  o p p o s i t e  f o r  a tidal m a r s h  i n  
t h e  south bay: t h r e e  t r a c e  meta ls  (Cd, Cu, 

and Pb) were  e x p o r t e d  t o  t h e  bay. M e t a l  
f l u x  d i f f e r e d  b e t w e e n  t h e  s u r f a c e  
m i c r o l a y e r  and t he  b u l k  water  column; n e t  
i m p o r t  was o b s e r v e d  f o r  m e t a l s  i n  t h e  
su r f ace  m i c r o l a y e r  and expo r t  was measured 
i n  t he  wa te r  column. The g r e a t e r  volume o f  
t h e  w a t e r  column we igh ted  t he  n e t  f l u x  as 
expor t .  

Both d i s s o l v e d  and p a r t i c u l a t e  carbon 
f l u x  can va r y  between marshes and seasons. 
Recent research has focused on t h e  use o f  
s t a b l e  carbon i so topes  t o  e s t i m a t e  o rgan i c  
ca rbon  sources.  P l a n t s  d i f f e r  s i g n i f i -  
c a n t l y  i n  t h e  r e l a t i v e  amounts o f  13C and 
1 2 C  t a k e n  up, based on s o u r c e s  o f  c a r b o n  
and metabol i c  pathways. Haines (1979) has 
cha l  lenged p rev i ous  assumptions about car-  
bon f l u x  from marshes t o  near-shore areas 
as a  r e s u l t  o f  an a n a l y s i s  o f  s t a b l e  i so- 
t o p e  r a t i o s .  Her s t u d y  i n d i c a t e s  t h a t  
phy top lank ton  p roduc t i on  i s  a  more impor-  
t a n t  ca rbon  sou rce  f o r  near-shore wa te r s  
and t h a t  v a s c u l a r  p l a n t  p r o d u c t i o n  i s  
u t i l i z e d  p r i m a r i l y  w i t h i n  t h e  marsh. 
Sp ike r  and Scheme1 (1979) reached a  s i m i -  
l a r  c o n c l u s i o n  f o r  San F r a n c i s c o  Bay. 
They f o u n d  t h a t  s t a b l e  i s o t o p e  r a t i o s  
s u p p o r t e d  t h e  h y p o t h e s i s  t h a t  p h y t o -  
p l ank ton  a re  t h e  m o s t  s i g n i f i c a n t  c a r b o n  
source t o  bay consumers. They were unable 
t o  i d e n t i f y  any  c a r b o n  i n p u t  by P a c i f i c  
c o r d g r a s s  t o  t h e  e s t u a r y .  P a c i f i c  c o r d -  
grass has a  v e r y  d i s t i n c t i v e  s t a b l e  carbon 
r a t i o  because  i t  i s  a  C-4 p l a n t  (based  on  
i t s  method  o f  ca rbon  f i x a t i o n )  whe reas  
pickleweed, a  C-3 p lan t ,  has a  r a t i o  s i m i -  
l a r  t o  t e r r e s t r i a l  p lan ts .  P a c i f i c  cord- 
g r a s s  i s  o n l y  a  m i  n o r  component  o f  t h e  
t i d a l  marsh system compared t o  pickleweed. 
Any i n p u t  f rom p ick leweed m i g h t  be masked 
by t e r r e s t r i  a1 sources .  N e v e r t h e l e s s ,  
t e r r e s t r i a l  (and p o s s i b l y  p ick leweed)  ca r -  
bon c o n t r i b u t e d  o n l y  10%-20% o f  t he  t o t a l  
bay p a r t i c u l a t e  o rgan ic  carbon. 

M a c r o d e t r i t a l  f l u x  i s  e v i d e n t  i n  
w ~ n t e r  and s p r i n g  months. Very o f t e n  t he  
anraunt o f  tnarsh d e b r i s  observed w i t h i n  t h e  
bay  can  be c o r r e l a t e d  w i t h  e x t r e m e  h ~ g h  
t i d e s  and w i n t e r  s t o rms .  I n  a d d i t i o n ,  
deb r3s  c o n t a i n i n g  marsh p l a n t s  i s  a l s o  
t r a n s p o r t e d  t o  h i g h e r  p o r t i o n s  o f  t h e  
marsh and d e p o s i t e d  i n  e x t e n s i v e  w r a c k  
l i n e s ,  ( F ~ g u r e  42). The s i g n i f i c a n c e  o f  
e i t h e r  w r a c k  d e p o s i t i o n  o r  e x p o r t  i s  
dependen t  on t h e  mo rpho logy  o f  t h e  t i d a l  
ma rsh ,  Open m a r s h e s  g e n e r a l l y  a r e  



F i g u r e  42. W i n t e r  w r a c k  l i n e  i n  d e v e l o p i n g  s a l t  marsh. L i t t e r  c o n t a i n e d  many 
seeds which germinated i n  s p r i n g  and r ap i d1  y co lon ized  area. 

expo r t e r s  o f  d e b r i s  whereas marshes w i t h  
narrow openings tend  t o  accumulate d e b r i s  
(Odum 1980). 

I n  summary ,  t h e  u t i l i z a t i o n  o f  
p r i m a r y  p roduc t i on  i n  bay marshes genera l -  
l y  f o l l o w s  t h a t  d e s c r i b e d  i n  more  d e t a i  1 
f o r  o t h e r  regions. D i f f e rences  a re  n o t  i n  
terms o f  processes, bu t  i n  terms o f  r a t e s  
and, o f  cou rse ,  t h e  i n d i v i d u a l  s p e c i e s  
i n v o l v e d .  As Z e d l e r  (1982) has empha- 
s i z e d ,  i t  i s  u n w i s e  t o  make  b l a n k e t  
a s s u m p t i o n s  f o r  P a c i f i c  c o a s t  w e t l a n d s  
based on r e s e a r c h  f r o m  A t l a n t i c  c o a s t  
h a b i t a t s .  F i g u r e  43 i s  an a t t e m p t  t o  
develop a conceptual  model o f  San Franc is -  
co Bay t i d a l  marsh f u n c t i o n  based on e v i -  
dence f r o m  bay  marshes  and o t h e r  r e g i o n s  
(Pomeroy and l j i e g e r t  1981, Z e d l e r  1982). 
S i z e s  o f  boxes  and a r r o w s  p r o v i d e  some 
e s t i m a t e  o f  r e l a t i v e  s t a n d i n g  c r o p  and 
magnitude o f  t r ans fe r .  H a b i t a t s  - i r i  which 
these processes occur  a r e  a1 so ind icated.  
B rack i sh  h a b i t a t s  are s i m i l a r  i n  f u n c t i o n  

e x c e p t  t h a t  t h e  b u l r u s h e s  and c a t t a i l s  
r ep l ace  P a c i f i c  cordgrass and pickleweed. 
I t  i s  l i k e l y  t h a t  f u r t h e r  r e s e a r c h  w i l l  
mod i f y  these concepts o f  marsh func t ion .  

