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PREFACE 

The purpose o f  t h i s  p r o f i l e  i s  t o  
summar i ze i n f  o rma t  i on on ve rna l  pool  s  , 
w i t h  an emphasis on t h o s e  o f  s o u t h e r n  
C a l i f o r n i a .  Reference i s  made throughout  
t h e  t e x t  t o  s t u d i e s  o f  t h e  e x t e n s i v e  
C e n t r a l  V a l l e y  p o o l s ,  b u t  I have  n o t  
s y s t e m a t i c a l l y  covered t h e  l i t e r a t u r e  o f  
these pools ,  nor  have I de lved  too  deeply  
i n t o  work  done on t e m p o r a r y  w e t l a n d s  
e lsewhere  i n  t h e  wor ld .  For those who 
w ish  t o  know more about temporary wet lands 
i n  gene ra l ,  t h e  1  i t e r a t u r e  c i t e d  should 
p r o v i d e  a  s t a r t i n g  p o i n t .  

Any ques t i ons  o r  comments about o r  
reques ts  f o r  t h i s  p u b l i c a t i o n  shou ld  be 
d i r e c t e d  t o :  

I n f o rma t i on  T rans fe r  S p e c i a l i s t  
Na t i ona l  Wetlands Research Center 
U.S. F i s h  and W i l d l i f e  Serv ice  
NASA-Sl ide l l  Computer Complex 
1010 Gause Boulevard 
S l i d e l l ,  Lou i s i ana  70458. 
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CHAPTER 1. VERNAL POOLS AND THEIR SIGNIFICANCE 

I .I  WHAT iS A VERNAL POOL? 

Because verna l  pools are less  known 
than other n a t u r a l  ecosystems, i t  i s  ap- 
p ropr ia te  t o  begin w i t h  a d e f i n i t i o n :  a 
vernal pool i s  a na tu ra l  h a b i t a t  o f  the 
M e d i t e r r a n e a n  c l i m a t e  r e g i o n  o f  t h e  
P a c i f i c  coast covered by shal low water f o r  
extended per icds  dur ing the  cool  season 
but  completely d ry  f o r  most o f  the  warm 
season drought. A t  t h e i r  g reates t  extent 
vernal pools are usua l ly  s m a l l  (3 -50 m 
ac ross )  and a lways s h a l l o w  (10-60 cm 
deep). Depth and dura t ion  are  more impor- 
t a n t  i n  def i 'ning a vernal  pool than s i ze  
(Figures 1 , Z ) .  Some ve rna l l y  mois t  habi- 
t a t s ,  espec ia l l y  i n  the  Cent ra l  Val ley o f  
C a l i f o r n i a  and the  la rges t  poo ls  on the  
Santa Rosa Plateau o f  R ivers ide  County, 
are as la rge a t  t h e i r  maximum extent  as 
many l a k e s  ( L a t h r o p  1976).  But t h e  
shallowness and 1 im i ted  d u r a t i o n  o f  these 
" v e r n a l  lakes" and "vernal  marshes" i n -  
sure t h a t  t h e  b i o t a  found i n  them i s  
e s s e n t i a l l y  t h a t  o f  the  smal le r  verna l  
pools. 

Verna l  p o o l s  a r e  found on ly  where 
there  i s  a seasonal ly perched water table, 
and i n  C a l i f o r n i a  they are most comnon on 
coastal te r races  and i n  the  Cent ra l  Val ley 
(Holland and Ja in  1977). They ho ld  water 
long enough t o  a l l ow  some pu re l y  aquatic 
organisms t o  grow and reproduce, but not 
long enough t o  permi t  the development o f  a 
t y p i c a l  pond o r  marsh ecosystem. The 
water stands long enough t o  exc lude  o r  
i n h i b i t  the growth o f  the species of the 
su r round ing  nonpool  v e g e t a t i o n .  As a 
r e s u l t ,  i n  t h e  summer the dried pool ba- 
s ins  o f t e n  are  conspicuously barren com- 
pa red  t o  t h e  s n r u ~ l a n d s  o r  grasslands 
around them. 

Verna 1 pool s  are amphibious ecosy s- 
tems. The a l t e r n a t i o n  of v e r y  wet and 
very  d r y  c r e a t e s  an unusual eco log ica l  

s i t u a t i o n  t h a t  supports a unique b i o t a .  
To surv ive  i n  a vernal  pool a species must 
be ab le  e i t h e r  t o  t o l e r a t e  a wide range of 
condi t ions,  o r  t o  grow and reproduce i n  
t he  shor t  t ime the  pool i s  a f avo rab le  
environment. I t  i s  not su rp r i s i ng  then 
t h a t  many o f  the  pool p lan ts  and animals 
are so spec ia l i zed tha t  they cannot per- 
s i s t  f o r  long, o r  even a t  a l l ,  o u t s i d e  
temporary pools. A few o f  these species 
are a l so  "endemics," species found only i n  
a very r a s t r i  cted geographical area. 

The changes i n  a vernal pool dur ing  
the  year are so great  t h a t  i t  i s  i n  some 
ways more appropr iate t o  consider i t  t o  be 
a sequence of ecosystems r a t h e r  t han  a 
s i n g l e  s t a t i c  type. S t r i c t l y  speaking, 
t he  vernal pool i s  only one phase. Much 
t h a t  i s  important happens before and a f t e r  
pool f i l l i n g .  For convenience i n  discus- 
sion, vernal pool development dur ing the 
year can be broken i n t o  f ou r  stages (F ig -  
ure 3) .  

I n  the w e t t i n  phase the f i r s t  f a l l  
r a i n s  st imula e & e germination o f  dormant 
seeds and the growth o f  perennia l  p lants.  
A dense t u r f  o f  seedl ings and resprouts 
u s u a l l y  develops before the pools hold 
water f o r  any extended per iod.  

The aquat ic  phase (Figure 3, upper 
l e f t )  d e v e l o ~ s  when the cumulative r a i n -  
f a l l .  i s  s u f f i c i e n t  t o  saturate the  so i l s .  
This u s u a l l y  r e q u i r e s  s e v e r a l  days o f  
i n t e n s e  r a i n .  The a q u a t i c  p l a n t s  and 
animals p r o l i f e r a t e  a t  t h i s  t ime.  The 
n o n a q u a t i c  s p e c i e s  a r e  s u b j e c t e d  t o  
vary ing degrees o f  s t r e s s  depending OR 
where they are located i n  the pool.  Am- 
phibians, aquat ic  insects, and b i r d s  are 
a t t r a c t e d  t o  t he  pools. 

The d r y i n g  phase (Figure 3, upper 
r i g h t ,  lower l e f t )  beg ins  as t h e  poo l  



Figure 1. A typical small pool in mounded topography on Kearny Mesa. San Diego County. Photo by Ellen Bauder. 

l e v e l  r e c e d e s .  The high s o i l  moisture 
s torage  i n ~ i i r e s  t h a t  p l a n t  growth can 
c o n t i n u e  a f t e r  t h e  s t a n d i n g  wa te r  i s  
gone .  The ricndqtiatic arid amph ib ious  
p lan ts  t h a t  pe r s i s t ed  through the  aquat ic  
phase flower and produce seed. Aquatic 
animals e i t h e r  d i sperse  or  become dormant. 

The drought phase (Figure 3 ,  lower 
r i g h t )  may be said t o  begin when most c f  
t h e  f a  11 -win te r  s t imula ted  p lan t  growth 
has  succumbed t o  d r o u g h t  and t u r n e d  
brown. Some p lan ts  able  t o  t a p  deeper 
moisture may cont inue t o  grow and flower 
even i n t o  e a r l y  f a l l .  Drying cracks ap- 
pear. Summer r a i n s ,  i f  they occur ,  gener- 
a l l y  do l i t t l e  t o  s t imula te  growth. 

Vernal pools a r e  a  segment of a  con- 
tinuum of moisture and s a l  i n i t y  condi t ions  
and no sharp l i n e  can be drawn t o  d i s t i n -  
~ u i s h  them from o the r  w e t l a n d s .  T h e i r  
r e l a t i o n s h i p  t o  o ther  types o f  wetlands 
may be i l l u s t r a t e d  by placing them on t he  
major grad ien ts  along which wetlands a r e  
d i f f e r e n t i a t e d :  1 )  s i z e  ( a r e a l  e x t e n t ) ,  
2 )  depth,  3)  var ia t ion  i n  a r ea  and depth 
within a  year  and between y e a r s ,  4 )  water 
movement, 5 )  s a l i n i t y ,  and 6 )  dominant 
vegetat ion.  With respec t  t o  t h e s e ,  vernal 
pools a r e  I )  s m a l l ,  2 )  shal low,  3) v a r i -  
ab l e  within seasons but c o n s i s t e n t l y  pre- 
sen t  from year - to-year ,  4 )  occas iona l l y  or  
never flowing, 5 )  nonsal ine though some- 
times a l k a l i n e  and occas iona l ly  conta in ing  



Figure 2. The largest pool on the Santa Rosa Plateau, Riverside County, during the period of high water. Pools this large 
and well-vegetated are sometimes called vernal marshes. Photo by Carla Scheidlinger. 

halophytes ( e  .g . ,  Frankenia) , and 6 )  con- 
t a i n i n g  as  prominent spec ies  p e r s i s t e n t  
(not  success icna l f  populations of annuat 
p l a n t s  though pe renn ia l s  such as  Eleo- 
c h a r i s  spp. may be very abundant. 

In t h e  c l a s s i f i c a t i o n  scheme of the  
U.S. Fish and Wild l i fe  Service (Cowardin 
e t  a l .  1979), vernal pools seem t o  be best  
c i a s s i f i e d  as - -  System: P a l u s t r i n e  ( b e -  
cause they a r e  small and sha l low) ;  Class:  
Emergent Wetland ( b e c a u s e  t h e y  usua 1 l y  
c o n t a i n  some perennial  hydrophytes, and 
sometimes these  a r e  dominant); Sub-class: 
Nonpersi s t e n t  ; Water regime: Seasonally 
Flooded. The main problem in app ly ing  
t h i s  general  scheme i s  t he  c l a s s  des ig-  
na t ion .  Vernal pools go through a se-  
quence of dominant p l an t s  a s  t h e  season 
p r o g r e s s e s .  Not uncomonly t h e  f i r s t  
dominant i s  I soe tes  (qu i l lwor t )  a herba- 
ceous  perenn-he f i n a l  dominants a r e  
annuals such a s  Pogogyne abramsii .  Some 
vernal pools,  because o t  t he  importance 
o f  a n n u a l s ,  might  b e t t e r  be given the  
c l a s s  designat ion "Unconsol idated Shore," 
but t h i s  name does not seem appropr ia te ,  

though i t  c o r r e c t l y  poin ts  t o  t he  a f f i n i -  
t i e s  t h a t  vernal pool b io t a s  have with the  
f ; uc tua i ing  margins o f  streams and ponds. 

Vernal pools have not been consis-  
t e n t l y  recognized as  a d i s t i n c t  vegetat ion 
type u n t i l  f a i r l y  r ecen t ly ,  and have had a 
va r i e ty  of names. Orcut t  (1885),  in what 
must be one  of  t h e  e a r l i e s t  published 
desc r ip t i on  of v e r n a l  p o o l s ,  d e s c r i b e d  
them a s  "miniature lagoons" and " l i t t l e  
lakes."  Early wildflower books, f l o r a s ,  
and desc r ip t i ons  of Cal i forn ia  vegetat ion 
(e .g . ,  Abrams 1911; Parsons 1918; Davidson 
and Moxley 1923) mentioned "wet meadows" 
or  "wet p laces"  when describing the  habi- 
t a t  of vernal pool genera such a s  Down- 
ingia and Er n ium J.T. Howell (1931) 
described t li+!-En e a i a t  of Po o yne a s  " r a in  
pools." Will i s  Linn Jepsb*fl-1946) of 
the  Universi ty of  Cal i forn ia  a t  Berkeley 
and t h e  dominant  f i g u r e  in C a l i f o r n i a  
f l o r i s t i c s  f o r  many years  may have been 
t h e  person who d i d  t h e  most t o  give cur- 
rency t o  t h e  term "vernal  pool" s ince  i t  
appears f requent ly  in h i s  f l o r a  of 1925 
( f i r s t  ed i t i on  1923) and in h i s  incomplete 
f l o r a  of 1936. Jepson seems t o  have made 
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phase. The surrounding vegetation has mostly turned brown, but some species are in flower. In the pool the most obvious 
flowers are Brodiaea orcuttii. (D) Drought phase in  late summer. The vegetation in the pool is completely dormant, as is 
most of the herbaceous vegetation around the pool. All photos by Mary Lee Balko, Planning Dep., City of San Diego. 



a d i s t i n c t i o n  between verna l  poo ls  and 
" w i n t e r  pools,"  because he l i s t s  both as 
h a b i t a t s  f o r  some species. 

E d i t h  Pu re r ' s  1939 paper "Eco log ica l  
s t u d y  o f  ve rna l  pools ,  San Diego County" 
Was appa ren t l y  t h e  f i r s t  t o  d i s c u s s  i n  
d e t a i l  t h e  e c o l o g i c a l  fea tu res  o f  pools .  
I t  may be t e n t a t i v e l y  concluded t h a t  t h e  
j o i n t  e f f o r t s  of  Jepson and Purer helped 
t o  e s t a b l i s h  t h e  term v e r n a l  p o o l ,  and 
m o r e  impor tan t ,  t o  b r i n g  t h e  unique eco- 
1  o g i c a l  and evo lu t i ona ry  aspects of  vernal  
P o o l s  t o  t h e  a t t e n t i o n  o f  s c i e n t i s t s  and 
t h e  g e n e r a l  p u b l i c .  I n  r e c e n t  decades 
t h e r e  has been growing app rec i a t i on  o f  t h e  
s c i e n t i f i c  and a e s t h e t i c  va lue o f  ve rna l  
p o o l s ,  w i t h  i n c reas i ng  numbers o f  theses 
a n d  r esea rch  p r o j e c t s  focuss ing on verna l  
p o o l  organisms. Two symposia organized by 
Subodh J a i n  and h i s  s tudents  a t  t h e  Un i -  
v e r s i t y  o f  C a l i f o r n i a ,  Davis ( J a i n  i976a; 
J a i n  and Moyle 1984) have helped t o  s t imu-  
l a t e  i n t e r e s t  i n  ve rna l  pools .  

1.2 GEOGRAPHIC DISTRIBUTION OF 
VERNAL POOLS 

1 .2 .1  D i s t r i b u t i o n  o f  Vernal Pools i n  
C a l ~ f o r n i a  

A l though t h i s  r e p o r t  w i l l  emphasize 
t h e  sou thern  coas ta l  vernal  pools,  i t  i s  
i m p o r t a n t  t o  see these i n  t h e i r  l a r g e r  
g e o g r a p h i c a l  con tex t .  Vernal poo l s  occur 
i n  t w o  main c l u s t e r s  i n  C a l i f o r n i a ,  on t h e  
c o a s t a l  t e r r aces  and l e v e l  topography o f  
t h e  l o w e r  coas ta l  mountains, and i n  t he  
C e n t r a l  Va l l ey  (F i gu re  4). Vernal poo ls  
a r e  a l s o  r epo r t ed  from Oregon (W. Ferren, 
Depar tment  o f  B io logy,  U n i v e r s i t y  o f  C a l i -  
f o r n i a ,  Santa Barbara; pers .  co rn . ) .  Ho l -  
s t e i n  ( i n  Cheatham 1984) suggests a  c l as -  
s i  f i c a t i o n  based on geography and sub- 
s t r a t e  (Table 1 ) .  H i s  scheme does not  f i t  
t h e  sou thern  poo ls  as w e l l  as i t  might .  
F i r s t ,  San Diego Mesa i s  a  l o c a l  term 
r e f e r r i n g  s p e c i f i c a l l y  t o  one p a r t  of t h e  
c o a s t a l  t e r r a c e  d i s t i n c t  from, f o r  exam- 
p l e ,  Kearny Mesa. Second, ve rna l  pools  
e x t e n d  i n t o  Mexico. Thus i ns tead  of San 
D i e g o  Mesa poo l s  t h e  name should prob- 
a b l y  be Border land o r  Sou the rn  T e r r a c e  
p o o l s .  On t he  southern te r races  there  i s  
a  good bu t  n o t  Per fec t  c o r r e l a t i o n  o f  
l o c a t i o n  and t ype  of subs t ra te .  On Otay 

Mesa and Cocklebur Mesa (Camp Ferlciieiurlj  
t h e  p o o l s  a r e  i n  c l a y p a n  s u b s t r a t e s .  
However, on Kearny Mesa and Del Mar Mesa 
pools  occur w i t h  bo th  cemented hardpan and 
claypan subst ra tes,  though t h e  former  a re  
more numerous (Greenwood 1984; J. Rieger  ; 
Cal i f o r n i a  Department o f  T r a n s p o r t a t i o n ,  
pers .  co rn . ) ,  It i s  a l so  not c l e a r  where 
t h e  v e r n a l  poo l s  of Santa Barbara, San 
Lu i s  Obispo, Ventura, and o the r  c o a s t a l  
count ies f i t  i n t o  t h i s  scheme. 

A t  t he  sca l e  of t h e  e n t i r e  s t a t e ,  
t h e r e  i s  an ev iden t  c o r r e l a t i o n  between 
vernal  pools  and l e v e l  topography w i t h i n  
t h e  nondesert c l i m a t i c  zones. A t  a  l a r g -  
e r  sca le  (F i gu re  5) t h e  tendency f o r  p o o l s  
t o  occu r  i n  l o c a l  c l u s t e r s  i s  ev i den t .  
Another l e v e l  o f  aggrega t ion  i s  revea led  
by d e t a i l e d  mapping of i n d i v i d u a l  p o o l s  
(see 2.3). Thus verna l  poo ls  may, l i k e  
many o ther  n a t u r a l  ecosy stems, be viewed 
as a h i e ra r chy  o f  c l u s t e r s  f rom t h e  l o c a l  
l e v e l  t o  the  l a r g e s t  geographica l  sca le .  

1.2.2 Worldwide D i s t r i b u t i o n  o f  Temporary 
Pool s  

A l t hough  t h e  verna l  poo ls  of  C a l i -  
f o r n i a  a re  unique, smal l ,  seasona l l y  wet 
depressions a re  no t  unique t o  C a l i f o r n i a  
(Thorne 1984). The necessary elements f o r  
t h e  format ion o f  temporary bodies o f  wa te r  
a re  t h e  presence o f  undra ined depress ions 
and va r i ab l e  r a i n f a l l .  These cond i t i ons  
a re  met i n  many p laces i n  t h e  wor ld .  I n  
t h e  Un i ted  States temporary ponds p robab ly  
occur i n  every s t a t e .  They a re  r epo r t ed  
f o r  example, f r o m  Wyoming ( D .  Kn igh t ,  
Department o f  B io logy,  U n i v e r s i t y  o f  Wyo- 
ming, Laramie; pers .  corn.) ,  Alabama (Pe- 
t ranka  and Petranka 1981), Colorado (He r r -  
mann 1977), Nor th  Dakota (E i sen loh r  e t  a l .  
1972), Georgia (Thorne 1984), and Texas 
(Meri  c ke l  and Wangberg 1981). Temporary 
pools  a l s o  occu r  i n  Canada (McKee and 
Mackie 1981). 