7.4 RELATIONSHIPS WITH DIKED METLANDS 

Recent  emphas is  has been  p l a c e d  o n  
t h e  e c o l o g ~ c a l  v a l u e s  o f  d i k e d  w e t l a n d s  
and s a l t  ponds (BCDC 1976, 1982). Many 
f u n c t 3 o n s  ana logous  t o  t h o s e  p l a c e d  o n  
t i d a l  w e t l a n d s  have been  a t t r i b u t e d  t o  
t h e s e  h a b i t a t s .  Yet,  e v e n  l e s s  r e s e a r c h  
has been conducted i n  these h a b i t a t s  than 
i n  t h e i r  t i d a l  coun te rpar ts .  The s t ud i es  
c o m p l e t e d  have  f o c u s e d  p r i m a r i l y  on b i r d  
u t i  l i z a t ~ o n .  

S a l t  ponds c o v e r  o v e r  160 km2 o f  
f o r m e r  w e t l a n d ,  p r i m a r i l y  i n  Alameda, 
Santa Clara, and San Mate0 Count ies i n  t h e  
s s d t h  bay. The !';FWS i n c l 9 d e s   any o f  
these ponds i n  t h e i r  management responsi -  
b i l i t ~ e r  f o r  t h e  San F r a n c i s c o  Bay  
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F i g u r e  43, C o n c e p t u a l  model o f  e n e r g y  f l u x e s  i n  t i d a l  m a r s h e s  of  San F r a n c - i s c o  
Bay. Relative s l z e  of  s t a t e  v a r i a b l e  (box) i n d i c a t e s  biomass. R e l a t i v e  s i z e  of f l u x  
(wid th  of ar row) indicates energy flow. Dotted l i n e s  s u g g e s t  t h a t  l ~ m l t s  of biorndss o r  
energy flow a r c  completc ly  unknown. 

Nat ional  M i  Id l i f e  Refuge. S a l t  pond s a i  i n -  
 ties v a r y  i n  c o n c e n t r a t ~ o n  f r o m  t h o s e  
s t r n i l a r  t o  bdy w a t e r s  t o  h i g h l y  coricen- 
t r a t e d ,  s a t u r a t e d  b r i n e s .  The d l  s t r i  bu- 
t - ion  of o r g a n i s m s  i n  t h e  ponds  i s  d e p e n -  
d e n t  on t h e i r  r e r p o n s e  t o  t h e  p h y s i c a l  
s t r e h s e s  p resen t ,  a s  well a s  on avai  ! a b l e  
food  and  s h e l t e r .  The ponds  t e n d  t o  De 
don l i r i a t ed  by a  Few o r g a n l s r n s  such  a s  t h e  
a l g g  I1 t l~a !~e l  12 c ; l l ~ n a +  _ h r l q n  rhr imn I A r -  - --- t- x.""- 

t en i i  a  s a l  i n a ) ,  w a t c r  boatiitan b e e t  l e s  - -- 
( I r l  c h o c o r ~ x _ a _  r e t i  c u l a t a ) ,  b r i n e  f 1 7 e s  

( E p h y d r a  c t n e r t a ) ,  a n d  t h e  t o p s n l e l  t 
(Athe r i  nops a f f  in is ) (Anderson 1970). Some 
e n t e r  t h e  pond s y s t e m  as  l a r v a e  o r  j u v e -  
rli l e s  wh ich  a r e  e n t r a i n e d  f r o m  t h e  bay 
d u r ~ n g  t h e  f i r s t  s t a g e  o f  t h e  s a l t  
e v a p o r a t ~ o n  c y c l e .  O t h e r s  a r e  o n l y  f o u n d  
i t ?  s a l  t porrds, upon wh-ich t h e i r  1 i f e  
c y c l e s  a r e  d e p e n d e n t .  Most  s p e c i e s  a r e  
f o u n d  111 s a l t  m a r s h e s ,  b u t  a r e  n o t  
~ ~ - . ~ % , ~ , . ~ h ~  - . 2 .  9 - i - , ; t r rsa? cccf ;zn:  s a s  
b r i n g  t h e w  t o  s a l t  p o n d s  w h e r e  t h e y  
f l o u r i s h  i n  the  unlqiie e n v ~ r o n m e n t a l  con- 



d i t i o n s  and i n  t h e  absence o f  compet i tors .  
T h e i r  p resence  i n  s a l t  ponds u s u a l l y  has 
l i t t l e  i m p a c t  on a d j a c e n t  t i d a l  marshes  
except  t o  p rov i de  food sources t o  b i rds .  A 
number o f  spec ies o f  w a t e r f o w l  and shore- 
b i r d s  feed i n  bo th  t i d a l  marshes and s a l t  
ponds. Some, such as t h e  e a r r e d  g r e b e s  
(pod i c e p s  n i g r i c o l l  i s )  and ~ o n a i a r t e ' s  
g u l l s  ( L a r u s  p h i l a d e l p h i a )  f e e d  a l m o s t  
e x c l u s i v e l y  i n  s a l t  ponds. A l though d i v e r -  
s i  t y  o f  piey i t e m s  i s  l o w  i n  s a l t  ponds,  
t h e  o r g a n i s m s  a r e  u s u a l l y  p l e n t i f u l  and 
a t t r a c t  l a r g e  numbers o f  b i rds .  Anderson 
(1970)  obse rved  55 s p e c i e s  o f  b i r d s  i n  
s o u t h  bay  s a l t  ponds, many o f  w h i c h  a r e  
common t o  bay  t i d a l  marshes. The b i r d s  
may be supplement ing t h e i r  d i e t ,  f o r a g i n g  
i n  t h e  s a l t  ponds when t h e  o u t e r  t i d e  
f l a t s  a r e  covered ,  o r  s e e k i n g  r e d u c e d  
c o m p e t i t i v e  p r e s s u r e  f o r  a v a i l  a b l e  prey.  
The ponds may. t h e r e f o r e ,  s u p p o r t  b i r d  
p o p u l a t i o n s  w h i c h  w o u l d  o t h e r w i s e  b e  
l i m i t e d  by l a c k  o f  t i d a l  marsh. A few 
s ~ e c i e s .  s u c h  as t h e  C a s p i a n  t e r n  
( ~ ~ d r o p r b ~ n e  c a s p i a ) ,  p r e f e r  t h e  h a b i t a t  
o f f e r e d  by t h e  s a l t  ponds and sur round ing  
d i kes  and a re  n o t  found i n  t i d a l  marshes. 

Suisun Marsh r ep resen t s  another  t y p e  
o f  d i k e d  h a b i t a t :  t h e  managed we t l and .  
The management program i s  d i r e c t e d  towards  
e n c o u r a g i n g  w e t 1  a n d  v e g e t a t i o n  w h i c h  
a t t r a c t s  wa te r fow l .  S p e c i f i c  methods have 
been d e v e l o p e d  t o  manage s a l i n i t y  l e v e l s  
i n  t h e  d i k e d  w e t l a n d s  t h r o u g h  a l t e r n a t e  
f l u s h i n g  and d r y i n g  o f  t h e  w e t l a n d  s e d i -  
ments (Rol l i n s  1973). The r e s u l t i n g  wet- 
l a n d  v e g e t a t i  on a t  t r a c t s  numerous wate r -  
f o w l  and may s e r v e  as  a  r e f u g e  f o r  b i r d s  
o t h e r w i s e  e x c l u d e d  f r o m  t i d a l  marshes. 
C e r t a i n l y  f i s h  and i n v e r t e b r a t e s  t a k e n  
i n t o  t h e  d i k e d  w e t l a n d s  may a l s o  t h r i v e  
h e r e  and l a t e r  b e  pumped b a c k  i n t o  t h e  
t i d a l  s l o u g h  system. The magni t u d e  o f  
these i n t e r a c t i o n s  i s  unknown and deserves 
much c l o s e r  a t t e n t i o n  t o w a r d s  i m p r o v i n g  
management techniques. 

F i n a l l y ,  d i k e d  a g r i c u l t u r a l  l a n d  
p rov ides  an i m p o r t a n t  r o o s t i n g  and f eed ing  
a rea  f o r  b i r d s ,  e s p e c i a l l y  d u r i n g  h i g h  
t i d e s .  I n  many cases, a g r i c u l t u r a l  l a n d  
may suppor t  ex tens i ve  b i r d  popu la t i ons  i n  
w i n t e r  and s p r i n g  when f l o o d e d  b y  heavy  
r a i ns .  



CHAPTER 8 

MANAGEMENT OF TIDAL MARSHES AND THEIR RESTORATION 

The human i m p a c t s  on San F r a n c i s c o  
Bay t i d a l  marshes a re  many and long  l a s t -  
ing. The t e r m  " p r i s t i n e "  i s  o f t e n  used t o  
desc r i be  t h e  rema in ing  t i d a l  marshes, y e t  
even t h e s e  a r e a s  h a v e  been i n v a d e d  b y  
i n t r oduced  species, a f f e c t e d  by p o l  l u t a n t s  
and p e s t i c i d e s ,  and seen t h e  l a s t  o f  some 
spec i es .  Few, i f  any, o f  t h e s e  i m p a c t s  
can be reversed  o r  changed and management 
p l a n s  mus t  t a k e  i n t o  a c c o u n t  t h e  new 
parameters  f o r c e d  on t h e  t i d a l  marsh hab i -  
t a t .  

The i s o l a t e d  n a t u r e  o f  r e m a i n i n g  
t i d a l  marshes adds a n o t h e r  d i f f i c u l t y  t o  
t h e i r  management. Each s i t e  must be eva l -  
u a t e d  i n  r e l a t i o n  t o  i t s  s p e c i f i c  needs 
due t o  t h e  u n i q u e  cond i t - i o n s  w h i c h  s u r -  
r o u n d  i t, i.e. u r b a n i z a t - r o n ,  d i k e d  w e t -  
l a n d s ,  i n d u s t r i a l  a c t i v i t y .  I n  mos t  
cases, o n l y  p o r t i o n s  o f  t h e  t o t a l  h a b i t a t  
r e m a i n  because  t r a n s i t i o n  h a b i t a t s  h a v e  
been l o s t  t o  d e v e l o p m e n t  and t h e  P a c i f - i c  
cordgrass (Spar t ina  f o l i o s a )  zone has been 
eroded by wave arid isopod damage. H a b i t a t  
qua1 i t y  and s i z e  r e q u i r e m e n t s  a r e  known 
f o r  o n l y  a  f e w  spec i es ,  leaving managers 
w i t h  l i t t l e  guidance as t o  which h a b i t a t s  
t o  emphas ize  I n  t h e  r e s t r i c t e d  a r e a s  
a v a i l a b l e  t o  them. F i n a l l y ,  pressures t o  
p r o v i d e  p u b l i c  access  t o  w e t l a n d s  f o r  
v i ew ing  and educa t ion  add f u r t h e r  compl i- 
c a t i o n s  i n  manag-ing t h e s e  i s o l a t e d  p a r -  
c e l s .  The pu rpose  o f  t h i s  c h a p t e r  1s  t o  
r ev  Tew some widespread management problems 
and t he  e f f o r t s  underway t o  r e s t o r e  fo rmer  
marshes Lo t i d a l  act ion.  

8.1 MANAGEMENT PROBLEMS 

S e d i m e n t a t i o n  and e r o s i o n  a r e  t h e  
m o s t  s e r  rous  p r o b l e m s  a f f e c t i n g  t i d a l  
marshes, irt triost. Cdsrs ,  upldt td s ~ t l r ~ e s  of 
sediment  have been e l  7minated due t o  d i kes  
s u r r o u n d  i n g  w e t  lands.  Most l o c a l  r 7ve r s  

and s t r e a m s  e n t e r  d i r e c t l y  i n t o  t h e  bay  
and a r e  h e l d  w i t h i n  t h e i r  beds b y  f l o o d  
c o n t r o l  l e vees .  The s e d i m e n t  w h i c h  does  
a c c u m u l a t e  w i t h i n  t h e  r i v e r  bed  i s  o f t e n  
dredged and p laced  i n  deep p o r t i o n s  of t h e  
bay. The ma jo r  p o r t i o n  o f  sediment  w h i c h  
a c c u m u l a t e s  i n  marshes i s  d e r i v e d  f r o m  
suspended m a t e r i a l  t r a n s p o r t e d  t o  t h e  bay 
v i a  t h e  Sacramento-San Joaqu i  n sys tem.  
Krone (1979) e s t i m a t e s  a  n e t  annual depo- 
s i  t i o n  o f  4.2 x  106 m 3 ,  a l t h o u g h  no  e s t i -  
m a t e  i s  a v a i l a b l e  f o r  t h e  p o r t i o n  
depos i ted  i n  marshes. 

U n d e r  n a t u r a l  c o n d i t i o n s ,  m a r s h  
development proceeds landward i n  bay t i d a l  
m a r s h e s  ( K r o n e  1982) .  Sed imen t s  a r e  
depos i ted  on t h e  marsh su r f ace  r a i s i n g  t h e  
e l e v a t i o n  t o  keep pace  w i t h  r i s i n g  sea 
l eve l .  Sea l e v e l  i s  now i n c r e a s i n g  about  
18 c m j c e n t u r y  and i n  t h e  absence  o f  l a n d  
up1 i f t i n g ,  w i 11 con t i nue  t o  inunda te  more 
l and .  E r o s i o n  and submergence o f  t h e  
o u t e r  edge o f  t h e  t i d a l  marsh r e s t r i c t s  
i t s  s p r e a d  bayward.  O n l y  d u r i n g  p e r i o d s  
o f  e x c e s s  s e d i m e n t  s u p p l y  do marshes  ex- 
t e n d  o u t w a r d ,  as d u r i n g  t h e  p e r i o d  o f  
h y d r a u l i c  m i n i n g .  A t w a t e r  e t  a l .  ( 1979 )  
mapped h i s t o r i c  changes i n  t i d a l  m a r s h  
s h o r e l  i n e s  f o r  t h e  p e r i o d s  d u r i n g  and 
a f t e r  h y d r a u l i c  m i n i n g .  The s h o r e l  i n e  
e x h i b i t e d  c o n s i d e r a b l e  a c c r e t i o n  i n  
Suisun,  San Pab lo ,  and s o u t h  b a y s  d u r i n g  
t h e  p e r i o d  o f  g r e a t e s t  i n p u t  o f  h y d r a u l i c  
m in i ng  sediments. As t h i s  supp ly  o f  sed i -  
ment was reduced, r e t r e a t  o r  s t a b i l i z a t i o n  
of t he  s h o r e l i n e  occur red  i n  south bay and 
San Pablo Bay. 