The c l o s e s t  a n a l o g s  t o  C a l i f o r n i a  
vernal  pools  would be expected i n  r eg i ons  
o f  s i m i l a r  c l ima te .  I n  A u s t r a l i a  t h e r e  
a r e  many t empo ra r y  p o o l s  ( B a y l y  a n d  
W i l l i a m s  1973; Mor ton and Bay ly  1977). 
Some, l i k e  C a l i f o r n i a  ve rna l  poo ls ,  a r e  
"soft-bottomed," and others  a r e  i n  bedrock 
depressions. I n  western A u s t r a l i a  these  



VERNAL POOLS 

DISTRIBUTION OF POOLS 
IN CENTRAL VALLEY 

Figure 4. Distribution of vernal pools in California. The Central Valley distribution (stippled area) is based on the detailed 
maps in  Holland (1978). The distribution of coastal pools is based on unpublished information of the author but was mostly 
obtained from colleagues around the State: W. Ferren, J. Griffin (Hastings Reservation, University of California), V. Holland. 
J. Keeley, D. Keil (Biological Sciences, Cal. Poly., San Luis Obispo), E. Lathrop (Biology, Loma Linda University), and R. 
Moran (formerly of the San Diego Natural History Museum). 



Table 1. A classification of vernal poois by Hoisiein (& 

Cheatham 1984): the claypan-hardpan distinction is one 
also stressed by Holland (1978). 

'Northern ve rna l  poo l  s  

Hardpan pool  s - - no r t he rn  and eas te rn  
ma rg i n  o f  t h e  Great 

Va 1 l e y  

C laypan poo l s  - - cen t r a  1 and western 
f l o o r  o f  t h e  Great 
Va l l ey ,  b u t  a l s o  on 
c o a s t a l  t e r r aces  

Basa l t  f l ows - - sca t t e red  i n  S i e r r a  
f o o t h i l l s  

l a rge  numbers of ve rns l  p n o l c  ! , I a f f u e l  
1932 c i t e d  by Purer 1939; S.H. H u r l b e r t ,  
Department o f  B io logy ,  San D i e g o  S t a t e  
Un ive rs i t y ,  C a l i f . ;  pers .  comm.). Tem- 
porary wet lands a re  a l s o  common i n  t h e  
nor thern Andes, and i n  Colombia t h e  poo l s  
a re  dominated by I soe tes  and ~ r a s s u l a  and 
other  aenera c h a r a c t e r i s t i c  o f  C a l i f o r n i a  
;ernala p o o l s  (J .  Keeley, Department o f  
Biology, Occ identa l  Col lege,  Los Angeles, 
C a l i f . ;  pers .  corn.) Simpson (1982) men- 
t i oned  l a rge  ndmbers of enclosed Szsi?s '. 
c e n t r a l  Pa tagon ia ,  i n c l u d i n g  smal l  de- 
press ions w i t h  temporary pools .  Temporary 
pools a re  abundant i n  some p a r t s  o f  wes- 
t e r n  Spain, and some o f  t h e s e  s u p p o r t  
veaetat ion which i s  ve ry  s i m i l a r  t o  C a l i -  
f o rn i a  pools  w i t h  genera l i k e  C a l l i t r i c h e ,  

Nor thern sandstone tanks-- Lythrum, Isoetes,  Myosurus, and Eryn ium 
inner ranges , present ( ~ o d a m .  M o u n d e A  e l  sewhere? graphy, apparent ly  w i t hou t  pools,  i s  a l s o  

Southern v e r n a l  poo l  s  repor ted f rom Spain (Gasco Montes e t  a l .  
19791. D e s c r i ~ t i o n ~  o f  t h e  h a b i t a t  o f  

I n t e r i o r  basa 1 t f l ows - -  sp. i n  t h e  F l o r a  Europea ( T u t i n  
968) suggest t h a t  ve rna l  pool -1 i k e  Rosa h a b i t a t s  occur i n  I t a l y .  R i ve r s i de  Co. 

San Diego Mesa poo l s - -  
Otay and Kearny Mesas, 
San Diego Co. 

bedrock temporary p o o l s  o f t e n  have a d i s -  
t i n c t  i v e  moss--1soetes-cover on t h e  bottom 
(I.A.E. B a y l y , T r t m e n t  o f  B i o l o g y ;  
Monash U n i v e r s i t y ,  Melbourne, A u s t r a l i a ,  
p e r s .  comm.). Depressions i n  Eucal p tus  + f o r e s t s  i n  t h e  e a s t e r n  h a l f  o f  t e a r l d  
zone of A u s t r a l i a  a r e  o f t e n  dominated by a 
d i s t i n c t i v e  f l o r a  i n c l u d i n g  a spec ies of 
Mars i lea  (Beadle 1981).  I n  the  Med i te r -  
ranean  c l i m a t e  r e g i o n  o f  Sou th  A f r i c a  
"seasonal v l e i s  and poo l s "  are comnon i n  
some d i s t r i c t s  and suppor t  unusual p l a n t  
and a n i m a l  assemblages (Stephens 1929). 
"Pars," smal l  c l o s e d  basins which o f t e n  
a re  seasonal ly  d r y ,  a re  a c h a r a c t e r i s t i c  
f e a t u r e  o f  landscapes i n  southern A f r i c a  
gene ra l l y  (Goudie and Thomas 1985). 

Temporary poo ls  a re  found i n  A f r i c a ,  
Asia, and t r o p i c a l  South America. Vernal 
pools (Bowker and Bowker 1979) and smal l  
vernal marshes i n  mounded topography (G. 
Cox, Depar tment  o f  B i o l o g y ,  San Diego 
State U n i v e r s i t y ,  Cal  i f .  ; p e r s  . comm. ) 
occur i n  the  h igh lands  o f  Kenya. i n  n o r t h  
A f r i c a  t he re  i s  a  g rea t  d i v e r s i t y  o f  tem- 
p o r a r y  b o d i e s  o f  w a t e r ,  f r o m  " c h o t t s "  
which occupy l a rge  P le is tocene  l ake  bas ins 
and have areas up t o  many square k i l o -  
meter, t o  smal l  depressions t h a t  may be 
s i m i l a r  t o  v e r n a l  p o o l s  (Morgan and 
Boy 1982).  Rzoska (1961) descr ibed  t h e  
fauna o f  sha l l ow  warm-season ephemera 1 
pools i n  t h e  Sudan t h a t  suppor t  i n v e r t e -  
b ra te  faunas s i m i l a r  t o  t h o s e  f o u n d  i n  
many C a l i f o r n i a  temporary pool s. Tempo- 
r a r y  pools  i n  p a r t s  o f  t h e  humid t r o p i c s  
w i t h  seasonal r a i n f a l l ,  as i n  t h e  I v o r y  
Coast (Forge 1980) and i n  I n d i a  (Venkatar- 
aman 1981) .  Rayna 1 -Roques and Jeremie 
(19801 d e s c r i b e d  r o c k  p o o l s  i n  F r e n c h  
~ u i a h  t h a t  c o n t a i n  ~ s o e t e s  and Ophio- 
glossum, genera a l s o  found i n  a s s o c i a t i o n  
w i t h l i f o r n i a  ve rna l  pools .  

Zohary (1973) desc r i bed  w in te r  poo ls  Temporary bodies o f  water i n  bas ins 
w i t h  a  d i s t i n c t i v e  f l o r a  as present  i n  t h e  of i n t e r n a l  dra inage a re  c h a r a c t e r i s t i c  o f  
Midd le East .  I n  t h e  h i g h  p l a i n s  of C h i l e  deser t  reg ions  o f  t h e  wor ld .  The p layas  
and B o l i v i a  ( t h e  " a l t i p l a n o " )  t he re  a re  of ex t reme d e s e r t s  d i f f e r  f r o m  v e r n a l  



pooi  s m d i n i y  ; r ~  Lilt. LJI eater j ~ i i t - - t~ - j .~C i i -  
v a r i a b i l i t y  i n  w a t e r  l e v e l s  (Louw and 
Seely 1982).  Most a r e  d r y  f o r  extended 
p e r i o d s ,  an example be i ng  Lake Eyre i n  
A u s t r a l i a  which f i l l s  on l y  two t o  t h ree  
t imes per  cen tu ry .  Deser t  p layas  a re  a l s o  
u s u a l l y  s a l i n e  o r  a1 k a l  ine,  and g e n e r a l l y  
have l ess  p l a n t  cover,  even i n  years o f  
h i g h  r a i n f a l l .  Playas i n  areas t h a t  r e -  
c e i v e  r a i n  more r e g u l a r l y  than  t he  extreme 
dese r t s  approach t h e  l a r g e r  ve rna l  poo ls  
o f  t h e  Cen t ra i  Va l l ey  ana d a j a  i a r i f o r n i a  
i n  appearance and b i o t a  (R.  Ho l land ,  C a l i -  
f o r n i a  Department o f  F i s h  and Game; pers .  
co rn . ) .  Perhaps t h e  major  d i s t i n c t i o n  i n  
t h e  Southwest Un i t ed  S ta tes  i s  t h a t  ve rna l  
poo l s  r a r e l y  o r  neve r  f o r m  d u r i n g  t h e  

samner ,  whe rcas  p l s y a  l akes  and deser t  
poo l s  o f t e n  a re  p resen t  i n  t h e  warm season 
(e.g., Brown and Carpelan 1971). 

Sh reve  ( 1964 )  b r i e f l y  d e s c r i b e d  
p layas i n  Baja C a l i f o r n i a  t h a t  have some 
s i m i  l a r i t i e s  w i t h  ve rna l  poo l s .  He s t a t e d  
t h a t  i n  t h e  sou thern  Magdalena r e g i o n  i n  
t h e  lower  t h i r d  o f  t h e  Baja C a l i f o r n i a  
pen insu la  t h e r e  are "many l a r g e  p layas  and 
seasonal meadows. " He r e p o r t e d  Mars i  l e a  
2 n d  E r jng ium f rom t%se ape?s, s u g g e s t i n g  
t h e r e  a r e  e c o l o g i c a l  and f l o r i s t i c  s i m i -  
l a r i t i e s  w i t h  ve rna l  poo ls .  Accord ing t o  
Reeder (1981) t h i s  same a rea  i s  t h e  t y p e  
l o c a l i t y  f o r  O r c u t t i a  f r a g i l i s  Swal len, a  
l i t t l e - k n o w n  spec ies o f  grass w i t h  c l o s e  

------------- 
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Figure 5. Distribution of vernal pools in San Diego County and adjacent Riverside County. Shown here are pools that were 
extant in about 1970. Many of these are now lost to development. Omitted here, for lack of accurate data, are the pools 
formerly on the San Diego and Linda Vista Mesas. 



r e l a t i v e s  i n  the  c o a s t a l  and Cen t ra l  Val-  
l e y  poo l s  o f  C a l i f o r n i a .  Local  r es i den t s  
who r e f e r  t o  these  areas as " p l a y i t a s "  
have s a i d  t h a t  water  i s  p resen t  once every 
4 o r  5 years  ( R .  Ho l l and ;  pers.  comn. f . 

Th i s  survey o f  a  p a r t  o f  t h e  l i t e r -  
a t u r e  on temporary poo l s ,  lakes, and wet- 
lands makes c l e a r  t h a t  ve rna l  poo l s  a re  a  

spec i a l  r e g i o n a l  t y p e  o f  d w u r  :,hid: ;k- 
nomenon. Temporary bodies o f  water  a re  a 
c h a r a c t e r i s t i c  b u t  r e l a t i v e l y  1  i t t l e - k n o w n  
f e a t u r e  o f  m a n y  o f  t h e  w o r l d ' s  
landscapes. They a r e  common t o d a y  b u t  
were even more widespread i n  t h e  pas t .  
The wet lands o f  each r e g i o n  have un ique 
p r o p e r t i e s ,  b u t  t h o s e  o f  t h e  P a c i f i c  
coast,  as we s h a l l  see, a r e  among t h e  
most d i s t i n c t i v e  and i n t e r e s t i n g .  



CHAPTER 2. THE PHYSICAL SETTING 

2.1 REGIONAL CLIMATE 

The most s t r i k i n g  f e a t u r e  o f  ve rna l  
poo l s  i s  t h e i r  change f rom s tand ing  water 
i n  t h e  w i n t e r  t o  d e s e r t - l i k e  dryness i n  
t h e  summer, a  m o i s t u r e  regime t h a t  i s  a  
consequence o f  t h e  s t r o n g l y  seasonal r a i n -  
f a 1  1  of C a l i f o r n i a ' s  Medi t e r r a n e a n - t y p e  
c l i m a t e  (F i gu re  6 ) .  The c o n t r a s t  between 
wet w i n t e r s  and d r y  sumners i s  due t o  t h e  
s h i f t  o f  t h e  b e l t  o f  stormy w e s t e r l i e s  
f rom t h e  south i n  w i n t e r  t o  t h e  n o r t h  i n  
summer (Major 1977). Dur ing  t h e  summer 
t h e  s u b t r o p i c a l  h i g h  o v e r  t h e  P a c i f i c  
Ocean dominates t h e  c l  imate, caus ing sub- 
s i d i n g  a i r  and a  s t a b l e  atmosphere. Sk ies 
a re  g e n e r a l l y  c l oud less  except  a long  t h e  
coas t  where mar ine fogs  fo rm t h e  " n i g h t  
and morn ing low c louds"  t h a t  a re  o f t e n  t h e  
o n l y  t h i n g  t o  r e p o r t  about sou thern  C a l i -  
f o r n i a  summer weather.  I n  extreme south-  
e r n  C a l i f o r n i a  t h i s  summer p a t t e r n  i s  
b r o k e n  o c c a s i o n a l l y  by t r o p i c a l  storms 
t h a t  c a r r y  f a r  enough n o r t h  t o  inc rease  

Months 

Figure 6. Climate diagram for San Diego as recorded at the 
San Diego State University Eidemiller Weather Station. 
Temperature averages are for 1958-83 and rainfall, 1959-83. 
The approximate period of excess moisture is the period in 
which native vegetation is most actively growing. 

h u m i d i t y ,  b r i n g  c l o u d s ,  and sometimes 
cause i n t e n s e  r a i n f a l l .  For example, 0.41 
i nch  o f  r a i n  f e l l  a t  t he  San Oiego S ta te  
U n i v e r s i t y  (SDSU) weather s t a t i o n  on 15 
August 1983. Along t h e  coas t  and on t h e  
t e r r aces  where t h e  v e r n a l  p o o l s  o c c u r ,  
summer s t o r m s  o f  t h i s  k i n d  c o n t r i b u t e  
l i t t l e  t o  t o t a l  y e a r l y  p r e c i p i t a t i o n ,  b u t  
i n  t he  mountains and dese r t s  t o  t he  eas t  
t h e y  a r e  a  m a j o r  s o u r c e  o f  m o i s t u r e .  
There i s  no r eco rd  o f  summer r a i n f a l l  ever 
s t i m u l a t i n g  s i g n i f i c a n t  growth i n  coas ta l  
ve rna l  pool  s  . 

Al though a  t h i r d  o r  more o f  t h e  t o t a l  
p r e c i p i t a t i o n  i n  ve rna l  poo l  areas normal- 
l y  f a l l s  be fo re  1 January, i n  most years  
t n e  poo l s  h o l d  water o n l y  b r i e f l y  o r  not 
a t  a l l  be fo re  t h i s  date.  The pro longed 
drought  d r i e s  t he  s o i l s  t o  a  cons iderab le  
depth, and t h e  i n i t i a l  r a i n s  a re  absorbed 
i n  r echa rg i ng  t he  soils. Once sa tu ra ted ,  
t h e  s o i l s  can suppor t  p l a n t  growth w e l l  
a f t e r  t h e  r a i n s  s top.  The s o i l  aspects o f  
water  s t o rage  and l o s s  w i l l  be d iscussed 
i n  s e c t i o n  2.4. 

The seasonal change i n  water  balance 
i s  most s imp ly  il l u s i r a t e d  by compar i n s  
month ly  p o t e n t i a l  evapora t ion  w i t h  month ly  
r a i n f d l l .  i n  F i gu re  7 p o t e n t i a l  evapo-  
r a t i o n  (measured by t h e  d rop  i n  water 
l e v e l  o f  s tandard Class-A evapora t ion  pan) 
and r a i n f a l l  data a re  compared f o r  t he  
1982-83 r a i n f a l l  season  a t  t h e  SDSU 
weather s t a t i o n .  The h y d r o l o g i c  year  i s  
cons idered t o  run  f rom 1 J u l y  t o  30 June. 
Evapora t ion  r a t e  i s  l a r g e l y  c o n t r o l  l e d  by 
s o l a r  ene rgy  and a i r  t e m p e r a t u r e ,  and 
acco rd i ng l y  i t  peaks j u s t  past  midsumner 
and i s  min imal  i n  m i d w i n t e r .  P r e c i p i -  
t a t i o n  t y p i c a l l y  peaks i n  l a t e  w i n t e r  o r  
e a r l y  s p r i n g .  I n  1982-83 i t  exceeded 
e v a p o r a t i o n  o n l y  i n  February and March. 
The d r a s t i c  s h i f t  f rom m o i s t u r e  excess i n  
February and March t o  a  severe d e f i c i t  i n  
A p r i l  i s  a l s o  c h a r a c t e r i s t i c  o f  m o s t  
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Figure 7. Rainfall and evaporation as recorded at the San 
Diego State University Eidemiller Weather Station for the 
1982-83 hydrological year. Both are expressed on a per-month 
basis. Note that i n  this period it was not until February that 
rainfall exceeded evaporative demand. 

years. The tendency i s  f o r  v e r n d i  ~ O U ;  

t o  begin development s l ow l y  and t o  h o l d  
wa te r  i n  t h e  m id - Janua ry  t o  mid-March 
per iod,  and then evaporate r a p i d l y  a f t e r  
t h e  l a s t  s u b s t a n t i a l  r a i n s  l a t e  i n  t h e  
season. 

I n  sou the rn  C a l i f o r n i a  r a i n f a l l  i s  
e r r a t i c  w i t h i n  and between yea rs  as w e l l  
as s t r ong l y  seasonal. At San Diego, r a i n -  
f a l l  t o t a l s  have ranged  f r o m  88  mm i n  
1960-61 t o  660 mn i n  1883-84. There i s  
1  i t t l e  o r  no c o r r e l a t i o n  between r a i n f a l l  
i n  one year and t h a t  i n  t he  nex t  (F i gu re  
8) .  Wi th in  one season r a i n f a l l  i s  s im i -  
l a r l y  va r iab le .  Droughts o f  days t o  weeks 
can occur a t  any t ime (Major 1977, F i gu re  
9 )  . These unce r t a i n  growing cond i t i ons  
have probably been a s i g n i f i c a n t  se lec -  
t i v e  force a c t i n g  on verna l  pool spec ies.  
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Figure 8. Annual precipitation mcorded at thecoastatsan Diego. most recently at Lindbergh Field. Note the high variability 
and very low year-to-year correlation. 
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Figure 9. Daily precipitation and evaporation for the 1982-83 hydrological year recorded at the San Diego State University 
Eiderniller Weather Station. Note the high variability in both rainfall and evaporation. 