A t  t h e  same t i m e  sea l e v e l  i s  r i s i n g ,  
l and  sur faces  i n  many p a r t s  o f  t h e  bay a re  
s u b s i d i n g .  Po land  (1971) c i t e d  g round -  
w a t e r  w i i h c f ~ d v r i a i  a s  t h e  r eason  for-  sub-  
s i d e n c e  i n  P a l o  A l t o ,  and A t w a t e r  e t  a l .  
( 1  977)  a t t r i b u t e d  t h e  gene ra1  s u b s i d e n c e  



observed i n  south bay t o  t e c ton i c  crusts\ 
movements. The lowering of s t i r face eIeva- 
t l on  can r e s u l t  i n  commi.;n~ty change fronl 
pickleweed t o  cordgrass  o r  mudflat. 

The problenl  c o n f r o n t r n g  managers of. 
t r d a j  rnarshes 1 s  t h e  reduced  amount o t  
s ed imen t  i n  bay w a t e r s  and t h e  rnab-i l  ~ t y  
of marshes t o  expand landwdrd due t o  d~kc . ;  
and upland  deve lopment .  Netther probienr 
can b e  a l l e v i a t e d ,  but s e d l n l e r i t a t ~ o r \  I n  
marshes can be encouraged by pr3pei- shore- 
l i n e  p r o t e c t i o n .  One s u g g e s t e d  moans o f  
sho re1  l n e  p r o t e c t ~ o n  1s  t h e  p l a n t  r n ~  u f  

.d 

Pdcr f i c  c o r d e r a x  (S~-a__ r r l>~  mj>~c) 0 1 7  

the ou t e r  edge of the marsh. Newcolnbe e t  
a l ,  ( 1 9 7 9 )  found t h a t  Pdci f ? ~  c o r d g r a c i  - 
did not s t a b i l i z e  sediment? as wel l  or  as  
r a p l d l y  as smootil c o r d g r a s s  (Sj-aLkLrLa 
a l t e r n ~ f l o r a ) .  I n  a r e a s  o f  long f r t c h  
ETTGTmng frequcr r t  wind wave era 
ston) ,  Pac i f r c  cordgrars  tr-ansp lan ts  were 
not; s u c c e s s f u l ,  even when c a n t b ~  ned w ~ t h  
r rbhed  m u s s e l s  ( j ~ k ~ ~ ~ - u ~  Gei11 I ~s-u-m). 
P l a n t ~ n g s  f o r  e r o s t o n  c o r ~ t r o l  w ~ l l  prob- 
ably requi re  temporary o r  perinancwt break 
w a t e r s  i n  o r d e r  t o  s t a b 1 1  17c3 t h i .  otitcr. 
. ;horel lne. S m a l l ,  e l onea t e t i  o f f l + l r o r t  
i s l ands  rntght provlde both valuable  n ~ ~ ,  t 
lrig habi t a t ,  and I n c r e a s e  \e tJ imentdt tor i .  
An a1 t e r n a t e  app roach  rnay be t o  cfeposl t. 
dredge spol Is  i r ~  .;hallow water  t o  p rov~d t .  
d sedrrnent source t o  t i d a l  wetland.,. F x -  
t e n s ~ v c  dacnmer i td t ion  i r  ava l  l d b l e  orr 
t e c h n r q u e s  t o  enhdncc bedcI-1 nour+shmpri t  
(US Army Coas td l  Engi r teer lng  Reseclrch 
Cent c?r 1971), and appropriate mcthocfs may 
be a v a l l c i b l e  t o  manage F ~ n e  muds I n  t h e  
bay. fhln layers  of dredge m a t e r ~ i r l  m i g t ~ t  
even be d t r c r t l y  d e p o s ~ t e d  over  marsh 
s u r f a c e s  t o  raise t h e i r  e l e v a t ~ o n .  Th r s  
technique has been dpp11ed t o  e a s t  co2s.t 
wetlands w ~ t h  some success  (Dr. W. Smltil, 
C O E ,  Wetlands Expt. ( ; t a t . ,  per.,. comm.), 
bu t  rteeds much more work t o  a n d l y 7 e  t h e  
lrnpacts on the  marsh comrnunrty. 

W a t e r  m a n a g e m e n t  mus t  a l s o  b e  
c o n s i d e r e d  I n  m a r n t a i n i n g  t h e  o r i g ~ n a l  
cornrnunity s t r u c t u r e  of t h e  t i d a l  nlarsh. 
Add? t ~ o n a l  water w I l l be drver ted  from the  
e s tua ry  f o r  export  and local  domestlc use. 
Treated domest ic  and lndust,rlal  e f f l u e n t s  
a r e  d ~ s c h a r g e d  by d e e p  w a t e r  d ~ f f u s e r s  
into t h e  bdy  a n d  ocean.  As a r e s u l t ,  t h e  
~ z t e r  budget FOP nany t ~ d a l  mar shes  1 5  

s h l f t l n g  towards a  n o r e  s a l ~ n e  c o n d ~ t ~ o n .  
Extensive p l a n s  a r e  underway t o  p r o t e c t  

t h e  d i k e d  w e t l a n d s  o f  Sutsun  Marsh f rom 
e x c e s s  sa  l t (Cal l f .  DltlR 1982). These 
wdter- cont ro l  fat?? ~ t ~ e s  should a l s o  pra- 
v ~ d e  some p r o t e c t i o n  t o  t h e  t 3 d a l  w a t e r  
iqarshes. I n  t h e  s a l t  rnarshes of t h e  b a y ,  
l o n g e r  p e r x o d s  o f  s d l  t ~ e r  c a n d ~ t ~ o n s  
ihould not  chdnge t he  c o m ~ u n i t y  s t r u c t u r e  
s u b s t ; t n t ~ a l l  y, bu t  rtray reduce  prodtic- 
t t v lty. Rero~mt 7 ng t r e a t e d  sewdge e f  f  iuetit 
to  mar-shes o r  us lng  o the r  reclalrneci water  
1s rer-elwing ~rlcr?il:;:? c t  t ~ r l t l o n ,  p r 1 -  
marl l y  f o r  r e s  t u r a t  r on pu r.poses (Qemgcn 
1981 ), k'a kernan ( 1  982) reconrmended t h a t  
f r e s h w a t e r  dnd b rack  i s h  rnarstlrs be given 
p r r o r i t y  ~n r c s t o r a t i o n  a c t l v r t l e s  w ~ t h ~ r i  
t h e  bay. Overa 11, t h e s e  g o a l s  w r  1 1  I n -  

c r e a s e  i ) a b ~ t a t  d i v e r s r t y  and shou ld  b e  
encouraged  ~f  t h e  lrnpac t s  of l o c a l 1  zed 
f r e shwa te r  dl  scharge do not a f f e c t  ~ ~ 1 s t ; -  
Inp, t r  drll rrrdrsh eommun~ty s t  ructurc.  