2.2 VERNAL POOL LANDSCAPES 

Al though  c l i m a t e  i s  a key element 
accounting f o r  vernal  pools, topography i s  
a l so  important.  Pools can o n l y  form i n  
closed depressions under la in  by a near ly  
impermeable layer ,  and basins o f  t h i s  k ind  
w i l l  on l y  be abundant on genera l ly  l eve l  
land surfaces. I n  C a l i f o r n i a  th ree major 
geomorphological s i t u a t i o n s  prov ide  these 
cond i t ions  : coasta l  terraces,  t h e  broader 
a l l u v i a l  va l leys ,  espec ia l l y  t he  Central 
Val ley, and anc ien t  b a s a l t i c  lava  f lows. 
Most vernal  pools are found i n  t he  f i r s t  
two s i t u a t i o n s .  Figures 10, 11, and 12 
are views i n  representa t ive  landscapes. 

A t o p o g r a p h i c  t r a n s e c t  across San 
Diego County from the  coast a t  Del Mar t o  
t h e  Kearny Mesa vernal  pools shows the 
nature  o f  t h e  coasta l  t e r race  topography 

( F i g u r e  13) .  The easternmost p a r t  o f  
t h i s  t ransec t  j u s t  touches t h e  mountainous 
t e r r a i n  assoc ia ted  w i t h  t h e  nor th-south 
t rend ing  Peninsular Ranges t h a t  dominate 
t h e  m i d d l e  t h i r d  o f  San Diego County. 
From the  base o f  these h i l l s  t o  t h e  coast 
the topography i s  a deeply d issec ted p l a i n  
w i t h  canyon-mesa topography. The a1 i gn -  
rnent o f  t h e  l e v e l  s u r f a c e s  shows t h a t  
they are the  remnants o f  a once-complete 
surface t h a t  slopes gen t l y  t o  t h e  west. 
Through t h e  vernal  pool areas the t ransect  
c rosses t h e  L i n d a  V is ta  Terrace. Once 
thought t o  be a s ing le  surface, carefu l  
study has revealed t h a t  i t  a c t u a l l y  i s  a 
se r i es  o f  a t  l eas t  f ou r  terraces (P. Kern, 
Geology Department, San Diego State Uni-  
ve rs i t y ,  C a l i f . ;  pers. comm.). 

The coas ta l  te r races  as they e x i s t  
today are the  end product o f  a process  
t h a t  occu r red  g radua l l y  over geo log i ca l  



Figure 10. V i e w  o f  a vernal pool landscape at the San Simeon State Beach. San Luis Obispo County. Bishop pine forest 
in the background. Photo by Mark Capelli. 

Figure 11. Vernal pool landscape at Camp San Diego County. Soils here lack the hardpan but are very high in clay. 
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Figure 12. Vernal pool landscape a t  Kearny Mesa, San Diego County. Flowering shrub in the foreground is Eriogonum 
fasciculatum. Darker shrub in  the background is Adenostonia fasciculatum. Area o f  l o w  vegetation is a vernal pool basin. 
Photo by Ellen Bauder. 
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Figure 13. Topographic transects, vertical scale exaggerated, through vernal pool landscapes in  San Diego and Riverside 
Counties. The San Diegc transect, which begins at the Pacific Ocean, chows a ccasta! plain dissected by drainages. Some 
of the high points are dune ridges. Just beyond Shepherd Canyon the alluvial terrace meets the bedrock-controlled topography 
o f  the Peninsular Range. The Riverside County transect cuts through an old volcanic surface which remains a fiat-topped 
mesa. Present-day vernal pool areas are located on Kearny Mesa and the areas to  the east, and on Mesa de Colorado and 
Mesa de Burro. 



t ime. T h i s  more o r  l e s s  con t~nuous  p ro -  
cess c a n  b e  a r b i t r a r i l y  d i v i d e d  i n t o  
t h ree  m a i n  s t a g e s  (Kennedy 1975; Kern  
1977; S h a r p  1978) .  I n  t h e  f i r s t  stage t he  
sea r i s e s ,  and t h e  a c t i o n  of t he  waves 
cu t s  a  g e n t l y  s l o p i n g  p l a t f o r m  i n t o  t he  
l and  ( F i g u r e  14) .  I n  t h e  second stage 
t h e  sea r e t r e a t s ,  l e a v i n g  a  veneer  o f  
m a r i n e  d e p o s i t s  wh i ch  p rov ide  the  most 
r e l i a b l e  m e a n s  o f  d a t i n g  t h e  p l a t f o r m  
(Kern 1 9 7 7 ) .  E ros i on  from the land on to  
t h e  newly  exposed t e r r a c e  p a r t i a  i i y  o r  
complete l y  concea ls  t h e  now stranded sea- 
c l i f f  and b u i l d s  a  t h i c k  l a y e r  o f  a l l u v i u m  
over t h e  m a r i n e  depos i t s .  Dune r i dges  may 
a l s o  fo rm on t h e  su r f ace ,  marking places 
where t he  r e t r e a t i n g  sea  paused l o n g  
enough t o  b u i l d  l a r g e  c o a s t a l  f e a t u r e s  
(Kennedy 1975 ) .  The f i n a l  stage occurs 
when t h e  p r o c e s s  o f  u p l i f t  steepens t he  
g r a d i e n t  f r o m  t h e  ocean  t o  t he  h igher  
i n l a n d  t o p o g r a p h y ,  caus ing  deep drainages 
t o  be c u t  i n t o  t h e  g e n t l y  s l op i ng  t e r r ace  
sur face.  A f t e r  t h i s ,  a l l u v i u m  f rom i n l and  
i s  c h a n n e l l e d  t h r o u g h  t h e  newly formed 
r i v e r  v a l l e y s  and a r royos .  The t e r r a c e  
s u r f a c e s  s t o p  a g g r a d i n g  and b e g i n  t o  
weather a n d  e v e n t u a l l y  f o rm  mature s o i l s  
w i t h  s t r o n g  d i f f e r e n c e s  between so i  1  h o r i  - 
zons. 

From t h e  standpoint  o f  s o i l  formation 
and m i c ro topog raphy ,  t h e  age o f  such sur -  
faces i s  b e s t  expressed as t he  t ime s ince 
d e p o s i t i o n  o f  wa te r -borne  a1  luv ium ceased 
o r  s l o w e d  s i g n i f i c a n t l y .  From present  
i n f o r m a t i o n ,  we cannot p r e c i s e l y  determine 
when t h i s  occu r red ,  b u t  i t  can be brack- 
e ted  by d a t e s  a v a i l a b l e  f o r  a  low and a  
h i gh  t e r r a c e .  Nestor t e r r a c e ,  w e l l  below 
t h e  p r e s e n t  v e r n a l  p o o l  landscape,  was 
be ing fo rmed about 120,000 Before Present 
(B.P.) ( K e r n  1977).  Amino ac i d  racemiza- 
t i o n  t e s t s  i n d i c a t e  an age o f  about 0.5 t o  
1.5 m i l l i o n  y e a r s  B.P. f o r  t h e  ma r i ne  
p l a t f o rm  a t  T i e r r a  Santa, toward t h e  up- 
per ,  t h e r e f o r e  o lder ,  p o r t i o n  of t h e  L inda 
V i s t a  complex.  The numbers suggest t h a t  
t he  v e r n a l  p o o l  l a n d s c a p e s  o f  t h e  San 
D i e g o  c o a s t a l  t e r r a c e s  a r e  a t  l e a s t  
100,000 y e a r s  o l d ,  b u t  may be as o l d  as a  
mi 11 i on  y e a r s  . Knowing when the  surfaces 
became t e r r e s t r ' i a l  h a b i t a t s  does not,  of  
course, t e l l  us when v e r n a l  pool basins 
f i r s t  formed. But i t  does argue f o r  ve r -  
n a l  poo l s  h a v i n g  been i n  coas ta l  C a l i f o r -  
n i a  f o r  a  v e r y  long  t i m e ,  p r o b a b l y  a t  

since :a te  g ' - - : - I  I U L  I Q I +;rnnc--_3c,Cnfi r e a l l r r  

years o r  more. 

Although the  topography o f  t h e  v e r n a l  
pool areas i n  R i ve r s i de  County appears t o  
be very  s i m i l a r  i n  c ross -sec t ion  (F i gu re  
13), i t s  mode of  format ion i s  e n t i r e l y  
d i f f e r e n t .  These f l a t - t opped  h i l l s  were 
formed no t  by eros ion,  b u t  by b a s a l  t i c  
l a v a  f l o w s  (San ta  Rosa o l i v i n e  b a s a l t ,  
Rogers 1965). These f lows  are though t  t o  
have occurred i n  t he  l a t e  Miocene abol;t 
8.3 mi 11 i on  yea rs  ago (6. Peterson, Geol- 
ogy Department, SDSU; pers .  comn.) . It i s  
assumed t h a t  t h e  Mesa de Burro and t h e  
Mesa de Colorado a re  remnants of a  once 
more ex tens ive  f l o w  t h a t  moved over  what 
was t h e n  r e l a t i v e l y  g e n t l e  topography. 

Figure 14. Postulated process of development of coastal 
terrace landscapes in southern California, such as that in 
Figure 11. The initial condition, not illustrated, was probably 
an older coastal terrace. In the first stage (1). the sea cuts 
into the land, forming a broad platform. In the second stage 
(21, uplift raises the land and terrestrial deposits are spread 
across the platform. Dune ridges may form. In the final stage 
(3). the sea level is well below the alluvial surface and 
drainages are incised into it. The soils of the alluvial surface 
weather to form the clay-rich lower horizons and hardpan. 



Subsequent up1 i f t  and d i s s e c t i o n  have  
removed most o f  i t .  The l o n g  p e r i o d  o f  
t ime  t h a t  these  sur faces  have been exposed 
t o  weather ing accounts f o r  t h e  s t r ong  s o i l  
development. 

2.3 MOUNDS AND POOLS 

Verna 1  p o o l  s  occur  i n  depressions, 
and so t h e  microtopography o f  ve rna l  poo l  
s r m z  f r  j!\.$ajs scmewhst n n d v l a t i n g *  The 
extreme minimum o f  l o c a l  r e 1  i e f  o c c u r s  
when t h e  p o o l s  a r e  d e p r e s s i o n s  i n  an 
o therw ise  l e v e l  su r face ,  bu t  i n  most cases 
t h e  sur face  has bo th  convex and concave 
slopes, t h a t  i s ,  mounds and depressions. 
Both s i t u a t i o n s  occur  i n  c o a s t a l  C a l i f o r -  
n i a .  On Kearny Mesa and C la i remont  Mesa 
i n  San Diego County l o c a l  r e l i e f  o f  poo ls  
( d i f f e r e n c e  between poo l  bot tom and h igh-  
e s t  ad jacen t  r i s e )  v a r i e s  between 38 and 
i 2 0  crn (Zed le r  e t  a l .  1979).  

Because o f  t h e  prevalence o f  mounded 
microtopography i n  p a r t s  o f  A u s t r a l i a ,  t h e  
A u s t r a l i a n  te rm " g i l g a i "  f o r  t h i s  topog-  
raphy has become g e n e r a l l y  accepted among 
s o i l  s c i e n t i s t s  (Edelman and  Br inkman 
1962). Accord ing t o  H a l l s w o r t h  e t  a l .  
(1955) g i l g a i  i s  t h e  A b o r i g i n a l  word f o r  a  
smal l  water  ho l e .  I n  t h e  Western Un i t ed  
S t a t e s  t h e  Mima P r a i r i e  i n  Washington 
S ta te  has been known f o r  i t s  spec tacu la r  
mounds f o r  many years ( B r e t z  1913), and 
consequent ly  i n  t h e  West s i m i l a r  m i c r o -  
topography i s  desc r i bed  as "Mima mounds" 
wherever i t  occurs.  The t e r m  " p i m p l e d  
p r a i r i e "  i s  used f o r  mounded topography i n  
t he  Southeastern Un i t ed  S ta tes ,  b u t  f o r -  
t u n a t e l y  has no t  come i n t o  genera l  use. 
"Hogwallows," a  name f r e q u e n t l y  used  i n  
C a l i f o r n i a  (e.g., N i k i f o r o f f  1941; Ho l l and  
and J a i n  1977) was probably  f i r s t  app l i ed  
i n  a  j o c u l a r  sense, because t r u e  hogwal- 
lows have few b i o l o g i c a l  and a l m o s t  no  
a e s t h e t i c  s i m i l a r i t i e s  w i t h  v e r n a l  poo ls .  
Al though "hogwal low" has t h e  r i n g  o f  f o l k  
a u t h e n t i c i t y ,  i t s  use i n  fo rma l  con tex t s  
should perhaps be a v o i d e d .  T h e r e f o r e  
v e r n a l  poo l  should be t he  te rm f o r  t h e  
bodies o f  water ,  and "mima mounds" may be 
used t o  desc r i be  t he  topography. 

A t y p i c a l  example o f  mounded topog- 
raphy f rom Kearny Mesa i n  San Diego County 
may serve as an example (F i gu re  1 5 ) .  The 
tendency f o r  u n i f o r m i t y  i n  s i z e  and equal  
spacing o f  mounds i s  s t r i k i n g .  The poo l s  

associatecl w l t n  t h e  mounas a r e  n o t  s o  
r e g u l a r .  They t e n d  t o  f i t  around t h e  
mounds and assume va r i ous  complex shapes, 
nea r l y  c i r c u l a r  i f  t hey  occur  i n  t h e  m id -  
d l e  o f  an intermound depression, o r  e l o n -  
gated o r  w i t h  boundar ies t h a t  appear as a  
s e r i e s  of a rcs  i f  t h e  l e v e l  o f  i nunda t i on  
r i s e s  t o  t h e  base of severa l  mounds. I n  
most s i t u a t i o n s  many depressions do n o t  
h o l d  water o r  do so o n l y  f o r  b r i e f  p e r i -  
ods, and t h e r e f o r e  do not  suppor t  a  f u l l  
compiement o f  ve rna l  poo I spec ies.  

A1 t hough  p o o l s  a re  g e n e r a l l y  asso- 
c i a t e d  w i t h  mounds, t h e r e  a re  e x t e n s i v e  
a reas  of mounded topography where poo ls  
are r a r e  o r  absent  e n t i r e l y  (Cox 1984b). 
Thus t he  cond i t i ons  f o r  mound fo rmat ion  
do no t  n e c e s s a r i l y  f a v o r  poo l  f o rma t i on .  
T h i s  i s  no t  s u r p r i s i n g ,  because sur face  
dra inage c o n d i t i o n s  a re  o f  c r i t i c a l  impor- 
tance i n  t h e  r e t e n t i o n  of water .  

2.4 SOIL CONDITIONS 

The s o i l s  o f  ve rna l  pool landscapes 
a re  t y p i c a l l y  formed i n  a l l u v i d l  m a t e r i a l s  
and a r e  h e a v i l y  weathered w i t h  subso i l s  
h i g h  i n  c l a y .  The pa ren t  m d t e r i a l  d i f f e r s  
f rom p lace  t o  p lace,  g r a v e l l y  a l l u v i u m  or  
mar ine sandstone i n  San Diego County (Bow- 
man 1 9 7 3 ) ,  dune sands i n  Santd Barbara 
County (Co le  e t  a l .  1944; Shipman 1972) ,  
and mixed a l l u v i u m  i n  t h e  i n l a n d  v a l l e y s  
near Paso Robles i n  San L u i s  Obispo County 
(Lindsey 1983).  Ho l l and  (1978) has a  good 
d i scuss i on  o f  t h e  s ~ i l s  assoc i a t ed  w i t h  
t h e  C e n t r a l  V a l l e y  p o o l s .  The n e a r l y  
impermeable c l a y  s u b s o i l ,  l e a d i n g  t o  a  
seasonal l y  perched water t a b l e ,  i s  c l e a r l y  
t h e  key u n i f y i n g  f a c t o r .  

The Redding s o i l ,  common on the San 
Diego mesas and a l s o  i n  ve rna l  poo l  areas 
a long  t h e  base o f  t h e  S ie r r as ,  i s  a  comnon 
verna l  poo l  s o i l .  Accord ing t o  t he  San 
Diego County s o i l  survey (Bowman 1973), i t  
i s  c h a r a c t e r i z e d  by  a  y e l l o w i s h -  t o  
l i gh t - b rown  sur face  l a y e r  (A ho r i zon )  o f  
loam about 40 cm t h i c k  o v e r l y i n g  a  s t rong-  
l y  a c i d i c  u s u a l l y  b r i g h t - r e d  s u b s o i l  ( B  
ho r i zon )  of  g r a v e l l y  c l a y  and c l a y  loam. 
An i r o n - s i l i c a  hardpan l a y e r  of  cemented 
cobbles o r  sand i s  u s u a l l y  p resen t  about  
75 crn below t h e  sur face.  Redding s o i l s  
va ry  cons iderab ly  f rom p l ace  t o  p lace ,  i n  
p a r t  because of d i f f e r e n c e s  i n  t h e  o r i g i -  
n a l  pa ren t  m a t e r i a l  which grades f rom sand 



t o  v e r y  m i xed  a l l u v i u m  w i t h  many l a r g e  
cobbles. Because t he  hardpan i s  n e a r l y  
l e v e l ,  i n  mounded topography s o i l  depth 
va r i es  from a depress ion t o  t h e  ad jacen t  
mound. At a  s i t e  i n  San Diego County t h a t  
we i nves t i ga ted  the  s o i l  was 21 cm deep 
i n  t he  middle of the  pool  bas in ,  b u t  over 
a  meter deep 6 m away i n  t h e  cen te r  of  a  
mound. The hardpan i s  a l s o  d iscon t inuous ,  
and when absent  o v e r  l a r g e  a reas ,  t h e  
sni!c E ~ P  c 1 8 ~ s i f  i e d  a 5  O l i v w h a i n  r a t h e r  
than Redding (Bowman 1973). Simi l a r  ranges 
of v a r i a t i o n  occur i n  o t he r  ve rna l  pool 
areas, though the  so i  1 se r i es  may be d i f -  
f e r e n t .  Because o f  t h e  ex t r eme  l o c a l  

v a r i a t i o n ,  t he  s o i l s  o f  ve rna l  pool  areas 
must be considered as complexes r a t h e r  
than c l e a r l y  def ined s e r i e s  t h a t  can be 
charac te r i zed  by a s i n g l e  p r o f i l e  desc r i p -  
t i o n  ( N i k i f o r o f f  1941). 