Hydroltty,ii, changes  a r e  81 50 tnduced 
through d r t c t r ~ n g  a c t  ~ v r t l e s  t o  d e c r e a s e  
mosqurdo l a r v a l  habrtdt .  Larly e f f o r t s  at? 
tire A t l a n t t c  cods t  inv.)lved d i g g t n g  e 
.,y s t ~ m  o f  deep,  p a r a l l e i  d l  t c h e s  t o  pur- 
ix,\ely lower the niarsh wdter t ab le ,  This 
rnetkroil hdd  s e r l o i i s  rmpdcts  on t h e  s a l t  
nrdr.,h p i , ~ n t  compos  I t  t o n ,  a n d  niore 
rtAct.ntly, shallow d ~ L c h  s y r t e n ~ s  have been 
u ~ e d  t o  1rrcre~asc t ~ d a l  c ~ r c u l a t ? o n  i n  
chnitntlIs and ponds ( P r o v o s t  1 9 7 l ) f F r g u r r  
44) .  I n  Sari F r a c ~ . ; c o  Bay, 10661 1110~q~7 t0  
d b a C ~ m e n t  d ~ r t r ~ c t s  use  an a l  1-terrain 
vehle le  Po d l t ;  and rnalntdin these ditches.  
Kesh and B a l l  ing ( l983a)  recent ly reported 
on the r e r u l t .  of d f lve-year  s tudy on the  
lmpdcl  o f  dl  t c h ~ r ~ p ,  r n  bay marshes ,  T h e y  
exarnltrecf t h e  ~ r n p a c t s  o n  p l a n t  s p e c J e s  
coniposl t ion, ~ n s e c t .  cairrntun 7 t y s t r u c  t u  r e ,  
. f l c ; t i  u t r l  a 2 d t r n n .  dnd b i r d  u s a g e  of 
tf 1 tckierj and u n d i  tchctcI marshcs,  E n  geri- 
er(i1, t h e y  foiirld t h a t  ~ n c r e a s e d  t~ da l 
c ~ r c \ i l d t ~ o r i  due t o  d ~ t c h r n g  enhanced o r  
had r ; ~ i r n r n a i  r r ~ p a r t  on t h e  b t s t d  of t h e  
marski. They concluded t h a t  d l  tchhcs caured 
less env ~ronr;,erit,x 1 d-rsturbance t h a n  ?n-,ec- 
t t ~ l ~ i d l  d j~pl   at 10fi5. 

D l  tc^h7ng, however, must be don@ under 
carcfu1 nrandgcmgnt r r l t e r ~ a ,  M o n ~ t o r ~ r i g  
s t u d i c r  of potent la1 b r e e d ~ n g  areds  should 
be  d o n e  p r ~ o r  t o  d 2 t c h r n g  t o  a v w d  
u n r r c c c r s a r y  d t -a ln7 l ig  of nor~pruduc-rrrg 
ponds, &d 11 r rig and Resh f 19833) rc~ooii~mer.td 
a o n e - v e a ~  i , a a ? p l ~ n g  program and 5ugges t  
manager5 n o t  r e a c t  p r e rna tu re iy  t o  s m a j i  
l a rva l  rrumber5 o p  a  ;~np,le s a r p l  i n g  da t c .  



F i g u r e  44. Recen t  m o s q u i t o  c o n t r o l  
d i t c h  dug w i t h i n  p ~ c k l e w e e d  marsh t o  
enhance c i r c u l a t i o n .  Note spo i  1s depos- 
i t e d  by t r enche r  on e i t h e r  s ide.  

F o r  t h e  m o s t  p a r t ,  ponds and p o t h o l e s  
l o c a t e d  be low MHW are  s u f f i c i e n t l y  f l u shed  
by n a t u r a l  t i d a l  a c t i o n  t o  reduce o r  e l im -  
i n a t e  mosqui to  problems. Ponds above MHW 
may p r o d u c e  mosqu i  t os ,  p a r t i c u l a r l y  i f  
t h e y  a r e  l e s s  t h a n  100 m 2  o r  i f  t h e y  a r e  
g r e a t e r  than  100 m h n d  c o n t a i n  more than 
30% emergent vege ta t i on  i n  t h e  pond basin, 
The p r i m a r y  d e t e r r e n t  t o  l a r v a l  occurrence 
i s  t i d a l  f l u s h i n g  and /o r  s u r f a c e  wave 

a c t i o n  wh ich  d i s r u p t s  su r f ace  b rea th i ng  by 
larvae.  Resh and B a l l i n g  (1983) f u r t h e r  
recommend a g a i n s t  d i t c h i n g  marshes  w i t h  
sandy, porous s o i l s  as t h i s  w i l l  l o w e r  t h e  
water  t a b l e  t oo  much and change t h e  p l a n t  
c o m m u n i t y  s t r u c t u r e .  F i n a l l y ,  d i t c h e s  
should be designed as sha l low as p o s s i b l e  
t o  r educe  t h e  amount  o f  s p o i l  m a t e r i a l  
p l aced  on t he  marsh surface. 

A c r i t i c a l  h a b i t a t  o f t e n  neg lec ted  i n  
management p l a n s  i s  t h e  t r a n s i t i o n  zone  
f r o m  marsh t o  up land .  T h i s  h a b i t a t  i s  
ex t r eme l y  i m p o r t a n t  as a  h i g h - t i d e  r e f uge  
t o  many ma rsh  i n h a b i t a n t s .  D i k i n g  and  
f i l l i n g  a c t i v i t i e s  u s u a l l y  e x t e n d  up t o  
and i n t o  t h e  p ick leweed zone. The t r a n s i -  
t i o n  zone i s  t hen  l i m i t e d  t o  a  s teep s lope  
a long  t h e  dike. Management o f  t h e  t r a n s i -  
ti on zone r e q u i r e s  s t r o n g  and p r o m p t  en- 
forcement  o f  p e n a l i t i e s  f o r  i l l e g a l  fl'll. 
Loss o f  t h i s  r e g i o n  d u r i n g  a  s h o r t  p e r i o d  
o f  e x t r e m e  h i g h  t i d e s  m i g h t  cause  t h e  
demise o f  s a l t  marsh ha r ves t  m ice  o r  C a l i -  
f o r n i a  c lapper  r a i l s  unable t o  f i n d  r e f uge  
f r o m  p r e d a t o r s .  R e c o l o n i z a t i o n  may t a k e  
years  g i ven  t h e i r  s low d i s p e r s a l  ra te .  I f  
development i s  p lanned near a  t i d a l  marsh, 
up1 and s lopes should be gradual  and p ro tec -  
t e d  from human o r  f e r a l  an imal  i n t r u s i o n .  
T a l l ,  dense v e g e t a t i o n  s h o u l d  be p l a n t e d  
t o  p r o v i d e  c o v e r  t o  a n i m a l s  r e t r e a t i n g  
d u r i n g  h i g h  t ides .  