The subso i l  may c o n t a i n  a  l a r g e  p ro -  
p o r t i o n  o f  expandable c l a y s  t h a t  s h r i n k  
and swe l l  w i t h  changes i n  s o i l  mo is tu re .  
Greenwood and Abbott  (1980) r epo r t ed  t h a t  
o n e - f i f t h  t o  n ine - ten ths  o f  t h e  c l a y  i n  
t h e  B ho r i zon  o f  t h e  Redding s o i l  t hey  
sampled was expandable and found volume 
increases o f  7% t o  37% f o r  uncons t ra ined  
samples. These l a r g e - v o l u m e  changes 

Figure 15. A topographic map (A1 and the corresponding aerial photo (B) for an area of mounds and pools 
between and Shepherd Canyons on Kearny Mesa. The area is centered just south of the San Diego 
Wansect of Figure 13 at about the 4.5 krn mark. North is at the top o f  the map and photo. The topographic 
map (A) has (0.61 rn) contours. Distance between the ticks I @ )  is Wa f t  (152.4 m).  Scale of the photo is 



produce t h e  cracKs m a t  are c o m u n i y  heerr 
i n  and near ve rna l  poo l s  d u r i n g  t h e  sum- 
mer, e s p e c i a l l y  where t h e  c l a y - r i c h  h o r i -  
zons a re  near t h e  su r face .  The network of 
cracks p robab ly  i s  a  major  means o f  water 
movement t o  deeper s o i  1  l a ye r s ,  e s p e c i a l l y  
e a r l y  i n  t h e  season (Emerson 1977). Exca- 
va t i ons  i n  s o i l s  d u r i n g  t h e  e a r l y  r a i n s  
r e v e a l s  a  complex p a t t e r n  o f  subsur face 
f low,  w i t h  f r e e  w a t e r  a p p e a r i n g  be low 
c o m p l e t e l y  d r y  l a y e r s .  The presence o f  
subsur face cracKs must  accoun t  i n  p a r t  
f o r  t h i s  subsur face channe l l i ng .  As t h e  
r a i n f a l l  season c o n t i n u e s ,  many o f  t h e  
cracks must sea l  as a  r e s u l t  o f  t h e  s w e l l -  

1ng o f  c l a y s  ( la lsrna ana van der  i e i i j  
1976)  and,  a t  t h e  sa tu ra ted  sur face  a t  
l e a s t ,  b lockage by s o i l  s l u r r i e s .  T h i s  
c l o s i n g  o f  cracks cou ld  e x p l a i n  why more 
r a i n f a l l  seems t o  be necessary t o  f i l l  
pools  e a r l y  i n  the  season. Evidence f rom 
o the r  s t u d i e s  o f  c l a y  s o i l s  (e.g.,  Arm- 
s t r o n g  1983)  sugges ts  t h a t  water move- 
ment through macropores may be impor tan t  
i n  e s t a b l i s h i n g  t he  l e v e l  o f  perched water  
t a b l e s  even a f t e r  p ro longed  s a t u r a t i o n .  

There  have  been  no comprehens i ve  
s t ud i es  o f  t h e  g e n e s i s  o f  t h e  Redd ing  
s o i l ,  bu t  t h e  h i gh  p r o p o r t i o n  o f  c l a y s  i n  

approximately the same. Vernal pools are shown in black on the topographic map. Vegetation in B is a compkx 
mosaic of grassland, vernal pools (the lightest gray), coastal sage scrub, and chamise chaparral. Many of the 
mounds are brush-covered in areas otherwise covered by grass or vernal pools and therefore show up as dark 
patches. Map and photo courtesy of California Department of Transportation. 



t h e  B h o r i z o n ,  t h e  a s s o c i a t i o n  wi th  a 
hardpan, and r e l a t i v e l y  low pH a l l  suggest 
t h a t  Redding s o i l s ,  along with those of 
most o t h e r  verna l  pool a r e a s  a r e  r e l a -  
t i v e l y  o ld  and have been i n t ense lv  weath- 
e r ed .  The s tudy  of Torrent e t .  a l .  (1980) 
of a Ches t e r t on  s o i l  in San Diego County 
s u p p o r t s  t h i s  impression, and gives in -  
s i g h t  i n t o  t h e  complex g e n e s i s  of a l l  
s o i l s  o f  t h e  higher t e r r ace s  in southern 
La; i :&:-!?id. The ches te r to?  so! l !s formed 
in aeol ian sands deposited as  dunes on t he  
P l e i s t ocene  t e r r a c e  s u r f a c e .  T h e r e f o r e  
i t s  age i s  s im i l a r  t o  t he  Redding s o i l ,  
but i t s  p a r e n t  mater ial  i s  somewhat d i f -  
f e r e n t .  The Chester ton,  l i k e  the  Redding, 
has a B ho r i zon  high in c lay  overlaying a 
hardpan ( d u r i p a n )  cemented with s i  1 i c a ,  
and a s e a s o n a l l y  perched water t a b l e  can 
be p r e sen t .  

e r a l s  between t he  s u r t a c e  mbier iu;  a l ~ d  
t h a t  p ro tec ted  from weatherina below t h e  
d u r i p a n .  Abbott (1981) came t o  broadly 
s imi l a r  conc lus ions  abou t  t h e s e  s o i l s ,  
emphasizing t h e i r  r e l i c t  na ture .  He sug- 
gested t h a t  present  c l imate  and vege ta t ion  
could not produce t h e  Redding o r  Chester-  
ton  s o i l s  and speculated t h a t  most o f  t h e  
s o i l  development occurred in  f u l l  g l a c i a l  
times when c l i m a t i c  condit ions were s imi-  
l a r  t o  those of t he  present-day P a c i f i c  
Northwest, o r  in  a moist sub t rop i ca l  c l i -  
mate during i n t e r g l a c i a l  per iods .  C l ea r ly  
much remains t o  be learned about t h e  gene- 
s i s  of vernal pool s o i l s .  

Data from Kearny Mesa in San Diego 
County i l l u s t r a t e  some of t he  complexity 
of vernal pool s o i l s  (Table 2 ) .  A s e r i e s  
of cores  was taken from v e r n a l  pool  
a reas  on Montqomery Field and on ~ r i v a t e  
land near the-  junct ion of Carrol ' can yo^ 

Torrent  et a ' .  (1980) d i d  a Road and Miramar Road. The t e x t u r a l  ana l -  study o f  p a r t i c l e  s i z e  d i s t r i b u t i o n  and 
chemica l  c o m p o s i t i o n .  Of p a r t i c u l a r  y s i s  shows cons iderab le  v a r i a t i o n  in  grav- 
i n t e r e s t  a r e  t h e  da t a  on slow-weathering e l  c o n t e n t ,  s u r f a c e  s o i l  t e x t u r e ,  and 

heavy m i n e r a  l s ,  whose r e l a t i v e  concen- depth t o  t he  hardpan. Of p a r t i c u l a r  in-  
t r a t i o n  i n  t h e  s a n d  f r a c t i o n  a b o v e  and t e r e s t  i s  t he  r e l a t i v e l y  higher conten t  of 
below t h e  hardpan can be used t o  est imate clay in  the  su r f ace  horizons of  t h e  pool 

t h e  volume chanae of t he  s o i l  (Barshad basins and pool margins. 

1964).  The da t a  i f  Torrent e t  a l :  showed 
a markedly h i g h e r  c o n t e n t  of t i t a n i u m  
oxide ( T i 0 2 1  in the  s o i l  mater ia l  above 
t h e  du r ipan .  Since the  s o i l  formed in 
dune sand t h a t  probably had a f a i r l y  con- 
s t a n t  m i n e r a l  compos i t ion  a t  t h e  t ime  
o f  d e p o s i t i o n ,  t h e  increase in concen- 
t r a t i o n  of Ti02 above the duripan may be 
taken a s  an index of the  r e l a t i v e  loss  of 
m a t e r i a l  above  t h e  duripan t o  chemical 
weathering.  Since t he  average concentra- 
t i o n  of Ti02 i s  about doubled, i t  appears 
t h a t  about  50% of the mater ial  in the sand 
f r a c t i o n  o f  t h e  A and B horizons has been 
chemical l y  weathered and e i t h e r  l o s t  from 
the  s o i l  e n t i r e l y  or  converted t o  s i l t -  or 
c l ay - s i zed  p a r t i c l e s .  I t  i s  d i f f i c u l t  t o  
imagine t h i s  degree of weathering without 
s u b s t a n t i a l  lowering of the  sur face .  

To account  for  the  complexity of t he  
Chester ton s o i l s ,  Torrent e t  a l .  (1980)  
p o s t u l a t e d  t h a t  the so i l  weathered i n i -  
t i a l l y  under  a warm subhumid c l imate ,  then 
a r e l a t i v e l y  d ry  climate when the  duripan 
formed ( c . f . ,  Mabbutt 1 9 7 7 ) ,  and then  
a g a i n  i n  a more humid environment t h a t  
produced t h e  d i s con t inu i t y  in c l ay  * i n -  

2.5 POOL HYDROLOGY 

The depth  and dura t ion  of  s tanding  
~ a t e r  a r e  t he  most important environmental 
f a c t o r s  a f f e c t i n g  v e r n a l  p o o l s .  For 
aqua t ic  organisms l i k e  f a i r y  shrimp, t h e r e  
i s  a s t r o n g  d i r e c t  l i n k  between water  
regime and s u r v i v a l .  In o the r  cases  t h e  
in f luence  may be i n d i r e c t .  For example, 
t h e  s tanding water may exclude compet i to rs  
t h a t  w o u l d  o t h e r w i s e  d o m i n a t e  t h e  
h a b i t a t .  Because of t h e  fundamental i m -  
portance of hydrological  regime, i t  must 
be considered in  vernal pool management 
and  p r e s e r v a t i o n .  I f  each pool is  an 
i so l a t ed  hydrological  system, p r e se rva t i on  
on a pool-by-pool bas i s  would be p o s s i b l e ;  
but  i f  pools form interconnected hydrolog- 
i c a l  n e t w o r k s ,  p r e s e r v a t i o n  o f  s i n g l e  
pools might cause s e r ious  d i s r u p t i o n  of  
t h e  hydro1 ogy . 

2.5.1 Pool and Basin Morphometry 

Vernal pools  a r e  of d i f f e r e n t  shapes 
and  s i z e s ,  and  have  d i f f e r e n t  maximum 
depths and volumes.  A d i f f i c u l t y  i n  



Table 2. Soil textural analyses for cores from three vernal pool sites on Kearny Mesa, San Diego County. 
Data analyses by the California Department of Transportation Soils Laboratory, San Diego Office. 

Topographic Depth 
p o s i t i o n  (cm) 

S o i l  t e x t u r e  ( % j a  
P H Clay S i l t  Sand Gravelb 

Mound 0.00- 36.58 
'it5 58- 7n i n  
70.10- 85.34 
85.34-109.73 

109.73-140.21 

Nonpool 0.00- 27.43 
depress ion 27.43- 51.82 

51.82- 76.20 

Edge o f  0.00- 33.53 
pool  33.53- 54.86 

51.86- 76.2: 
76.20- 91.44 

6.0 7  21 7 2 12 
NAc 15 1 7  08 2 
N A 20 16 6  4  4  
5.9 10 20 70 4  
- - - - - - - - - -  CEMENTED LAYER------------- 

6 .6  9  14 7  7  2  
N A 17 13 7  0  15 

- - - - - - - - - -  CEMENTED LAYER------------- 

6.0 19 15 66 0  
5.5 25 6  6  9  7 
----------- CEMENTED LAVER------------- 
- -------  SILTY SAND, NOT SAMPLED -- - - - -  

a S i l t  and c l a y  percentages sum t o  100. U.S. Department of A g r i c u l -  
t u r e  s i z e  c l a s s  ca tego r i es  were used. 
b ~ r a v e l  percentages a re  expressed r e l a t i v e  t o  the  t o t a l  weight  o f  
t h e  sma l le r  p a r t i c l e  s i z e  c lasses.  
CNA i n d i c a t e s  t h a t  t h e  da ta  were not recorded.  

d e s c r i b i n g  f l u c t u a t i n g  bodies o f  water i s  
t h a t  no measure o f  s i z e  o r  shape taken a t  
a  p a r t i c u l a r  t ime  i s  r e p r e s e n t a t i v e .  A 
p o o l  may have  a  l a r g e  maximum s i z e  
achieved o n l y  i n  unusua l l y  wet years bu t  a  
sma l le r  than average s i z e  i n  d r y  years.  
Pools o f t e n  merge d u r i n g  per iods  o f  h i gh  
water,  and sma l le r  s h a l l o w e r  p o o l s  may 
s c a r c e l y  h o l d  w a t e r  a t  a l l  i n  extreme 
droughts .  Therefore,  a  complete descr ip -  
t i o n  o f  pool  hydro logy  r e q u i r e s  bo th  de- 
t a i  l e d  topograph ic  mapping and mon i t o r i ng  
o f  water l e v e l s  over seve ra l  years .  Ex -  
cep t  f o r  Greenwood and A b b o t t  ( 1 9 8 0 ) ,  
t he re  do no t  appear t o  be any topographic  
maps o f  ve rna l  poo l  bas ins  a t  a s u f f i -  
c i e n t l y  l a r g e  s c a l e  t o  be u s e f u l  f o r  
hyd ro l og i ca l  s t ud i es .  

A survey of poo ls  i n  t h e  Kearny Mesa 
area o f  San D iego  County  measured  t h e  
r e l a t i v e  e l e v a t i o n  o f  o o o l  s  a t  20-cm 
i n t e r v a l s  a l o n g  t r a n s e c t s  (F i gu re  16 ) .  
These were p o s i t i o n e d  t o  pass  n e a r  t h e  
deepest p o i n t  i n  each poo l  and g e n e r a l l y  

crossed t h e  narrow dimension o f  nonc i rcu -  
l a r  pools .  Al though on l y  c ross -sec t ions ,  
they  g i v e  an i dea  o f  pool  s i z e  and shape. 

The topography o f  t he  basins (F i gu re  
16) i s  va r i ed ,  b u t  most approximate sec- 
t o r s  o f  a  c i r c l e .  The minor d i p s  and 
r i s e s  a re  a t t r i b u t a b l e  t o  a  v a r i e t y  o f  
causes, p r i m a r i l y  t h e  a c t i v i t i e s  o f  a n i -  
mals,  i n c l u d i n g  humans. Pocket  gophers  
burrow i n  t he  bas ins a f t e r  the  s tand ing  
water has disappeared w h i l e  t he  s o i l  r e -  
ma ins  m o i s t ,  p u s h i n g  5- t o  15-cm h i g h  
mounds t o  t h e  su r face .  Vehic les,  h i k e r s ,  
horses, and s c i e n t i s t s  s tudy ing  poo l s  can 
produce deep r u t s  when t he  s o i l s  a r e  sa tu -  
r a t e d .  Some o f  t h e  microtopography i s  
caused by t h e  l a r g e  c o b b l e s  t h a t  a r e  
f o u n d  i n  most poo ls  and fo rm an almost 
complete cover i n  o the rs .  The method used 
t o  p l o t  t h e  t r ansec t s  i n  F i gu re  16 avo id -  
ed loose cobbles,  b u t  cons idered b u r i e d  
cobbles t h a t  cou ld  no t  e a i i l y  be moved t o  
be p a r t  o f  t he  bot tom topography. 
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Figure 16. Topographic cross-sections (vertical scale 
exaggerated) of vernal pools from Kearny Mesa illustrating 
the variation in microtopography which is important in 
establishing the gradient in water duration. The relationship 
between pools and mounds is illustrated in the transect 
including 18.20. and the intervening mound. The area where 
these two pools occurred has recently been developed. 

The slope of the pool bottoms i s  of 
considerable im~ortance,  sirice i t  largely 
determines the 's teepness of the gradient 
in water duration and so i l  moisture from 
edge t o  center and hence the variety of 
growing conditions. Pool 20, for example, 
is  re la t ively  flat-bottomed, and the t ran-  
s i t ional  zones are small, whereas in pool 
12 the bands of intermediate water durat i -  
on are much broader. 

Pools 6 and 20 i l l u s t r a t e  a comnon 
condition, the existence of small r i ses  in 
the pool tha t  can r e su l t  in " is lands ,"  or 
in some cases r e e f s  t h a t  divide a pool 
in to  two as i t  dr ies .  The l a t t e r  s i t u -  
at ion par t icular ly  may be an important 
influence on populations of aquatic ani- 
mals. 

Pools 20 and 18 are part of a contin- 
uous transect.  Recalling that  the tran- 
sects have ver t ical  exaggeration. the two 
pools show the common relation of pools t o  
mound in those places where mounds a re  
well developed. Of particular importance 
i s  the difference in the elevation of the 
maximum water l eve l s ,  showing that  the 
surface of the perched water table  i s  not 
a t  a uniform elevation and therefore that  
!n macy cases adjacent  p o o l s  can have 
quite di f ferent  water regimes. 

Precise measurement of the volume of 
vernal pool s requires careful topograph ic  
mapping. However, one can estimate the  
approximate volume of the more symnetrical 
pools from the cross sections, and t h i s  
suggests t h a t  t h i s  s e t  of vernal pools 
would hold between 5 and 50 m3 when f u l l .  
Greenwood and Abbott (1980) mapped a large 
vernal pool i n  San Diego County and e s t i -  
mated i t s  basin volume a t  about 540 m3. 

2.5.2. Observed Patterns in Change of Pool 
Levels 

The s imples t  way t o  measure and 
express change in vernal pool water con- 
t en t  i s  t o  measure the r i s e  and f a l l  of 
pool levels re la t ive  t o  a permanent ref-  
erence stake. This has been done over a 
number of years a t  several s i t e s  i n  San 
Diego County (Figure 17).  Pool levels 
are highly variable, r is ing in response t o  
p r e c i p i t a t i o n  i npu t ,  and then f a l l i n g  
rapidly between ra ins ,  even i n  the re la-  
t ively cool and moist winter months. 

A Hydro1 ogica 1 Model 

The water regime of vernal pools i s  
most easily discussed with reference t o  a 
simple input-output model (Figure 18). 
Despite the complexities of t ransfers  of 
water i n  ecosystems, the water level i s  
ultimately a consequence of the balance of 
income and loss.  Following hart land-Rowe 
(1972) the balance equation may be s ta ted  
as follows: 

IP + IR + IG = OR + OET + OSS + OG 

Prec ip i ta t ion  ( I P ) .  Vernal pool 
systems are driven by precipi ta t ion.  They 
are caused by a temporary perched water 
table,  which forms because for  a b r i e f  



1@82 
3 0 

\ 
\ 
\ 
\ 

I 

J A N  F E B  M A R  A P R I L  I 
Figure 17. Water levels i n  three adjacent vernal pools from Kearny Mesa. I n  this set, the rise and fall are generally highly 
correlated, suggesting the pools share a common perched water table. This would not always be the case, however. 
(Scheidlinger and Patterson, unpubl. data). 

I- 
IP - Input from preclpltation falling 

within the pool basln 
IR =Input from surface flow 
IQ = Input from subsurface flow 
OR - Loss (output) through surface 

flow 
OET - Loaa from evaporation and 

transpiration 
OSS = Loss to soil moisture storage 

in sol1 
OQ =Lose by subsurface flow 

i 

J seepage 
along cracks? 

OG - DEEP? 

Figure 18. Input-output model o f  water regime for a hypothetical vernal pool (not t o  scale). The hardpan. shown here. is 
absent i n  many vernal pool areas, but  the clay-rich subsoil is nearly always present. 



per iod  t h e  r a t e  o f  wa te r  i n p u t  exceeds the 
r a t e  of l o s s .  I n  s o u t h e r n  C a l i f o r n i a  
w in te r  r a i n  tends  t o  come i n  pu lses - -ep i -  
sodes of severa l  d a y s  o f  r a i n  in te rspersed  
w i t h  per iods  of sunny weather.  Dry con- 
d i t i o n s  caused by d e s e r t  winds can a lso  
develop du r i ng  t h e  w i n t e r .  These pa t te rns  
are ev i den t  i n  b o t h  t h e  r a i n f a l l  and the 
evaporat ion da ta  ( F i g u r e  9 ) .  The pool 
l e v e l s  r e f l e c t  t h i s  v a r i a b i l i t y ,  f l u c t u a t -  
i n g  i n  a  sawtooth p a t t e r n ,  f i l l i n g  r ap i d -  
l y  and then s l o w l y  d r y i n g  down ( F i g u r e  
1 7 ) .  

Surface f l o w  ( I R ,  OR) .  Overland f low 
occurs when p r e c i p i t a t i o n  exceeds t h e  r a t e  
o f  i n f i l t r a t i o n ,  a n d  when a  s l o ~ e d  water 
t a b l e  i n t e r s e c t s  t h e  su r f ace .  ' ~ l  though 
p a t t e r n s  v a r y ,  i n f  i l t r a t i o n  i s  usua l l y  
g rea tes t  a t  t h e  b e g i n n i n g  o f  a  r a i n ,  f a l l s  
r a p i d l y  and then r eaches  a  cons tan t  value 
( L i ns l ey  e t  a l .  1982). F o r  a g i v e n  
amount of r a i n f a  11 , r u n o f f  w i l l  t he re fo re  
be g rea te r  i f  r a i n f a l l  comes i n  a  s i ng l e  
storm r a t h e r  t han  s e v e r a l  sma l l e r  ones. 

I n f i l t r a t i o n  i s  d e c r e a s e d  by  t he  
impact of r a i n f a l l  on bare  s o i  1  surfaces. 
I t  i s  increased when t h e  s o i l  i s  p ro tec ted  
by p l a n t s  and s u r f a c e  o rgan i c  mulch which 
break t he  f o r c e  o f  t h e  r a i nd rops ,  increase 
t h e  r e s i d e n c e  t i m e  o f  wa te r  on sloped 
sur faces by t h e  c r e a t i o n  o f  microdams, and 
m a i n t a i n  g r e a t e r  s u r f a c e  p o r o s i t y .  For 
t h i s  reason s u r f a c e  r u n o f f  f rom heav i l y  
vegetated areas i s  m in ima l  except  on the 
steepest s lopes. Ve rna l  pool landscapes 
are sometimes n o t  h e a v i l y  vegetated, but 
t h e  topography i s  a l s o  very  g e n t l e .  The 
s o i l s  a re  a l s o  o f t e n  r e l a t i v e l y  h i gh  i n  
c l a y .  Where t h i s  ' leads t o  s u r f a c e  
crack ing,  i n f i l t r a t i o n  would be increased, 
bu t  c l a y  and sand i n  t h e  r i g h t  p ropor t ions  
can make s o i l s  s u b j e c t  t o  c r u s t i n g  and 
s e a l i n g  i n  response  t o  su r f ace  wet t ing ,  
t he reby  d e c r e a s i n g  o r  even  c o m p l e t e l y  
s topping i n f i l t r a t i o n  (Emerson 1977).  I n  
t h e  balance, s u r f a c e  r u n o f f  i s  p robab l y  
s i g n i f i c a n t  on t h e  s ides  o f  t h e  l a r g e r  
mou,~ds and on a r e a s  t h a t  have a reduced 
cover o f  herbs because o f  s o i l  d i s tu rbance  
o r  a  dense shrub canopy.  

A t  a l l  s c a l e s ,  r u n o f f  cannot begin 
u n t i l  some minimum l e v e l  o f  su r f ace  s t o r -  
age has been s a t i s f i e d .  A f t e r  t h i s ,  as 
more and more dep ress i ons  a re  f i  l l e d ,  i n -  
c reases  i n  r a i n f a l l  c o n t r i b u t e  t o  t h e i r  

A t  the :..nall(lst c r a  IP: s i ~ r f a r ~  
s to rage  i nvo l  ves microdepress ions formed 
behind stones, tw igs ,  l e a f  l i t t e r ,  e t c .  
At a  la rger  sca le ,  s to rage  i nc l udes  t h e  
f i l l i n g  o f  pool bas i ns .  O v e r l a n d  f l o w  
i n t o  a  poo l  i s  t h e r e f o r e  a  comp l i ca ted  
funct ion o f  1) t h e  topograph ic  s i t u a t i o n  
of t he  pool which determines t h e  l a r g e s t  
sca le  upstream s to rage ,  2 )  t h e  s u r f a c e  
c h a r a c t e r i s t i c s  of t h e  t o t a l  watershed 
which determine t h e  microdepress ion s t o r -  
age and r a t e s  o f  ' n f ; ? t r z t i c r ,  3; t he  
mois ture content  o f  t he  s o i l s  a t  t h e  t ime 
t h e  r a i n  b e g i n s ,  and 4) t h e  r a i n f a l l  
ra te .  Some o f  t h e s e  c o m p l e x i t i e s  a r e  
i l l u s t r a t e d  i n  F i gu re  19. 

D e t a i l e d  s t u d i e s  o f  v e r n a l  p o o l  
f i l l i n g  h a v e  a p p a r e n t l y  n o t  b e e n  
conducted, b u t  t h e  impress ion developed by 
workers i n  San Diego County i s  t h a t  most 
vernal pools begin t o  f i l l  b e f o r e  su r f ace  
r uno f f  becomes ev i den t .  Thus t h e  d i r e c t  
inpu t  t o  t he  bas in  and t h e  s lopes imnedi -  
a t e l y  adjacent i s  probably  s u f f i c i e n t  t o  
f i l l  most pools  a t  l e a s t  p a r t i a l l y .  But 
i t  appears t h a t  ve rna l  poo l s  can reach 

- - - Maximum pool perimeter ++-+ + Drainage way  

---- Outline of individual pool - Average position of 
watersheds 7-day inundation 

Figure 19. Hydrological relationships among six hypothetical 
vernal pools. 



maximum aep-cns o n i y  wnen iner-e i b  wide- 
spread su r f ace  r u n o f f  and i n p u t  f rom o ther  
depressions . 

I t  i s  d i f f i c u l t  t o  know what amount 
o f  water  moves f r o m  t e m p o r a r y  seepage 
areas formed where t h e  perched water t a b l e  
i n t e r s e c t s  t h e  su r face .  Such seepage areas 
can be observed, sometimes days o r  weeks 
af t .er  t h e  l a s t  r a i n ,  b u t  i t  seems l i k e l y  
t h a t  much more water  moves as d i r e c t  run -  
o t f ,  espec,a;;y i n  eain;j: . . - -  wceh> ;-- O i  - Ciie . .  

r a i n f a l l  season. 

For t h e  purpose o f  c h a r a c t e r i z i n g  t h e  
water budget o f  ve rna l  poo ls  i t  i s  u s e f u l  
t o  d i s t i n g u i s h  "w i t h i n -d ra i nage "  r u n o f f  
f rom "between-drainage" r u n o f f .  The f i r s t  
r e f e r s  t o  t h e  r u n o f f  t h a t  reaches a  ve rna l  
pool w i t h o u t  pass ing  through another  ve r -  
n a l  pool  bas in ,  though i t  may pass through 
o the r  d e p r e s s i o n s  t h a t  h o l d  w a t e r  f o r  
b r i e f  pe r i ods .  The second k i n d  o f  r u n o f f  
reaches a  pool  by o v e r f l o w  from an up-  
stream pool  o r  poo ls .  These two cases a r e  
i l l u s t r a t e d  i n  F i gu re  19. 

I n p u t  f rom subsur face f l o w  ( I G ) .  The 
s o i l s  o f  ve rna l  ~ o o l  areas, which t y p i c -  
a l l y  a re  h i g h  i n  c lays ,  do no t  a l l o w  r a p i d  
s u b - s u r f a c e  movement o f  w a t e r .  Water 
t r a n s p o r t  (V) i n  sa tu ra ted  s o i l  i s  p r i -  
m a r i l y  a  f u n c t i o n  o f  t h e  s t e e ~ n e s s  o f  t h e  
g r a d i e n t  i n  water pressure and t he  hydrau- 
l i c  c o n d u c t i v i t y  o f  t h e  s o i l  (K ) ,  as ex- 
p r e s s e d  i n  Darcy 's  law ( L i n s l e y  e t  a l .  
1982). The h y d r a u l i c  c o n d u c t i v i t y ,  wh i ch  
t y p i c a l l y  has u n i t s  o f  cm/sec o r  mlday, i s  
low t o  e f f e c t i v e l y  zero f o r  s o i l s  h i gh  i n  
c l a y .  For example, a  f i e l d  experiment i n  
r i c e  s o i l s  determined K va lues o f  about 2 
mm/day f o r  a  s o i l  w i t h  62% c l a y .  

Vernal pool  s o i l s  on t h e  mesas o f  San 
Diego County g e n e r a l l y  grade f rom a  loam 
su r f ace  s o i l  t o  a  c l a y ,  c l a y  loam, o r  
sandy c l a y  loam s u b s o i l .  I t  may be ex- 
pected then t h a t  t h e  movement o f  w a t e r  
through t h e  s o i l  w i l l  g e n e r a l l y  decrease 
sha rp l y  w i t h  depth, and i n  most cases drop 
t o  almost zero i n  t h e  l aye r s  w i t h  40% o r  
more c l ay .  

Suppose t h a t  t h e r e  i s  a  ve rna l  pool 
w i t h  a  maximum depth o f  40 cm and d iameter  
o f  10 m  l oca ted  10 m  f rom another  pool o f  
s i m i l a r  o r  l a r g e r  s i z e  20 cm above i t . 
The i n p u t  f rom subsur face seepage would 

ue, by ijdr L Y '  5 idw w i t ; )  K = 2 .  G iitii;clay arid 
s  = 0.002 m/m, about 1.6 X 10-5 m3, equ iv -  
a l e n t  t o  adding o n l y  a  f r a c t i o n  o f  a  m i l -  
l i m e t e r  t o  t h e  depth o f  t h e  pool  when i t  
i s  n e a r l y  f u l l .  Th i s  makes i t  o b v i o u s  
t h a t  i n f l o w  through heavy c l a y  i s  u n l i k e l y  
t o  be a  major  i n p u t .  I n  o rder  f o r  i n f l o w  
t o  r a i s e  t h e  l e v e l  o f  t h e  h y p o t h e t i c a l  
poo l  1 m l d a y  when i t  i s  nea r  maximum 
depth, h y d r a u l i c  c o n d u c t i v i t y  would have 
t o  be about  10 mlday, a  va lue  which cou ld  
o n j y  DE achievea i n  coarse sand o r  g r a v e l  
(Cedergren 1977).  S u b s u r f a c e  f l o w  i s  
p r o b a b l y  min imal  except  where poo ls  a re  
c l ose  t o g e t h e r ,  t h e  h y d r a u l i c  head i s  
u n u s u a l l y  s teep,  o r  the  poo ls  a re  con- 
nected by anima 1  burrows. 

Loss  f r om  evapo ra t i on  and t r a n s p i -  

o r  . 
The p r e d i c t  i o n  o f  wa te r  

od ies  o f  water has been t h e  
sub jec t  o f  cons iderab le  s tudy.  The Pen- 
man equa t ion  ( L i n s l e y  e t  a l .  1982),  which 
p r e d i c t s  e v a p o r a t i o n  as a  f u n c t i o n  o f  
h u m i d i t y ,  w indspeed ,  a i r  t e m p e r a t u r e ,  
water temperature, and t h e  i n t e n s i t y  o f  
s o l a r  r a d i a t i o n ,  has been w ide l y  used f o r  
t h i s  purpose. 

Accurate p r e d i c t i c n  w i t h  t h e  Penman 
equa t ion  r e q u i r e s  measurement o f  the  r e  l e -  
v a n t  m e t e o r 0 1  o g i c a l  v a r i a b l e s  a t  t h e  
s i t e .  S i t e  s p e c i f i c  data f o r  ve rna l  poo l s  
seem t o  be l ack i ng ,  ~ u t  aa ta  f rom nearby 
weather s t a t i o n s  g i v e  a c l ose  approxima- 
t i o n .  The SDSU weather s t a t i o n  i s  l o ca ted  
about 10 km f rom t h e  Kearny Mesa verna l  
poo ls  and a t  approx imate ly  t h e  same e leva-  
t i o n .  Using t h e  d a i l y  va lues a v a i l a b l e  
from t h i s  s t a t i o n ,  i t  i s  poss i b l e  t o  com- 
pare  measured r a t e s  o f  drop i n  poo ls  w i t h  
t h e  evapora t ion  recorded i n  the  same p e r i -  
od. S ince an evapora t ion  pan has dimen- 
s i o n s  ( d i a m e t e r  122 cm, maximum depth 
24.4 cm) i n  t h e  same o rder  o f  magnitude as 
ve rna l  poo ls ,  t h e  d i r e c t  compa r i son  i s  
r e a s o n a b l e .  I f  v e r n a l  poo ls  behave as 
sea l e d  b a s i n s  w i t h  w a t e r  t e m p e r a t u r e  
t e n d i n g  t o  f o l l o w  a i r  temperature, then  
t h e r e  should be a  c l o s e  correspondence, on 
t h e  average, between v e r n a l  pool evapor- 
a t i o n  and pan e v a p o r a t i o n  a t  a  nea rby  
weather s t a t i o n .  

The comparison (Table 3)  shows t h a t  
t h e  r a t e  o f  d rop  i n  poo l s  exceeded t h a t  
i n  pans i n  a l l  b u t  two  instances,  and 
these nega t i ve  d i f f e r e n c e s  were r e l a t i v e l y  



TaSlc 3. Er?aporztion rates for 1982-83 from pools on Koarny Mesa, fan Diego County. Ca!ifoini?. 
compared to evaporation from a Class A evaporation pan recorded at the San Diego State University 
Eiderniller Weather Station, about 10 km southeast of the pools at about the same elevation. 

~ a t e r  loss (mnlday ) Di f ference 
Pool a Oa t e s  (mon t h l d a  t e )  Pool Pan--SDSU (Pool -Pan) 

aData f r o m  poo l s  C3 and F3 were c o l l e c t e d  by Carla Sche id l i nge r  
(Department o f  B io logy,  SDSU) and Cam Pat terson (Department o f  B i o l -  
ogy, SDSU) . Data from the o t h e r  pools are unpubl ished da ta  o f  E l l e n  
Bauder (Department o f  B io logy,  SDSU) . 

b ~ o o l  C3 i s  an a r t i f i c i a l l y  r econs t r uc ted  Pool which was dug deeper 
i n t o  t he  c l a y  subso i l  through t h e  o r i g i n a l  pool  and probably  a l s o  
p a r t l y  compacted by t he  t r a c t o r  used i n  t he  r econs t r uc t i on .  A l l  
o t he r  poo ls  are na tu ra l ,  though not  necessar i l y  complete ly  und is -  
turbed,  pool  bas ins.  



smai 1 .  i nougn s c a c i s c i c a i  s i g n  i f  i ~ a r ~ ~ e  
may be lack ing ,  t h e r e  i s  t h e  sugges t ion  
t h a t  t h e  d iscrepancy between pan and  pool 
r a t e s  v a r i e s  more w i t h  poo l  than i t  does 
w i t h  p e r i o d  o f  o b s e r v a t i o n ,  i n d i c a t i n g  
t h a t  r e l a t i v e l y  f i x e d  poo l  p r o p e r t i e s  are 
a  l a r g e  element e x p l a i n i n g  t h e  h i g h  r a t e s  
o f  d rop  i n  t h e  poo l s .  

Why should poo ls  d rop  so much more 
r a p i d l y  than  evapo ra t i on  pans? The most 
l i K e l y  causes a re  1)  s i g n i t i c a n t i y  h1gni.t- 
water temperatures i n  poo l s  compared t o  
t he  pan because o f  abso rp t i on  o f  h e a t  by a  
dark  pool  bottom; 2)  l o s s  o f  water  through 
p l a n t  t r a n s p i r a t i o n ;  and 3 )  a b s o r p t i o n  o r  
seepage i n t o  the  s o i l .  

The a v a i l a b l e  da ta  suggest t h a t  pool 
water temperatures a re  no t  s u f f i c i e n t  t o  
increase evapora t ion  over  t he  s tandard  pan 
by t h e  amounts r eco rded .  Fo r  example ,  
Pool 34 dropped a t  a  r a t e  4.5 m f a s t e r  
than t he  pan i n  mid-March, when mean d a i l y  
a i r  t empe ra tu re  was 10 degrees C .  The 
temperature d i f f e r e n c e  necessary  t o  e x -  
p l a i n  t h i s  d iscrepancy would have  t o  be 
imp laus i b l y  la rge .  

We1 1  -watered p l a n t s  evaporate a t  very  
n e a r l y  t h e  same r a t e  p e r  u n i t  a r e a  as 
f ree-water  su r faces  exper ienc ing  t h e  same 
phys i ca l  c o n d i t i o n s .  Therefore t h e  l oss  
from t r a n s p i r i n g  p l a n t s  would not increase 
t h e  r a t e  o f  drop o f  water l e v e l s  unless 
t he  p l a n t s  increased t h e  evapo ra t i ve  su r -  
face  by r i s i n g  above t he  s u r f a c e  o f  the  
p o o l .  Bu t  p l a n t  cover  a l s o  shades t he  
water surface and decreases wind v e l o c i t y ,  
and these can a c t  t o  decredse e v a p o r a -  
t i o n .  D e t a i l e d  s t ud i es  o f  p r a i r i e  p o t -  
ho l es  i n  Nor th  Dakota, bod ies  o f  wa te r  
l a r g e r  and  more pernlancn t t h a n  verna 1  
poo ls ,  showed t h a t  emergent hyd rophy  t e s  
( m a i n l y  Typha, Juncus and S c i r p u s )  i n -  
creased e w a t  i o n t  a  1  so so rnc t i ~nes  
decreased i t  s u b s t a n t i a l l y  ( E i s e n l o h r  e t  
a l .  1972) .  Vernal poo l s  are much smdl ler  
and g e n e r a l l y  have  l e s s  w e l l  -developed 
emergent vege ta t i on .  The r e  l a t i v e l y  t h i n  
cover  and sho r t  s t a t u r e  o f  t he  v e r n a l  pool 
hydrophytes make i t  u n l i k e l y  t h d t  t h e y  
a re  major c o n t r i b u t o r s  t o  water l o ss  f o r  
most poo ls  fo r  niost o f  the  sedson. 

Loss t o  s to rage  i n  t he  s o i l  and sub- 
su r face  f l o w  IOSS. OE).  I t  seems apparent 
t h a t  t he  disc'repancy Lbetween t h e  r d t e  o f  

- - L 2 - -  ..-...- 3nr4 nA,,l w a i t f r  ;u53 f i  V,II c ~ ~ , , ~ I  uL I v t I  yutlJ u + . u  ,-,- 
must r e s u l t  f r om  t h e  l o s s  of water i n t o  or 
through t he  s o i  1. I t  i s  doub t f u l  t h a t  t he  
s to rage  capacity o f  t h e  subso i  1  a l o n e  
cou ld  e x p l a l n  the  observed r a tes  o f  drop. 
Accord ing t o  Greenwood and Abbott  (1980), 
t h e  s torage capac i t y  o f  the  s o i l  beneath a  
poo l  on Del Mar Mesa w i t h  an u n u s u a l l y  
deep subso i l  was 0.37 cm water lcm s o i l  i n  
t h e  upper s o i  1  l a j e r s  and 0.22 cm water/cm 
s o i l  i n  t he  lower c l a y - r i c h  l a y e r ,  f o r  a  

+ - - L  ,.,r ~ 0 r ; a ;  Storage c c c p a ~ , l J  6 -  ' G ~ ~ ! ; . . , ~  - 
over  32- cm, o r  s u b s t a n t i a l l y  more than t he  
t o t a l  average r a ~ n f a l l  o f  about 25 cm. 