The s i z e  o r  w i d t h  o f  t h e  t r a n s i t i o n  
h a b i t a t  i s  i m p o r t a n t  i n  r e d u c i n g  d i  s t u r -  
bance  t o  marsh fauna,  e s p e c i a l l y  b i r d s .  
Onuf  (1979)  recommended t h a t  o n l y  l o w  
i n t e n s i t y  uses  b e  a l l o w e d  n e a r  t h e  h a b i -  
t a t s  O F  h i g h e s t  va lue  and t h a t  b u f f e r s  be 
es t a b 1  i s h e d  a c c o r d i n g  t o  t h e  s e n s i t i v i t y  
o f  t h e  mos t  r e a d i  l y  - d i s t u r b e d  species, 
Na tu ra l  b a r r i e r s  such as b l u f f s ,  channels, 
and s m a l l  h i l l s  s h o u l d  b e  u t i l i z e d  t o  
m in im i ze  human impacts. B i r d s  a re  u s u a l l y  
s t u d i e d  i n  r e l a t i o n  t o  b u f f e r  w i d t h  and  
o n l y  l i m i t e d  da ta  are a v a i l a b l e  on f l u s h -  
i n g  d is tances.  Perhaps more impo r t an t  i s  
t h e  d i s t a n c e  a t  w h i c h  b i r d  a c t i v i t y  i s  
mod i f i ed  o r  d i s t r a c t e d  from normal f eed ing  
o r  n e s t i n g .  J u n g i u s  and H i r s h  (1979)  
s t u d i e d  a g r o u p  o f  m a r i n e  b i r d s  i n  t h e  
Galapagos I s l a n d  which were accustomed t o  
human approach  and f o u n d  t h a t  t h e  b i r d ' s  
h e a r t  r a t e  increased t w o  t o  fou r  t i m e s  t h e  
normal  r a t e  as people approached within 18 
m. The i n c r e a s e  i n  h e a r t  r a t e  o c c u r r e d  
p r i o r  t o  any o b v i o u s  change i n  b e h a v i o r .  



The C a l i f o r n i a  Coas ta  1 Commi s s i o n  (1981) 
e s t a b l i s h e d  t h e  f o l l o w i n g  c r i t e r i a  f o r  
b u f f e r s  b e t  ween w e t 1  a n d s  a n d  u p l a n d  
deve lopmen t :  ( 1 )  t h e  w i d e s t  and m o s t  
p r o t e c t i v e  b u f f e r  zone  f e a s i b l e  w i t h  a  
minimum w i d t h  o f  30 m, ( 2 )  t h e  b u f f e r  
s h o u l d  b e g i n  a t  t h e  l a n d w a r d  edge o f  t h e  
we t l and ,  and (3 )  t h e  w i d t h  of t h e  b u f f e r  
should be based on t h e  d i s t a n c e  necessary 
t o  ensure t h a t  t h e  mos t  s e n s i t i v e  spec ies 
w i l l  n o t  b e  s i g n i f i c a n t l y  d i s t u r b e d .  
T h e s e  r e c o m m e n d a t i o n s  n e e d  f u r t h e r  
b i o l o g i c a l  v e r i f i c a t i o n  t o  b e  a p p l  i e d  t o  
management i s sues  i n  San Franc isco  Bay. 

The p h i l o s o p h y  t o  " l e t  n a t u r e  t a k e  
i t s  c o u r s e "  i s  o f t e n  a p p l i e d  t o  t i d a l  
marshes. C e r t a i n l y ,  t h e y  a r e  n o t  s t a t i c  
o r  permanent h a b i t a t s  and can be expected 
t o  g row,  d e c l i n e ,  and  d i s a p p e a r .  The 
problem i s  t h a t  na tu re  can no l onge r  " take  
i t s  course," as so many r e s t r i c t i o n s  have 
been p l a c e d  on t h e  e n v i r o n m e n t .  T i  da1 
marshes need  management  t o  s u r v i v e  t h e  
r a p i d  ons laugh t  o f  changes b rough t  i n  t h e  
l a s t  130 years  by European s e t t l e r s .  The 
marsh community i s  r e s i l i e n t  and i f  prop-  
e r l y  c a r e d  f o r ,  can r e s p o n d  t o  i t s  new 
environment. 

8.2 RESTORATION OF TIDAL MARSHES 

R e s t o r a t i o n  o f  f o r m e r  ma rsh1  and t o  
t i d a l  c o n d i t i o n s  has been a c t i v e l y  pursued 

i n  t h e  bay  area.  Over  2.4 km2 h a v e  been  
r e t u r n e d  t o  t i d a l  a c t i o n  w i t h  t h e  o b j e c -  
t i ve t o  c r e a t e  t i d a l  m a r s h  ( J o s s e l  yn and 
B u c h h o l  z 1 9 8 2 ) ( T a b l e  28).  Many o t h e r  
p r o j e c t s  have  p a r t i  a1 l y  r e s t o r e d  t i d a l  
we t l ands ,  a r e  b e i n g  i n i t i a t e d ,  o r  a r e  i n  
t h e  p l ann ing  stages. Only  a  few have been 
m o n i t o r e d  t o  d e t e r m i n e  t h e  success  o f  
m e e t i n g  t h e i r  o r i g i n a l  o b j e c t i v e s ,  b u t  
mos t  a r e  n o t  assessed.  Those m o n i t o r i n g  
s t u d i e s  t h a t  have  been  d o n e  a r e  u s u a l l y  
t o o  s h o r t  i n  d u r a t i o n  t o  de te rmine  i f  and 
when p lanned o b j e c t i v e s  a r e  met. Race and 
C h r i s t i e  (1982)  f o u n d  l i t t l e  e v i d e n c e  
a v a i l a b l e  t o  c o n c l u d e  t h a t  man-made 
marshes  f u n c t i o n  l i k e  o r  p r o v i d e  t h e  i m -  
p o r t a n t  v a l u e s  o f  n a t u r a l  marshes. They  
warn a g a i n s t  a c c e p t i n g  r e s t o r a t i o n  a s  a  
q u i c k  means t o  meet  m i t i g a t i o n  r e q u i r e -  
ments. I n  San F r a n c i s c o  Bay, Race (1983)  
found t h a t  m i  t i g a t i o n  r e q u i r i n g  t h e  crea- 
t i o n  o r  r e s t o r a t i o n  o f  marsh h a b i t a t s  was 
p laced  on 17 o u t  of 36 wet land development 
p e r m i t s  i s s u e d  b y  BCDC b e t w e e n  1977 and 
1982. She d e t e r m i n e d  t h a t  many p r o j e c t s  
were u n s u c c e s s f u l  i n  m e e t i n g  t h e  s t a t e d  
r e s t o r a t i o n  o r  m i t i g a t i o n  goals. I n  addi -  
t i o n ,  she  f e l t  t h a t  many p l a n n e r s  and 
w e t l a n d  managers may be m i s l e d  by t h e  
l i s t i n g  o f  w e t l a n d  p r o j e c t s  w i t h o u t  any  
i n d i c a t i o n  o f  t h e i r  success fu l  complet ion.  
She concluded t h a t  more r i g o r o u s  s tandards 
need t o  be app? i e d  t o  r e s t o r a t i o n  o b j e c -  
t i v e s  and m o n i t o r i n g  o f  p ro j ec t s .  Zed le r  

Tab le  28. R e s t o r a t i o n  i n  San F ranc i sco  Bay w i t h  t i d a l  marsh c r e a t i o n  as an o b j e c t i v e .  
Does n o t  i n c l u d e  expe r imen ta l  p l a n t i n g s  o r  p r o j e c t s  i n  which open wate r  i s  p r imary  
o b j e c t i v e .  Does n o t  i n c l u d e  p lanned o r  r e c e n t l y  i n i t i a t e d  p r o j e c t s  ( f rom Josse lyn  
and Buchholz 1982). P r e s e n t  s t a t u s  r e f e r s  t o  observa t ions  o f  vege ta ted  p o r t i o n s .  