A1 though t he  water s to rage  capac i t y  
o f  t he  s o i l  i s  g rea t ,  the r a t e  o f  movement 
o f  the w e t t i n g  f r o n t  i s  slow. If we as- 
sume t h a t  a  d rop  o f  4 rmlday i s  a t t r i b -  
u t a b l e  t o  t h e  w e t t i n g  o f  a  c l a y  l aye r ,  
us i ng  t he  values o f  Greenwood and Abbott  
(1980) and assuming no l a t e r a l  movement, 
t n e  aownward pruyr  ~1.3 i v i ~  uT t i l e  j ~ t ~ i - ~ t  ~ X C  
f r o n t  i n  the c l ay  s o i l  would be es t imated  
a t  18 mnlday. A t  t h i s  r a t e  t he  s o i l  be- 
neath and ad jacent  t o  ve rna l  poo ls ,  which 
i s  usua l l y  no t  much more than a  meter deep 
over a hardpan, would be complete ly  sa t -  
u ra ted  by t h e  end o f  the  r a i n f a l l  season. 
l ' h i  s con t rad  ict,s d i r e c t  observa t ion  t h a t  
t h e  c l a y  subsoi  1  u s u a l l y  i s  no t  sa tu ra ted  
throughout i t s  depth.  Furthermore, many 
poo ls  have much l ess  than a  meter o f  s o i l  
dbove t nc  hardpan. 

If absorp t ion  o f  water  i n t o  the s o i l  
around the poo l s  can account f o r  on l y  p a r t  
o f  the increased r a t e  o f  drop, t h e  remain- 
i n g  possibility i s  t h ~ t  water i s  moving 
o u t  of pool basins by mass-f low through 
mdcropores o r  chdnncls,  o r  lenses o f  coar-  
se r  m a t e r i a l .  Though lenses o f  sand and 
s a n d - f i l l e d  cracks are sometimes seen i n  
c ross -sec t ions  of s o i l s  near ve rna l  pools ,  
t h e y  d r e  p r o b a B l y  n o t  u n i v e r s a l l j  
p r e s ~ n t .  A mo re  l i k e l y  pathway f o r  
n i a s s - f l o w  i s  t h r o u g h  t h e  n e t w o r k  o f  
~ n i  c ro - c rdcks  t h a t  surround t h e  so i  1  ag- 
gregutes and the  l a r g e r  cracks t h a t  are 
p r e s e n t  b e c a u s e  o f  s h r i n k - s w e l l  
processes. 

The n e u t r a l  t o  a c i d  s o i l s  and low 
s a l i n i t y  o f  mdny ve rna l  p o o l  b a s i n s  a r e  
c o n s i s t e n t  w i t h  t h e  idea t h a t  mass-flow 
through t he  s o i l  i s  a  m a j o r  s o u r c e  o f  
water  loss .  The Kearny Mesa pools ,  f o r  
example, a re  no t  f d r  from t h e  coast  and 
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t h e r e  were no d r a i n a g e  o u t  o f  t h e  p o o l  
b a s i n s ,  t h e  s o i  1s d n d  t h e  p o o l  waters  
shou ld  be s a l i n e  o r  a l k a l i n e .  Water must  
be moving th rough  t h e  s o i l  column. 

Water movement and w a t e r  ba lance  i n  
v e r n a l  poo l  landscapes.  From t h e  p r e v i o u s  
i n f o r m a t i o n ,  i t  i s  p o s s i b l e  t o  come t o  
some y e n e r a l  c o n c l u s i o n s  abou t  t h e  corn- 
ponent s  of  wa te r  ba l ance  i n  v e r n a l  ~ o o l s .  
F i r s t ,  t h e  p r e c i p i t a t i o n  i n p u t  d i r e c t l y  t o  
t h e  poo l  b a s i n  i s  p r o b a b l y  s i g n i f i c a n t  i n  
a  m a j o r i t y  o f  p o o l s ,  and i n  some o f  t h e  
l a r g e r  p o o l s  i t  may be t h e  o n l y  s i g n i -  
f i c a n t  s o u r c e  o f  w a t e r  i n  inany y e a r s  
(Greenwood and Abbo t t  1980) . Many smd 1  l e r  
p o o l s  p r o b a b l y  r e q u i r e  i n p u t  o f  s u r f a c e  
wa te r  f r om t h e  o v e r f l o w  o f  d d j a c e n t  p o o l  
o r  nonpool dep ress ions  . 

A "  L , , ~  . . j t~r IGC,. ;  ti*;;;;; :hî  
p o o l s ,  e s p e c i a l l y  t h e  s n i a l l e r  ones, i s  
p r o b d b l y  a  r e s u l t  o f  t h e  a b s o r p t l v c  capdc- 
i t y  o f  t h e  s o i l s .  But t h e  ma in  r o u t e  o f  
wa te r  l o s s  i s  most  l i k e l y  c r a c k s ,  o l d  
r o o t  channe  I s ,  l e n s e s  o f  s a n d ,  dn i ina l  
bur rows,  and o t h e r  mac roscop i  c  c  hanne 1 s 
t h a t  a l l o w  mass f l o w  o u t  o f  t h e  b d s i n s .  

2.6 PHYSICAL AND CHEMICAL LIMNOLOGY 
OF VERNAL POOLS 

For t h e  p e r i o d  t h a t  w a f e r  s tands  i n  
v e r n a l  p o o l s  they  a r e  a q u a t i c  systtvns, b u t  
t h i s  p h a s e  h a s  been 1 i t . t  lo s t u d i e d .  
Enough i s  known, however,  t o  show t h a t  
t h e  v e r n d l  p o o l  i s  a  d i s t i n c t i v e  k i n d  o f  
a q u a t i c  h a b i t a t .  T h e i r  s m a l l  s i z e ,  s h a l -  
lowness, and s h o r t  p e r i o d  o f  p e r s i s t e n c e  
make them abou t  as v a r i a b l e  i n  p h y s i c a l  
ana chemica l  p r o p e r t i e s  as i t  i s  p o s s i b l e  
f o r  a  body o f  wa te r  t o  be. 

2.6.1 Water Chemis t ry  

Verna l  p o o l s  i n  s o u t h e r n  Ca 1 i f o r n i a ,  
even though they  a r e  c l o s e d  b a s i n s  o r  have 
o n l y  ve ry  r e s t r i c t e d  s u r f a c e  d r a i n a g e  a r e  
generally f r e s h  and c l e a r  ( F i g u r e s  20, 71 ,  
22).  The w a t e r s  have r e l a t i v e l y  l ow  con- 
d u c t i v i t i e s ,  and a r e  a c i d i c  o r  j u s t  above 
neutral .  The pH d a t a ,  m o s t l y  l a t e  morn ing  

Conductlvlty Claaa (pmhos at 25%) 

Figure 20. Frequency distribution showing the number of 
pools wi th  water i n  various conductivity classes. Based on 
data collected on Kearny Mesa pools i n  spring 1979 by Mary 
Lee Balko. Planning Dep., City of San Diego. 
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Figure 21. Frequency distribution showing the number of 
pools wi th  midday water pH values i n  each pH class. The 
pH data are highly variable diurnally and within seasons as 
well as among pools. Based on data collected on Kearny 
Mesa pools in  spring 1979 by Mary Lee Balko. 

Turbldlty Claas (absorbance at 450 rtm) 

Figure 22. Frequency distribution showing the number of 
pools in different turbidity classes. Based on data collected 
on Kearny Mesa pools in  spring 1979 by  Mary Lee Balko. 



t o  ear i y  a f te rnoon  measuremenrs, must be 
i n t e r p r e t e d  w i t h  c a u t i o n .  Keeley (1981a, 
b)  i n  h i s  s tudy  o f  I soe tes  i n  ve rna l  pools  
i n  San Diego C o u n t y m n  t h e  Santa Rosa 
Plateau has f o l  lowed t h e  d i u r n a l  course of 
pH, and found t h a t  i t  r i s e s  t o  a  maximum 
i n  midday and drops t o  a  minimum a f t e r  
m idn igh t .  

The d i u r n a l  range  he observed (over  2 
pH u n i t s )  i s  a lmos t  as g r e a t  as the  range 
i n  midday va lues among poo ls .  Accorainy 
t o  Keeley, t h i s  f l u c t u a t i o n  i s  a  conse- 
quence o f  t h e  up take  o f  carbon d i ox i de  
(C02) by pho tosyn thes i z i ng  p l a n t s  du r i ng  
t h e  day and i t s  r e l e a s e  by r e s p i r a t i o n  a t  
n i g h t .  H igher  day t ime temperatures and 
t h e  consequent decreased so l  ub i  1  i t y  o f  C02 
may a l s o  p l a y  a  r o l e .  Changes i n  pH of 
t h i s  magnitude would a l s o  a f f e c t  t he  s o l -  
u b i l i t y  o f  o t h e r  e l e m e n t s .  Mo r t on  and 
B a y l y  ( 1 9 7 7 )  r e p o r t e d  a  much narrower 
d i u r n a l  range o f  pH f o r  A u s t r a l i a n  tempo- 
r a r y  wools. For  exarn~ le ,  one pool ranged 
f rom a  pH of 6.8 a t  1100 h  t o  a  maximum of 
7.05 a t  1800 h .  

oy ki l t .  >ludy u f  Gcirc:aJ 3;d K;;j$t ( A - U  " Q Q A \  ., 
o f  a l a rge  pool  i n  t h e  Jepson P rese rve  
near Dixon i n  t h e  Cent ra l  Val ley.  They 
r e p o r t e d  h i gh  l e v e l s  o f  both d i s so l ved  and 
p a r t i c u l a t e  o rgan ic  mat te r ,  moderate v a l -  
ues o f  d i s so l ved  phosphorus ( P ) ,  and low 
l e v e l s  of  d i s so l ved  organic  n i t r o g e n  ( N )  . 
The t u r b i d i t y  o f  t h i s  pool i s  h igh  because 
o f  suspended c l a y  which d isperses from t h e  
l a r g e l y  bar ren  sur face  o f  t h e  pool bas in  
upon f i l l i n g .  They be l i e ve  t h a t  t h e  h i g h  
~ r g t i t l i i  , x o t t l r  ; t . j ~ : s  t esa't ~:-G.T, th: 
decay o f  grass and shrub l i t t e r ,  and sus-  
p e c t  t h a t  adso rp t i on  o f  organic  mat te r  and 
i no rgan i c  n u t r i e n t s  on the  suspended c l a y s  
p l a y s  an impor tan t  r o l e  i n  t h e  n u t r i e n t  
budget o f  t h i s  t u r b i d  poo l .  

The change i n  wa te r  p r o p e r t i e s  as 
poo l s  d r y  i s  a p o t e n t i a l l y  impor tan t  b u t  
l i t t l e - s t u d i e d  aspect of  pool  l imno logy .  
Some d a t a  o f  C o l l i e  and Lathrop (1976) 
bhulvtrd I i ~ k  ; i gc i f ; can t  t h c ~ e  C ~ P Q ~ P S  'Pn 
be, a t  l e a s t  f o r  l a r g e  pools .  The conduc- 
t i v i t y  o f  a  10.2-ha pool  on the  Santa Rosa 
p l a t e a u  was n e a r l y  constant  du r i ng  t h e  
r a i n y  season b u t  rose exponen t i a l l y  as t h e  

P h o t o s y n t h e s i  s  by a l g a e  and o t h e r  pool  d r i e d  (F i gu re  23) a  conseq;ence o f  

p l a n t s  a l s o  p roduces  oxygen  s u p e r s a t u -  t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  s a l t s .  
Th is  dramatic change must a f f e c t  t h e  g r a -  ration (Keele~ and Morton 1982)' It is d i e n t  in soil properties, and may figure comnon t o  see bubb les  r i s i n g  t o  t h e  sur-  in the life histories o f  some of  the ver- face du r i ng  midday i n  sha l l ow  verna l  pools  

f rom t h r  a l g a l  cover  on the  bo t tom.  I na l  pool  animals as a  cue f o r  t h e  onset o f  

have a l s o  seen bubbles a r i s i n g  from sub- the sunn~~er drought.  

merged moss p l a n t s  e a r l y  i n  t he  season. 2.6.2 ~ i ~ h t  Pene t ra t ion  
The h i g h  oxygen c o n t e n t  o f  t h e  water,  a t  
l e a s t  d u r i n g  midday, p r o b a b l y  h e l p s  t o  I n  deep l a k e s  t h e  a t t e n u a t i o n  of 
a l l e v i a t e  and p o s s i b l y  e l i m i n a t e  t h e  r e -  l i g h t  w i t h  depth i s  a  major  f e a t u r e  i n -  
duc ing c o n d i t i o n s  t h a t  would tend t o  de- f l u e n c i n g  the  d i s t r i b u t i o n  o f  b i o t a ,  b u t  
ve lop i n  t h e  s a t u r a t e d  s o i l .  

The few pub l i shed  s t u d i e s  o f  vernal  
p o o l s  t h a t  r e p o r t  d i s s o l v e d  and p a r t i c -  
u l a t e  o rgan ic  m a t t e r  and d i s s o l v e d  i n o r -  
g a n i  c  n u t r i e n t s  suggest t h a t  these fea- 
t u res  vary  w i d e l y  among poo ls .  The l a rge  
s u b s t r a t e - a r e a  t o  w a t e r - v o l u m e  r a t i o  
insures  t h a t  t h e  water  chemis t ry  o f  ve rna l  
pools  i s  i n t i m a t e l y  r e l a t e d  t o  t h e  sub- 
s t r a t e  i n  which t h e y  a re  found, and t o  
t h e  surrounding v e g e t a t i o n  and pools .  A t  
l e a s t  i n  sma l l  sha l l ow  poo l s  t he  decay o f  
the  prev ious y e a r ' s  dead vege ta t i on  must 
be a s i g n i f i c a n t  i n f l u e n c e  on t h e  water 
q u a l i t y  o f  pools .  

Figure 23. Increase in conductivity with drying in a large 
The impor tance of subs t r a t e  on pool  vernal pool on the Santa Rosa Plateau. Modified from Coilie 

water i s  i 1  l u s t r a t e d  f o r  an extreme case and Lathrop (19761. 
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impor tance i n  sha l low ve rna l  poo ls  t h a t  FORMATION 
have f l u c t u a t i n g  water l e v e l s  and c l e a r  
w a t e r .  Measurements by K e e l e y  e t  a l .  
(1983) i n  a  sha l low temporary  p o o l  i n -  2.7.1 The Mound Mys te ry  
d i c a t e  t h a t  50% t o  75% o f  t he  sur face 
quantum s o l a r  f l u x  remains a t  5- t o  10-cm 
depth. However, many pools  develop t h i c k  There a re  many i n t e r e s t i n g  f e a t u r e s  
c o v e r s  o f  f l o a t i n g  g r e e n  a l g a e  a n d  o f  v e r n a l  p o o l  topography 3 but none of 
b l u e - g r e e n  b a c t e r i a  must b l ock  a these  has e x c i t e d  as  much s p e c u l a t i o n  
la rge  p r o p o r t i o n  of t he  1 i g h t .  O the rs ,  t h e  mounded topography. A 

,,nn,tiii;y disti;i.jed p o i i 7 s ,  dre c;oudy ~ ~ l = ~ ~ t i e " ^ f  t h e  c m r e  cf ~ c n c d e d  f9pcg- 
w i t h  suspended c l a y  (e ,g . ,  B a r c l a y  and raphy has proven t o  be probably 
Knight  1984). In these cases, t he  e f fec t  because there has been a high proportion 
on t he  smaller plants t h a t  cannot expand of ~ p e c u l a t i o n  per  u n i t  ha rd  i n f o r m a t i o n *  
lea f  area above t h e  surface o f  t he  water Var ious published (e .g -9  1984a9b) and 
can be devas ta t ing .  The r e l a t i v e  barren-  u n ~ u b l  i shed  ( e -g .  Y Nado l sk i  1969; Zedler 
ness o f  t h e  deeper p a r t s  of some ve rna l  e t  a l .  1979) rev iews  o f  t h e o r i e s  o f  mound 
pools  l a t e  i n  t h e  season may be i n  p a r t  a  o r i g i n  h a v e  i d e n t i f i e d  3O 
r e s u l t  o f  death o f  p l a n t s  f r om  i n s u f f i -  hypotheses- 
c i e n t  1  i g h t .  I n  A u s t r a l  i a n  t empo ra r y  
pools  t u r b i d i t i e s  can be r e l a t i v e l y  h igh,  The mounds a r e  an i n t r i a u i n a  aeo- 
slid F?ioriuri ~ I W  adyiy t i977 j cornmentea morpho log ica l  puzz le ,  b u t  beyond t h a t ,  we 
t h a t  ~ h o t o s ~ n t h e s i s  may be l i g h t  l i m i t e d  cannot have a s a t i s f a c t o r y  unders tand ing  
so t h a t  energy f l ow  i n  t h e  aqua t i c  phase o f  t h e  e v o l u t i o n  a n d  a s s e m b l a g e  o f  
becomes d e t r i t u s  based.  Th is  i s  not vernal -pool  b i o t a s  un less  we know when and 
l i k e l y  t o  be t h e  case f o r  mos t  o f  t h e  how t h e  bas ins formed. I f  v e r n a l  poo l s  a r e  
coas ta l  ve rna l  poo ls  i n  C a l i f o r n i a .  a n c i e n t  and s t a b l e  landscape  f ea tu res ,  

t hen  t he  t i m e  f o r  m i g r a t i o n  and e v o l u t i o n  
2.6.3 Temperature o f  organisms has been long, and we have a 

ready e x p l a n a t i o n  f o r  t h e  p r e s e n c e  o f  
Water has a h i gh  heat capac i t y ,  and spec ies o f  h i g h l y  r e s t r i c t e d  d i s t r i b u t i o n .  

aqua t i c  h a b i t a t s  a r e  t h e r e f o r e  u s u a l l y  ~ u t  if verna l  ooo ls  a r e  z h o r t  l i v e d  o r  
c h a r a c t e r  1 i e a  DY n a r r o w e r  t e m p e r a t u r e  were on l y  r e c e n t l y  formed, then  we have 
ranges than t e r r e s t r i a l  h a b i t a t s -  The t h e  problem o f  e x p l a i n i n g  where t h e  v e r n a l  
same e f fec t  must operate i n  v e r n a l  pools,  pool  b i o t a  was w h i l e  i t  was w a i t i n g  f o r  
bu t  much l ess  s t r o n g l y  s i nce  t h e  pools  t h e  bas ins t o  be c rea ted .  E x i s t i n g  t h e o r -  
a re  sha l low enough t o  warm s i g n i f i c a n t l y  i e s  o f  mound fo rmat ion  suggest ve ry  d i f -  
du r i ng  t he  day. F o r  example,  K e e l e ~  f e r e n t  ch rono log i es  f o r  t h e  o r i g i n  and 
(1981a ,b) r e p o r t e d  d i u r n a  1 temperature s t a b i  l i t y  o f  pools .  Our concepts  of  v e r -  
f luc tuat ! 'gns o f  6.9 and 8.5 degrees C f o r  n a l  pool  f unc t i on  and o r i g i n  w i l l  t o  a  
two KearnY Mesa verna l  poo ls  i n  A p r i l ,  l a r g e  e x t e n t  depend on which hypotheses we 
when such f l u c t u a t i o n s  p robab ly  a re  near choose t o  b e l i e v e .  
maximal. Morton and Bayly  (1977) mea- 
sured bo th  a i r  and water temperatures over 
a  24 h p e r i o d  i n  a  ve rna l  pool near Mel- Because permanence and t i m e  o f  o r i g i n  
bourne, A u s t r a l i a  on 25 August, equ i va l en t  are so imp0rtant, these provide the best 
to late ~~b~~~~~ i n  Ca l i fo rn ia .  Water way o f  o r g a n i z i n g  t h e  v a r i o u s  t h e o r i e s  
terrperature f o l l owed  a i r  temperature w i t h  4 ) -  these 
a t ime l a g  o f  about 2 h. A i r  temperature have  ~ r o ~ o n e n t s .  I w i l l  d i s c u s s  o n l y  
ranged from about 5  t o  22.5 degrees C ,  t hose  1 p e r c e i v e  t o  be t h e  l e a d i n g  cand i -  
wh i le  su r face  water temperature moved from d a t e s  f o r  t h e  s i t u a t i o n  i n  C a l i f o r n i a :  
9 degrees C a t  about sun r i se  t o  20 degrees B ~ Y  C1,  C ~ Y  and p a r t  of  82. 
C i n  midaf ternoon.  While on many days t he  
temperature f l u c t u a t i o n s  would n o t  be as 2.7.2 Imoo r t an t  Theorzos 
ex t r eme  as t h e s e  f i g u r e s  i n d i c a t e ,  on 
a t  l e a s t  some days t he  aqua t i c  animals and Mound f o r m a t i o n  by s w e l l i n g  c l ays .  
p l a n t s  may su f f e r  f rom heat  s t r ess .  A u s t r a l i a  has e x t e n s l u e  areas of mounded 
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topography. These g i l g a i  landscapes are 
usua l l y  found i n  assoc ia t ion  w i t h  s o i l s  
h igh  i n  m o n t m o r i l l o n i t i c  c lays  which be- 
cause o f  t h e i r  s a n d w i c h - l i k e  c r y s t a l  
s t r u c t u r e  absorb  wa te r  and swell  t o  a  
remarkable degree, as d iscussed e a r l i e r  
(see 2.4). It i s  argued t h a t  the  forces 
generated on w e t t i n g  can have a  net upward 
component  s u f f i c i e n t  t o  l i f t  mounds 
(Knight 1980). George Borst,  former ly  o f  
t he  U.S. S o i l  Survey, suggested t h a t  these 
same processes may a l s o  operate i n  C a l i -  
f o r n i a  mounded areas. He repor ted  the  
presence o f  " s l i c k e n s i d e s "  ( d i s t i n c t i v e  
surfaces caused by s o i l  aggregates moving 

pas t  one another )  ana an a b u n t i d n ~ e  u f  
subsur face cracks, features which i n d i -  
cate the a c t i o n  o f  shr ink ing  and swe l l i ng  
c lays.  However, i n  a t  l eas t  some places 
i n  San Diego County, the  d i f f e r e n c e  i n  
e levat ion  between depressions and mounds 
i s  much greater  than t h e  th ickness o f  t h e  
c lay  layer  under ly ing them. The tops o f  
the mounds are a l so  usua l ly  o f  d i s t i n c t l y  
coa rse r  m a t e r i a l  t h a n  t h e  deeper s o i l  
layers, and the c lay-enr iched hor izons are 
u s u a l l y  n e a r l y  i e v e i  (N i k i f o rc i f f  i941 j .  
These fea tures  are q u i t e  d i f f e r e n t  f r o m  
t h o s e  of t y p i c a l  A u s t r a l i a n  g i l g a i  
(Hal lsworth e t  a l .  1955). 

Table4. A partial list of the theories for the origin of mounded topography. Publications marked with a single asterisk apply 
to the west coast of the United States; those with a double asterisk consider, at least in part, the situation in California. 
Others are for various regions. 

A .  Theories t h a t  suggest t h a t  the mounds 
a r e  o l d  and s tab le ,  and formed by pro-  
cesses t h a t  are no longer ac t i ve .  I f  the 
mounds were l e v e l e d ,  t h e y  would n o t  
reform. 

1. P e r i g l a c i a l  phenomena (R i t ch ie  
1953*). 

2. Depos i t iona l  fea tures  (K r in i t zsky  
1949). 

B. Theor ies  t h a t  h o l d  t h a t  mounds are 
probably o l d ,  b u t  c o u l d  be r e l a t i v e l y  
young, and are r e l a t i v e l y  s tab le  i f  not 
almost s t a t i c .  Processes i n v o l v e d  a re  
e i t h e r  no longer a c t i v e  or take  place a t  
such a  slow r a t e  t h a t  m i l l e n i a  a re  r e -  
qu i red  f o r  s i g n i f i c a n t  change. 

1. Aeol ian o r i g i n  by deposi t ion a t  
t h e  base o f  shrubs  ( E l l i s  and 
Lee 1919**; K r i n i t z s k y  1949 i n  
p a r t ;  Quinn 1968). 

2 .  D e f l a t i o n  (Abbot t  1981**). 

3. Mounds r a i s e d  by ground water 
w e l l i n g  up from depth ( N i k i f o r o f f  
1941X*; Retzer 1945**). 

4. Bulk dens i t y  changes and s o i l  
c o l  lapse o f  poo r l y  dra ined a l l u -  
vium (Har r i s  1958) 

5. Overburden pressure causes up- 
w e l l i n g  o f  c lays (Paton 1974). 

6. D i f f e r e n t i a l  " r h e i d i t y "  p lus  
shr ink-swel l  (Beckman e t  a l ,  
1981). 

7. Subsidence: sol u t i o n  depressi ons 
by chemical weathering of a1 l u -  
vium, t h i s  chapter. 

C. Mounds may be o ld,  but could be young; 
t he  processes t h a t  formed them are s t i l l  
act ive.  Mounds could reform i f  leveled.  

1. Forces generated by swel l ing  
c lays  [Hal lsworth e t  a l .  1955; 
K n i g h t  1980 ( inc ludes a  review 
o f  l i t e r a t u r e  on mechanisms f o r  
g i  l g a i  format ion)  1. 

2. Mounding by f o s s o r i a l  animals 
(Da lques t  and Scheffer 1942"; 
Ark ley and Brown 1954; Cox 
1984a,b**). 

3. Possib ly  B3, above. 

4. Subsurface mass movement ( s o i  1  - 
p ip ing )  (R. Holland; pers. 
corn. ) . 



Deflation. Abbott (1980, 1981, 1983) 
has proposed a composite hypothesis for  
San Diego County. He suggested t h a t  
shr inking and swel l ing cause t r i a x i a l  
intersections of cracks tha t  co l lec t  water 
in the wet season. Clays from the margins 
of the cracks go into  suspension, and then 
form c u r l i n g  flakes in the dry season. 
Given high winds and the low vegetation 
cover which he hypothesized existed during 
Pleistocene interglacial  times, the clay in 
the dried mud curls could be blown out o f  
the  basins, leaving the gravel that  covers 
most pool bottoms. He saw the shrinking 
and swellinq of clays as essential  t o  th is  
process  reen en wood and Abbot t 1980 ; ~ b b o t t  
1983). 

While pan-like deflation basins might 
form by such a mechanism, i t  i s  d i f f i c u l t  
t o  imagine how a landscape l i ke  that  of 
Figure 15, where local re1 i e f  between 
mound and pool often exceeds 1 m, could 
have been caused by wind. Since the  
theory depends on clay shrinkage, i t  can- 
not apply to  areas where clay horizons are 
absent or very thin.  

Gophers and mounds. In 1942 Dalquest 
and Scheffer argued t h a t  pocket gopher 
burrowing was the cause of the mounded 
topography of the Mima Prairie in western 
Washington. Subsequent pub l ica t ions  
(Price 1949; Arkley and Brown 1954; Cox 
1984a) have proposed that  gophers may be 
the cause of mounded topography throughout 
western North America. Cox and Gakahu 
(1983) presented evidence that  mole r a t s  
may be responsible for mounds in Kenya. 
The gopher hypothesis i s  generally ac- 
cepted as the explanation most l ikely  t o  
apply t o  the California mounds found in 
association with vernal pools (e.g., Barry 
1981) ,  and i t  therefore  merits special 
consideration. The behavior and ecology 
of gophers will be discussed in section 
4.6. 

The hasic elements of the theory are 
these: 1 )  The presence, i n i t i a l l y ,  of a 
rather shallow substrate overlying a hard- 
pan or a layer of large gravel or cobbles, 
but which i s  ih other respects ( texture ,  
plant species present, e t c . )  favorable fo r  
fossorial  rodents. The shallowness of the 
soi 1 causes waterlogging f o r  extended 
periods, r e s t r i c t s  foraging, and makes the 

mounds i n c r e a s i n g l y  f a v o r a b l e  and t h e  
depressions increasingly l ess  favorable as 
foraging and nesting s i t e s  f o r  t h e  go- 
phers. 2)  The animals have a highly t e r -  
r i t o r i a l  foraging pat tern  which cen t e r s  
around ne s t i ng  s i t e s .  3 )  The nesting 
s i t e s  are located in the deepest s o i l s ,  
part ly because of greater  food resources 
are found there ,  and pa r t l y  because pre- 
dators are  most e a s i l y  evaded i n  deeper 
so i l s .  4 )  There i s  a tendency during the  
creation o f  foraging tunnels fo r  displaced 
so i l  t o  be moved back toward the center 
from which t he  foraging tunnels o r ig i -  
nate. This occurs e i t he r  because the so i l  
has a ne t  backward movement w i t h i n  the 
foraging tunnels o r  because t he  mounds of 
d i r t  pushed t o  t he  surface a t  any point 
tend t o  contain material  col lected a t  a 
lower average elevation than the point of 
depos i t i on ,  or both of  t h e s e  a c t i n g  
together. 5)  Most of the  habi ta t  i s  ex- 
ploited,  so tha t  a more o r  less  evenly 
spaced d i s t r ibu t ion  of mounds develops. 

Given these assumptions, gopher for-  
aging would accentuate  t h e  topography, 
making high points higher, and low points 
lower. The process should accelerate  in 
the ear ly  stages because as the so i l  is 
accumulated a t  the high points,  these be- 
come even be t te r  nest s i t e s .  The process 
should a l so  tend t o  a uniform d i s t r ibu t ion  
of mounds, the scale  of which should de- 
pend on the length of the  foraging tunnels 
created by the  gophers, and the population 
density. 

Mounds bu i l t  i n  t h i s  way should have 
cer ta in  features:  they should contain few 
s tones  l a rge r  than the diameter of the 
burrow of a pocket gopher, whereas t h e  
depressions should be re la t ive ly  enriched 
in larger s i z e s  of  gravel  and s t o n e s .  
Burrowing within the so i l  might also cause 
large stones t o  s e t t l e  in the mound, since 
the  gophers could remove material from 
below stones and deposit i t  on the sur- 
face. These and other predictions of the  
theory appear t o  hold in many p l ace s .  
Until recently,  the d e t a i l s  of so i l  move- 
ment by gophers were largely supposition. 
Cox (1984a,b) has provided direct  evidence 
fo r  moundward movement of so i l  material ,  
and has calculated that  the creation o f  
mounds by foraging i s  eas i ly  possible. He 
estimated tha t  a typical  mound would be 
formed i n  about 108 years.  
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be c r i t i c i z e d  (e.g., Newcomb 1952), bu t  a  
key ques t i on  i s  how a  s i n g l e  species o f  
animal cou ld  have c rea ted  a  topography of 
such  s t r i k i n g  r e g u l a r i t y  over,  i n  some 
cases, many hec ta res  (F i gu re  15) .  For  
t h i s  t o  happen, t h e  a rea  would have t o  be 
con t i nuous l y  i n h a b i t e d  a t  maximum d e n s i t y  
f o r  c e n t u r i e s ,  a t  l e a s t .  A r e l a t e d  prob-  
lem i s  t h e  r e g u l a r i t y  o f  t h e  p resen t  land-  
scape. Photographs i n  N i k i f o r o f f  (1941) 
and e lsewhere show smoothly rounded mounds 
o f  u n i f o r m  h e i g h t  and a  tendency toward 
u n i f o r m  s i ze .  Even i f  gopher f o r a g i n g  
had t h e  proposed e f f e c t  on s o i l  movement, 
a  l e s s  u n i f o r m  landscape m igh t  be expect -  
e d .  A n o t h e r  p r o b l e m  i s  t h a t  
c ross - sec t i ona l  excava t ions  show p r o f  i 1  e  
development w i t h i n  some mounds, sugges t ing  
t h a t  t h e r e  has been s o i l  genesis w i t h o u t  
s i g n i f i c a n t  s o i l  d i s r u p t i o n .  For t h i s  t o  
occur,  t h e  mounds must have been formed i n  
t he  pas t  and then  subsequent ly weathered. 

Another  d i f f i c u l t y  i s  p r e s e n t e d  by  
t h e  h e a v i l y  cobbled poo l s  on Kearny Mesa 
( t h e  more n o r t h e r n  group i n  F i gu re  15) i n  
w h i c h  c o b b l e s ,  some as l a r g e  as 10 cm 
d i a m e t e r  a r e  s t a c k e d  on t o p  o f  o t h e r  
c o b b l e s ,  f i n e r  s o i l  m a t e r i a l  b e i n g  
absen t .  I n  t h i s  c a s e  a t  l e a s t  i t  i s  
o b v i o u s  t h a t  some e r o s i v e  f a c t o r  o t h e r  
t han  gophers has p layed  a  r o l e .  

A  f u r t h e r  d i f f i c u l t y ,  which cou ld  be 
r eso l ved  by c a r e f u l  f i e l d  work, i s  t h a t  
mounded topography should no t ,  under t h e  
gopher hypo thes is ,  be l i m i t e d  t o  ex tens i ve  
a l l u v i a l  a r e a s ,  b u t  s h o u l d  be p resen t  
wherever unconsol i d a t e d  m a t e r i a l  over1 i e s  
a  l a y e r  which gophers cannot e a s i l y  d i g  
through.  I s o l a t e d  mounds wou ld  be e x -  
pec ted  i n  a l l  s o r t s  o f  topograph ic  s e t -  
t i n g s .  Cox (1984b) p rov i ded  evidence t h a t  
mounds a r e  f o u n d  o u t s i d e  o f  a l l u v i a l  
areas, b u t  a  random sampl ing approach t o  
show t h e  correspondence between mounds and 
t h e  p o s t u l a t e d  c o n d i t i o n s  i s  needed. 

The s u b s i d e n c e  t heo ry .  Elementary 
d i s cuss i ons  o f  landscape e v o l u t i o n  a t  t h e  
l a r g e s t  sca les t end  t o  emphasize mechani- 
c a l  e ros i on .  Models are c o n s t r u c t e d  i n  
which landscapes a re  shaped by t h e  move- 
ment and d e p o s i t i o n  o f  i n e r t  m a t e r i a l s .  
The e x t a n t  t h e o r i e s  on mound f o r m a t i o n  
t ake  t h i s  v i e w ,  s t r e s s i n g  t h e  p u s h i n g  

abn~c t  or l i f t i n g  and movement o f  s o i l  
p a r t i c l e s  and a g g r e g a t e s .  B u t  i t  i s  
apparent t h a t  most o f  t h e  surfaces t h a t  
have mounded topography have had a  l o n g  
h i s t o r y  o f  s o i l  development, d u r i n g  which 
t h e  minera logy,  t e x t u r e ,  s t r u c t u r e ,  and 
b u l k  d e n s i t y  must a l l  have been a l t e r e d  
s u b s t a n t i a l l y .  I t  would be s u r p r i s i n g  i f  
these changes had no e f f e c t  on microtopo-  
graphy, and i t  i s  p o s s i b l e  t h a t  t hey  a r e  a 
major  cuase o f  i t. 

A  s imple hypothes is ,  which I propose 
here, i s  t h a t  mounded topography i n  C a l i -  
f o r n i a  i s  p redominan t l y  a  r e s u l t  o f  t h e  
d i f f e r e n t i a l  weather ing and d i f f e r e n t i a l  
s e t t l i n g  o f  a l l u v i u m  o r  s o i l .  Fu r t he r ,  
many o f  t h e  ve rna l  pool  bas ins found i n  
unmounded o r  s l i g h t l y  mounded areas may be 
s o l u t i o n  b a s i n s  f o r m e d  b y  c h e m i c a l  
weathering, o r  c o l l a p s e  bas ins formed by 
l o s s  o f  s t r u c t u r e .  

I t  i s  s u r p r i s i n g  t h a t  t h e  p o s s i b i l i t y  
o f  land subsidence has n o t  been g i ven  more 
cons i de ra t i on  i n  e x p l a i n i n g  mounded topog- 
raphy i n  t h e  Western Un i t ed  S ta tes  espe- 
c i a l l y  s ince  Johnson (1900) proposed i t  t o  
e x p l a i n  p i t s  and depressions of t he  Great 
P la ins .  A r k l ey  and Brown (1954) ment ioned 
i t  w i t h o u t  a t t r i b u t i o n  o n l y  t o  d ismiss  i t  
as an o b v i o u s l y  inadequate exp lana t i on .  
There do n o t  appear t o  be any pub1 i shed  
a r t i c l e s  t h a t  propose t h e  idea  f o r  C a l i -  
f o r n i a ,  nor does i t  seem t o  have  been 
p roposed  f o r  t h e  A u s t r a l i a n  g i l g a i ,  a l -  
though Blackburn e t  a l .  (1979) suggested 
t h a t  carbonate leach ing  may have accen- 
t ua ted  e x i s t i n g  g i l g a i  r e 1  i e f  i n  t h e i r  
s tudy area. 