S i t e  Date S i  t e  c o n d i t i o n s  Present  s ta tus  

Faber t r a c t ,  Pa lo  A1 t o  1968-71 0.38 Dredge s p o i l  d i sposa l  Revegetated by 
p i  ckleweed 

Pond 3, Hayward 1975 0.44 Dredge s p o i l  d i sposa l  P a r t i a l l y  r e s t o r e d  

Muzzi , Cor te  Madera 1975-81 0.51 Dredge spo i  1  d i sposa l  M o s t l y  r e s t o r e d  

Creekside Park, 1978 0.06 Dredge s p o i l  d i sposa l  P a r t i a l l y  r e s t o r e d  
K e n t f i e l d  

Beni c i a  Mar ina 1978 0.08 Regraded marsh Mos t l y  r e s t o r e d  

Hayward Regional 
Shore1 i ne f 980 0.91 Regraded sa? t 

evapora to r  
No p l a n t i n g  y e t  



e t  a l .  (1982) a l s o  comment on t h e  e x p e r i -  -- 
m e n t a l  n a t u r e  o f  marsh r e s t o r a t i o n  p r o -  
j e c t s .  They g i v e  a  number  o f  g o a l s  f o r  
we t land  vege ta t i on  es tab l i shmen t  and rec- 
ommend severa l  areas o f  research t o  b e t t e r  
d e f i n e  these  goals. 

Gu ide l i nes  f o r  marsh r e s t o r a t i o n  are 
g i v e n  i n  H a r v e y  e t  a l .  (1982)  and Z e d l e r  
( 1982 ) .  The  g u i d e l i n e s  p r o v i d e  b o t h  
genera l  o b j e c t i v e s  and s p e c i  f i  c  r e q u i  r e -  
ments  o f  v a r i o u s  s p e c i e s .  Bo th  c o n c l u d e  
t h a t  success fu l  r e s t o r a t i o n s  r e q u i r e  care- 
f u l  c o n s i d e r a t i o n  o f  hydro logy  and e leva-  
t i o n .  Mos t  d i k e d  a reas  have undergone  
subs i dence  due  t o  c l a y  compac t i on .  and 
there fo re ,  sediment  must be added e i t h e r  
t h rough  dredge s p o i l  d e p o s i t i o n  o r  n a t u r a l  
p rocesses .  I n  t h e  f o r m e r  case, c i r c u l a -  
t i o n  c h a n n e l s  mus t  o f t e n  b e  e x c a v a t e d  

f o l  l o w i n g  d i s p o s a l  t o  p r o v i d e  p rope r  t i d a l  
f l u s h i n g  ( J o s s e l y n  and A t w a t e r  1982). 
A n o t h e r  a1 t e r n a t i v e  i s  t o  e x c a v a t e  chan- 
ne l s  f i r s t  and use t he  m a t e r i a l  t o  c r e a t e  
h i ghe r  su r faces  f o r  marsh p l a n t  co l on i za -  
t i on ,  as was done a t  t h e  Hayward Regional 
Shore1 i n e  (F igure  45). Na t u  r a  1 sed i men t a -  
t i o n  can a l s o  i n c r e a s e  e l e v a t i o n s  once  
t i d a l  a c t i o n  i s  re turned.  C i r c u l a t i o n  and 
s e d i m e n t a t i o n  mode l s  a r e  n e c e s s a r y  t o  
e s t i m a t e  t h e  l e n g t h  o f  t i m e  n e c e s s a r y  t o  
reach e q u i l i b r i u m  e l e v a t i o n s  s u i t a b l e  f o r  
n a t u r a l  r e c o l o n i z a t i o n  o r  p l a n t i n g  
( W i l l i a m s  and Harvey  1982). When s p o i  1  
d i s p o s a l  o r  n a t u r a l  s i l t a t i o n  c a n n o t  b e  
used, t i d a l  c o n t r o l  s t r u c t u r e s  a re  neces- 
sa ry  t o  reduce t h e  t i d a l  ext remes t o  a l l o w  
v e g e t a t i o n  e s t a b l i s h m e n t .  Z e d l e r  e t  a l .  
(1982), Sorenson (1982). and Harvey e t  al .  
(1982)  p r o v i d e  d e t a i l e d  s t e p s  t o  f o l l o w  

F i gu re  45. Hayward Regional Shore? i n e  marsh r e s t o r a t i o n  p r o j e c t  i n  cen te r  (1981). Area 
was f o rme r  s a l t  evapo ra t i on  pond system. Channels and ponds were excavated and mate- 
r i a l  used  t o  c r e a t e  ~ s l a n d s .  S i t e  now c o l o n i z e d  b y  p i c k l e w e e d  a long  upper mar- 
g i n s  and  cordgrass i n  patches on lower  mudf la t .  Sewage o x i d a t i o n  ponds on r i g h t ,  



when planning, undertaking, and mon i to r i ng  
marsh res tora t ions .  

8.3 EXPECTATIONS FOR WETLAND RESTORAT ION 

The c r e a t i o n  o f  t i d a l  marshes i s  
f r e q u e n t l y  f ramed i n  ve ry  b road  o b j e c -  
t i ves .  The ob jec t i ves  o r  goals are based 
on pub1 ished 1  i t e ra tu re ,  persona1 observa- 
t i o n s ,  and agency p e r s p e c t i v e s ,  w i t h  
l i t t l e  a n a l y s i s  o f  t h e  a b i l i t y  o f  t h e  
h a b i t a t  t o  m e e t  t h e s e  e x p e c t a t i o n s .  
Zentner (1982) reviewed the most f requent  
g o a l s  expressed f o r  C a l i f o r n i a  c o a s t a l  
wet1 ands: h i g h  p r i m a r y  p r o d u c t i v i t y ,  
shore1 i n e  p r o t e c t i o n ,  w i  l d l i f e  h a b i t a t ,  
p r e s e r v a t i o n  o f  endangered o r  r a r e  spe- 
c ies ,  w a t e r  p u r i f i c a t i o n ,  g roundwa te r  
recharge, f l o o d  protect ion,  nursery ground 
f o r  c o m m e r c i a l l y  i m p o r t a n t  f i s h  and 
s h e l l f i s h ,  and c u l t u r a l  values.  A s i m i -  
l a r .  though l e s s  comprehensive, l i s t i n g  
has been g i v e n  f o r  bay d i k e d  w e t l a n d s  
(Madrone Assoc. gJ jd-. 1982). However, 
Zen tne r ' s  (1982) a n a l y s i s  found t h a t  many 
va lues  have been r e j e c t e d  b y  more r e c e n t  
studies. His conclusion was t h a t  w i l d 1  i f e  
h a b i t a t  ( i n c l u d i n g  t h a t  f o r  endangered 
spec ies )  and c u l t u r a l  uses ( e d u c a t i o n  ad  
r e c r e a t i o n )  were  t h e  b e s t  suppor ted  f o r  
Ca1 i f o r n i a  coas t a  1  wetlands, whi l e  o the r  
goals needed f u r t h e r  documentation. Wake- 
man (1982). i n  s e t t i n g  r e s t o r a t i o n  g o a l s  
f o r  San Francisco Bay wetlands, added the  
concept o f  d i v e r s i t y  t o  the need f o r  addi- 
t i o n a l  w i l d l i f e  h a b i t a t .  She e s p e c i a l  1  y  
n o t e d  t h e  need f o r  a d d i t i o n a l  f r e s h  and 
b r a c k i s h  m a r s h  h a b i t a t  due t o  t h e i r  
d e c l i n e  as a  r e s u l t  o f  d i v e r s i o n  and 
d i k i n g .  I n  a d d i t i o n ,  a  g r a d i e n t  o f  hab i  - 
t a t s  i s  needed from low wet  t o  d r y  upland 
areas, i n  order t o  support w i l d l i f e  under 

a1 l t i d a l  condit ions. 

Se t t i ng  s p e c i f i c  goals f o r  i n d i v i d u a l  
r e s t o r a t  i o n  p r o j e c t s  r e q u i  r e s  more de- 
t a i l e d  d a t a  as l i s t e d  by Harvey  & al, 
( 1  982). Both an e v a l u a t i o n  o f  t h e  e x i s t -  
i n g  communi ty  and t h a t  o f  t h e  p lanned  
h a b i t a t  need t o  be made t o  a s s u r e  t h e  
r e s t o r e d  area w i l l  p r o v i d e  s u b s t a n t i a l  
improvement. A1 though h a b i t a t  eva lua t i on  
procedures  (HEP) a r e  a v a i l a b l e ,  t h e y  a r e  
d i f f i c u l t  t o  a p p l y  t o  bay w e t l a n d s  where  
q u a n t i t a t i v e  data are lacking. S c i e n t i f i c  
research i s  deve lop ing  more d e t a i l e d  i n -  
f o r m a t  i o n  on h a b i t a t  r e q u i r e m e n t s  f o r  
i n d i v i d u a l  species, which can be use fu l  i n  
b o t h  HEP and r e s t o r a t i o n  des ign  p l a n n i n g  
(Tab le  29). E a r l y  i n v o l v e m e n t  b y  s c i e n -  
t i s t s  i n  t h e  p l a n n i n g  p rocess  can b r i n g  
these research r e s u l t s  and analyses t o  a id  
i n  d e t e r m i n i n g  h a b i t a t  g o a l s  and needs 
(McCreary  1982). Recen t l y .  f l o w  c h a r t s  
and o r g a n i z a t i o n a l  p rocedures  have been 
proposed which d e f i n e  t h e  p rocess  needed 
t o  unde r take  a  s u c c e s s f u l  r e s t o r a t i o n  
(Sorensen 1982, S m i t h  1983). The most  
d i f f i c u l t  issue i s  usua l l y  a  de terminat ion  
o f  wh ich  h a b i t a t  a l t e r n a t i v e  i s  most  ap- 
p r o p r i a t e  t o  the  region. S i t e  cons t ra in t s  
do l i m i t  f i n a l  choices, b u t  h a b i t a t  d i ve r -  
s i t y  and c o n f i g u r a t i o n  can u s u a l l y  be  
manipulated t o  achieve several object ives.  
The f i n a l  r e s u l t  must u l t i m a t e l y  be based 
on the bes t  s c i e n t i f i c  evidence avai lable.  
The ex tent  o f  t h a t  evidence has been pre- 
sented here. The c h a l l e n g e  i s  t o  expand 
n o t  j u s t  t h e  d e s c r i p t i v e  b o d y  o f  
know ledge, bu t  t o  p rov ide  the  1 i nks  neces- 
s a r y  f o r  an u n d e r s t a n d i n g  o f  f u n c t i o n a l  
r e l a t i o n s h i p s .  T h i s  i s  i n d i s p e n s i b l e  i n  
f o r m u l a t i  ng long-term management and res- 
t o r a t i o n  goa I s .  



Table 29. Tidal marsh habitat requirements for selected plant and 
animal species reviewed in this  profile. 

Target spec ies  
E l e v a t i o n a l  zone/ 

h a b i t a t  ---- H a b i t a t  c h a r a c t e r i s t i c s  

P a c i f i c  cordgrass  (Spa r t i na  f o l  i o s a )  MTL-MHW T i d a l  f l u s h i n g ;  sediment 
s a l i n i t i e s  l e s s  than 25 
PPt 

Pickleweed (Sa l  i c o r n i a  v i  r g i n i c a )  MHW-MHHW Sediment s a l i n i t i e s  > 10  
ppt ;  we1 1 -dra ined areas 
between t i d a l  cyc les  

A1 k a l  i b u l r u s h  (Sc i  rpus  robustus)  MHW-MHHW Spr ing s a l i n i t i e s  c l o s e  t o  
zero; l a t e  summer 
s a l i n i t i e s  up t o  26 p p t  

C a l i f o r n i a  t u l e  (Sc i rpus c a l  i f o r n i c u s )  MLLW-MTL Freshwater condi  t i o n s  t o  
s l i g h t l y  b r a c k i s h  i n  l a t e  
sumner 

Narrow-leaved c a t t a i  1 (-4- Sa tura ted sediments o r  
qnqus t i  f o l  i a) ponded cond i t i ons .  

Sediment s a l i n i t y  c5 p p t  

Ribbed mussel ( j s c h a d i  um demissum) Bayward edge o f  F i rm c l a y  subs t ra te ;  
Paci  f ir cordgrass at tachment t o  rhizomes 

Hornsnai 1 ( C e r i  t h i dea  c a l i f o r n i c a )  High marsh pannes Panne we t ted  by h i g h  
t i d e s ;  p ick leweed a long  
edges 

Mosqui to (& do rsa l  i s and High marsh po t -  Ponds h i g h e r  than 1.6m 
fiedes squami g e r )  ho les  and ponds above MLLW as re fe renced  

t o  Golden Gate; l e s s  than 
100m2 su r face  area; 30% 
emergent vege ta t i on  

S t r i p e d  bass j u v e n i l e s  (Morone 
s a x a t i l i s )  -...- 

Mosqui t o f i s h  (Gambusia a f f i n i s )  

Sdl tmarsh song sparrow (Melospiza 
p l o d i a )  

C a l i  f o r n i d  c l a p p e r  r a i l  (Ral lus  
l o n q i  r o s t r i s  obso leetus)  .- 

S a l t  marsh ha rves t  mouse 
( ~ e $ r o d o n t o m y s  r a v i  v e n t r i  s 1 

Marsh sloughs 

Marsh sloughs, 
channels, and 
ponds 

Channel edges 
vegetated w i t h  
p i  c k l  eweed 

P i  ckleweed marsh 

Cardg rass - ta l l  
vege ta t i on  nea r  
channels 

Sal i c o r n i a  marsh 

B rack i sh  t o  f r eshwa te r  i n  
sp r i ng ;  channel edges 
vegeta ted 

In te rconnec t i ng  system of 
channels spreading t o  h i g h  
marsh ponds 

Pickleweed canopy over  50cm 
h i g h  a long  n a t u r a l  t i d a l  
channels. Presence o f  
h i g h e r  r o o s t i n g  vege ta t i on  

90-972 cover by pickleweed; 
moderate penet rab i  1 i t y ;  
canopy h e i g h t  29 cm; 
ad jacen t  t a l l  vege ta t i on  
above MHW 

T a l l  s a l t  marsh vege ta t i on  
w i t h i n  1.5m o f  moderate t o  
smal l  channels 

1005 cover,  a t  l e a s t  60% 
pickleweed; canopy 
he iqh t  30-50cm. Connections 
20m wide w i t h  100% cover  
between h a b i t a t  areas 
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