A f i r s t  p o i n t  i n  s u p p o r t  o f  t h e  
theory  i s  t h a t  chemical  w e a t h e r i n g  can 
produce su r f ace  f ea tu res .  Though da ta  a re  
s t i l l  s ca t t e red ,  t h e r e  seems 1  i t t l e  doubt 
t h a t  t h i s  i s  t he  case. The a b i l i t y  o f  
subsurface weather ing t o  produce undra ined 
d e p r e s s i o n s  i s  n o t  q u e s t i o n e d  f o r  t h e  
spec i a l  case o f  k a r s t  topography ( S m i t h  
and  A t k i n s o n  1976), i n  which t h e  so l u -  
t i o n a l  e ros i on  o f  l i m e s t o n e  p r o d u c e s  a 
v a r i e t y  o f  f ea tu res .  It i s  o f  p a r t i c u l a r  
i n t e r e s t  t h a t  i n  some s i t u a t i o n s  t h i s  
subsurface removal can l e a d  t o  an undula- 
t i n g  topography w i t h  i n t e r n a l l y  d r a i n e d  
d e p r e s s i o n s  ( d o l i n e s )  ( W i l l i a m s  1969, 
1972; Gunn 1981). 
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i n  landscapes o f  l ess -so l  u b l e  1 i t h o l o g i e s  
has  been n o t  so much c o n t r o v e r s i a l  as 
ignored.  But when r a t e s  o f  chemical  and 
mechanical  weather ing have been compared, 
t h e  conc lus ion  has been t h a t  t h e  l o s s  of 
m a t e r i a l  i n  s o l u t i o n  i s  always s i g n i f i c a n t  
and can exceed t h a t  removed by mechanical  
e ros i on  i n  p a r t i c u l a r  ins tances  (W i l l i ams  
1969; Cleaves e t  a l .  1970;  Carson  and 
K i r k b y  1972; Waylen 1979; Saunders and 
You85  136ij .  Aciordiny t o  Saunders arid 
Young (1983 ) ,  i t  i s  now " f i r m l y  estab-  
l i s h e d "  t h a t  s o l u t i o n a l  d e n u d a t i o n  i s  
impor tan t  f o r  s i  l i ceous  l i t h o l o g i e s .  

For geomorphologi c a l  purposes, denud- 
a t i o n  r a t e s  a re  best  expressed as su r face  
drop. The e f f e c t i v e n e s s  o f  s o l u t i o n a l  
denudat ion may be measured by comparing i t  
t o  t o t a l  denudat ion r a t e s  1 mn drop p e r  
1000 years ,  and Saunders and Young (1983) 
assembled est imates o f  these r a t e s  f r o m  
hundreds o f  pub1 i c a t i o n s  . Comparing r a t e s  
f o r  su r f ace  wash and s o l u t i o n  ( t h e i r  F i g -  
ures 2 and 3, and Tables 3 and 4) leads  
t o  t h e  conc lus ion  t h a t  maximum r a t e s  o f  
s u r f a c e  wash can exceed  maximum r a t e s  
of s o l u t i o n a l  denudat ion by an o rder  o f  
magnitude o r  more. Data a r e  ve ry  sparse 
f o r  Medi ter ranean c l  i m a t e  r e g i o n s ,  b u t  
sur face wash i s  shown rang ing  f rom (1 t o  
7500 mm d r o p  p e r  1000 y e a r s  i n  s t e e p  
topography, and sol  u t i o n a l  denudat ion i s  
ind ica ted ,  presumably on very  1 i m i  t e d  d a t a  
s i nce  no re fe rences  a re  c i t e d ,  as about 20 
mn drop  p e r  1000 years. As would be ex-  
pected; r a t e s  of i u r f a c e  wash a re  g rea te r  
on s teeper  slopes. 

I n t e r p r e t e d  u n c r i t i c a l l y ,  these  num- 
bers  suggest t h a t  on t h e  average any e f -  
f e c t s  o f  s o l u t i o n  i n  s u r f a c e  l owe r i ng  
would be complete ly  ove r r i dden  by s l o p e  
wash. Bu t  t h e  ba l ance  between sur face  
wash and s o l u t i o n a l  p r o c e s s e s  w i l l  ob- 
v i o u s l y  depend on t h e  steepness o f  t h e  
s lope  and t h e  na tu re  o f  t h e  m a t e r i a l  be ing  
weathered (Carson and K i r kby  1972). The 
lower  t h e  slope, t he  more porous t h e  sub- 
s t r a t e ,  and t he  more weatherable t h e  min-  
e r a l s  i n  t h e  subs t r a t e  t he  g rea te r  must be 
t h e  r e l a t i v e  c o n t r i b u t i o n  of s o l u t i o n a l  
weather ing t o  t o t a l  s u r f a c e  d e n u d a t i o n  
g iven  a c l i m a t e  i n  which r a i n f a l l  exceeds 
evapora t ion  f o r  a t  l e a s t  some t imes o f  t h e  
year .  

There i s  f n c r e a s i n s  ~ v f d e n c e  f o r  the  
geomorphologi ca 1 impor tance  o f  s o l u t i o n a l  
w e a t h e r i n g  i n  o t h e r  s e t t i n g s .  S m i t h  
(1931) s t u d i e d  anomalous c i r c u l a r  o r  o v a l  
d e p r e s s i o n s  on l e v e l  su r f aces  of sandy 
sediments on t h e  c o a s t a l  p l a i n  o f  South 
Caro l ina .  He conc luded on t h e  b a s i s  o f  
chemical  a n a l y s i s  t h a t  these  had f o r m e d  
by chemica l  s o l u t i o n  enhanced by t h e  i n -  
creased m o i s t u r e  i n  t h e  dep ress i ons  and 
t h e  p r o d u c t i o n  of a c i d s  by t h e  l u s h  vege- 
t a t i o n  which grew i n  them. i e  Grande 
(1952)  came t o  a s i m i l a r  c o n c l u s i o n  i n  
Nor th  Ca ro l i na .  He argued t h a t  dep res -  
s ions about 60 m i n  d iamete r  and 0.2 t o  1 
m deep were formed by " s o l u t i o n  s u b s i -  
dence," s i nce  t h e  depress ions h e l d  water  
i n  t h e  sp r i ng .  He a l s o  a t t r i b u t e d  " s l i g h t  
undu la t ions  on t h e  up lands"  t o  t h e  same 
cause.  Johnson (1900 ) ,  c i t e d  a b o v e ,  
s t a t e d  " ( t h e )  conc lus ion  t h a t  t h e  innumer- 
a b l e  ho l l ows  i n  t h e  High P l a i n s  sur face.  
l a r g e  and smal l  a l i k e ,  a r e  due t o  ground 
se t t l emen t  r a t h e r  t h a n  t o  some p r o c e s s  
e i t h e r  of  o r i g i n a l  c o n s t r u c t i o n  o r  sub- 
sequent e ros ion ,  seems t o  be unavoidable. "  

Bremer (1973) (see a l s o  Buedel 1977, 
p. 211) worked on a l l u v i a l  p l a i n s  i n  t h e  
Amazon Basin o f  B r a z i l ,  where she r e p o r t e d  
bo th  u n d u l a t i n g  topography i n  some s i t u -  
a t i ons ,  and i n  one a l l u v i a l  landscape many 
c losed  depress ions occupying sma l l  l e v e l  
areas surrounded by deep ly  i n c i s e d  d r a i n -  
ages. She s a i d  t h a t  landforms and depos- 
i t s  p resen t  a re  " e x p l a i n a b l e  o n l y  th rough  
a subter ranean l o s s  o f  m a t e r i a l . "  

B r o s h  a n d  G e r s o n  ( 1 9 7 5 )  w e r e  
i n t r i g u e d  by depress ions s e v e r a l  m e t e r s  
deep a n d  100 o r  more across t h a t  they  
found on r i d g e t o p s  i n  Uganda. They be- 
l i e v e  t h a t  p e r c o l a t i o n  o f  r a i n w a t e r ,  prob-  
a b l y  under  d i f f e r e n t  c l i m a t i c  c o n d i t i o n s  
than those  c u r r e n t l y  p r e v a i l i n g .  and t h e  
removal o f  m a t e r i a l  i n  s o l u t i o n  a r e  t h e  
cause o f  t h e  depress ions.  S ince t h e  de- 
p ress i ons  occur  i n  q u a r t z i t e s ,  phy l  1 i tes,  
sandstones, and sha les  t h e y  p r o v i d e  e v i -  
dence t h a t  under t h e  p rope r  c i rcumstances 
landscapes w i t h  even q u i t e - r e s i s t a n t  1 i t h -  
o l o g i e s  can have f e a t u r e s  caused by s o l -  
u t i o n a l  weather ing.  

A s tudy  by C rab t r ee  and B u r t  (1983) 
i n  England i s  of s p e c i a l  re levance ,  s i nce  
i t  showed t h a t  c o n c e n t r a t i o n  o f  wa te r  i n  
depress ions can e x p l a i n  t h e  e v o l u t i o n  o f  



-. n i i i  - s i o p e  f e a ~ u r e s .  rrrey s i u d  i e u  
subsurface erosion by b u r y i n g  p o l i s h e d  
bedrock t a b l e t s  a t  a dep th  o f  0.4 m across 
a  h i l l - s l o p e  h o l l o w  and i t s  a d j a c e n t  
spu rs .  By w e i g h i n g  t h e  t a b l e t s  before 
b u r i a l  and a f t e r  e x c a v a t i o n  16 months 
l a t e r ,  they  cou ld  assess the r a t e  o f  bed- 
rock weather ing a t  d i f f e r e n t  1 o c a t i o n s  
r e l a t i v e  t o  t h e  ho l low.  They found t h a t  
t h e  g r e a t e s t  l o s s  (about  0.7%) was i n  t he  
cen te r  o f  t h e  h o l l o w  a t  t h e  h ighes t  s lope  
pos i t r on ,  dno tnde ine aver aye weight ;ass 
f o r  t h e  h o l l o w  was 0.42% versus 0.31 t o  
0.35 f o r  losses  on t h e  spurs on e i t h e r  
s ide o f  t h e  ho l low.  The authors concluded 
t h a t  " s o l u t i o n a l  denudat ion appear ( s )  t o  
be e n l a r g i n g  t h e  h o l  l o w  p r e f e r e n t i a l l y  
w i t h i n  a  genera l  p a t t e r n  o f  s lope d e c l i n e  
over t h e  h i l l s l o p e . "  The i r  r e s u l t s  sup- 
p o r t  t h e  conc l us i on  of Carson and K i rkby  
(1972) t h a t  subsur face water e ros ion  i s  a  
ma.jor f a c t o r  i n  h i l l s l o p e  evo lu t i on .  

Since t he re  i s  accumula t i n g  evidence 
f o r  su r f ace  depress ions caused by s o l u t i o n  
even i n  s i t u a t i o n s  dominated by r e l a t i v e l y  
r e s i s t a n t  bedrock i n  d i s sec ted  topography, 
i t  seems c e r t a i n  t h a t  nea r l y  l e v e l  areas 
o f  a l l u v i u m  exposed t o  weather ing f o r  more 
than 100,000 years would have some f ea -  
t u res  a t t r i b u t a b l e  t o  t h e  same cause. Way 
(1978) proposed t h a t  " b u f f a l o  basins" i n  
Texas mav have o r i a i n a t e d  as " s o l u t i o n  
p i t s  ," and gave ev idence  i o r  the potency 
o f  chemica l  w e a t h e r i n g .  Thus i t  seems 
p l a u s i b l e  t h a t  s o l u t i o n  depressions a re  
present  on t h e  o l d e r  a l l u v i a l  ter races i n  
C a l i f o r n i a .  But would these depressions 
form t h e  a lmost  r e g u l a r  p a t t e r n  which i s  
so obvious i n  a i r  photos (F igure I5 ) ?  

A m o d e l  f o r  m o u n d  o r i g i n  b y  
weatherino. The weather ing  hypothes is  i s  
based on t h e  assumption t h a t - t h e  r a t e  o f  
drop o f  t h e  a l l u v i a l  su r face  i s  propor-  
t i o n a l  t o  t h e  amount of  " f resh"  ( i . e . ,  
r e l a t i v e l y  pure m i n e r a l - f r e e )  water t h a t  
moves t h r o u g h  i t .  I t  i s  assumed t h a t  
i f  a  p a r t i c u l a r  b lock  o f  ma te r i a l  rece ives  
tw i ce  t h e  q u a n t i t y  of " f r esh "  water,  i t 
w i l l  l o s e  a p p r o x i m a t e l y  t w i c e  as much 
m a t e r i a l  i n  s o l u t i o n ,  and there fo re  f a l l  
i n  e l e v a t i o n  a t  t w i c e  t h e  r a t e ,  assuming 
no mechanical  e ros i on  from h i gh  p o i n t s  t o  
be~ressions. 

The i n i t i a l  c o n d i t i o n  may be a  n e a r l y  
l e v e l  su r face  w i t h  o n l y  minor microtopog- 

, , .  , aIJu , L  "CL, f 5 ~ i t  , -e~u:tSi i j i  :;;;;I the c x -  
d i t i o n s  of d e p o s i t i o n  and f rom postdepo- 
s i t i o n a l  movement by wi6d, water,  and a n i -  
m a l s .  W a t e r  c o l l e c t s  i n  t h e  
microdepressions , and t h e  th rough f  low i n  
these smal l  depress ions  i s  s i g n i f i c a n t l y  
g rea te r  than t h e  sur round ing  mounds. The 
q u a n t i t y  of  wa te r  accumulat ing i n  a  de- 
p r e s s i o n  i s  a f u n c t i o n  o f  the  d ra inage  
area f eed ing  i t .  I n  t h i s  i n i t i a l  phase 
removal of m a t e r i a l  by chemical s o l u t i o n  . - .  , Cif'"iia;y c cc,t;'L..l- _..̂I. 

i $ V i  ,,-, ; Q " L c  ii,LL;; k: the 
drop in .  t he  sur face.  I n  f a c t ,  i t  i s  pos- 
s i b l e  t h a t  t h e  a c t u a l  volume o f  t h e  
weathered m ine ra l s  may be g rea te r .  How- 
ever, sa tu ra ted  s o i l s  tend t o  l o s e  s t r u c -  
tu re ,  ana as H a r r i s  (1958) and White and 
Law (1969) p o i n t e d  ou t ,  t he re  can  be  a  
development  of p a t t e r n e d  ground r e l a t e d  
s o l e l y  t o  t he  l o s s  o f  s t r u c t u r e  o f  s o i l s  
i n  depressions. I t  i s  a l s o  poss i b l e  f o r  
expans ion  o f  t h e  d r y i n g  s o i l s  o f  t h e  
mounds t o  d c c e n i u d i e  l i ~ i s  ~ ~ a t i e r . ~ ~ .  ii.1 

t h i s  c o n t e x t  t h e  o b s e r v a t i o n s  o f  B u l l  
(1964) on t h e  behav io r  o f  c o l l a p s i n g  s o i l s  
i n  C a l i f o r n i a  i s  r e l e v a n t .  He r e p o r t s  
t h a t  " i r r i g a t e d  farmlands [on c o l l a p s i n g  
s o i l s ]  tend t o  have humnocks and ho l lows  
caused by d i f f e r e n t i a l  subsidence," Thus 
t he  i n i t i a l  p a t t e r n  i n  t h e  even tua l  mound 
f i e l d  may be generated s o l e l y  by c o l l a p s e  
o f  m a t e r i a l  i n  t h e  dep ress i ons  w i t h o u t  
s i g n i f i c a n t  wea ther ing .  The symnetry may 
then a r i s e  by ,y rnechdriisrn i i k e  t t i d t  pos t -  
u l a t e d  f o r  p o l y g o n a l  k a r s t  by W i l l i ams  
(1972),  i n  which t h e  dra inage o f  sma l le r  
depressions i s  cap tu red  by l a r g e r  depres- 
s i  ons . 

The second phase o f  development i s  
reached when t h e  wate r  moving through t he  
so i  1  p r o f i  l e  beneath t he  depressions leads  
t o  a  s i g n i f i c a n t l y  g rea te r  l o ss  o f  mater-  
i a l  f rom t he  depress ions as a  consequence 
o f  chemical wea ther ing .  The r e s u l t  i s  an 
acce le ra t i on  o f  t h e  process. As t he  de- 
press ions s i nk  r e l a t i v e  t o  t h e  mounds, 
p ropo r t i ona te  ly  more o f  t he  r u n o f f  moves 
through t he  depress ions,  i n c r e a s i n g  t h e  
r a t e  o f  d r o p .  The p r o c e s s  s h o u l d  
even tua l l y  s low as more r e s i  s t a n t  minerals> 
accumula te  and  a s  t he  l o c a l  topography 
becomes s teep enough t o  cause m a t e r i a l  t o  
erode from mounds i n t o  t h e  pool  bas ins.  
Over t he  l o n g  t i m e  pe r i ods  i n v o l v e d  t h e  
p o s s i b i l i t y  t h a t  t h e r e  i s  s i g n i f i c a n t  dus t  
i n p u t  mus t  a l s o  be  c o n s i d e r e d  (Muhs  
1980). 



The i n t e r a c t i o n  o f  b i o l o g i c a l  and 
phys i ca l  f a c t o r s  m igh t  a l s o  have p layed  a  
r o l e .  Besides t h e  w e l l  -known r e l a t i o n s h i p  
between p l a n t  cover  and r u n o f f ,  t h e r e  i s  
t he  poss i  b i  1  i t y  o f  o rgan i c  a c i d s  enhancing 
weather ing ( C u r t i s  1976). T rudg i  11 (1976) 
c i t e d  a  case where a l g a l  r e s p i r a t i o n  i n  
temporary ponds increased ca 1  c  ium c a r -  
bonate d i s s o l u t i o n .  

If t h e  hypothes is  o f  subsidence i s  
c o r r e c t ,  t hen  one would e x p e c t  t o  f i n d  
c e r t a i n  f e a t u r e s  and p rocesses  i n  t h e  
present  landscape: 1) T h e r e  s h o u l d  be 
ev i dence  o f  more i n t ense  weather ing i n  
d e p r e s s i o n s  ( i n c l u d i n g  t h o s e  w i t h o u t  
p o o l s )  than i n  mounds. 2 )  The r a t e  o f  

i n p u t  of m a t e r i a l  f r o m  t h e  mounds t o  t h e  
depressions by  mechanica l  e r o s i o n  shou ld  
be s lower  than  t h e  r a t e  o f  r e m o v a l  o f  
m a t e r i a l  by weather ing.  3) The m i n e r a l  
con ten t  of water  p e r c o l a t i n g  t o  t h e  bo t tom 
of t h e  solum beneath t h e  mounds over  t h e  
course of a  y e a r  shou ld  be l owe r  r e l a t i v e  
t o  t h e  depth o f  s o i l  than  t h a t  o f  wa te r  
moving through t h e  s o i l  beneath dep res -  
s i  ons . 

The re  a re  few o r  no da ta  on t hese  
t h r e e  p o i n t s ,  s i nce  t h e r e  have been v e r y  
few s tud i es  which have l ooked  i n  d e t a i l  a t  
t h e  sma l l - sca le  toposequence o f  s o i l s  from 
mound t o  p o o l .  A d d i t i o n a l  obse rva t i ons  
are c l e a r l y  needed. 



CHAPTER 3. THE BIOTIC SETTING 

3.1 THE CALIFORNIA BIOTIC PROVINCE 

The v e r n a l  pools of C a l i f o r n i a ,  as 
d e f i n e d  h e r e  and i n  H o l l a n d  and J a i n  
(1977) 1  i e  e n t i r e l y  w i t h i n  the  C a l i f o r n i a  
F l o r i s t i c  Province (CFP) o f  Raven and 
Axel r o d  (1978). Th is  region,  e s s e n t i a l l y  
t he  nondesert p a r t  of C a l i f o r n i a  p l u s  the  
~ e d i t e r r a n e a n  c l  imate areas o f  Oregon and 
B a j a  C a l i f o r n i a ,  i s  o n e  o f  h i g h  
p l a n t - s p e c i e s  d i v e r s i t y  a n d  h i g h  
endemism. Both these c h a r a c t e r i s t i c s  may 
be e x p l a i n e d  by the  genera l ly  m i l d  but 
geographical ly  vary ing  c l imates,  the  topo- 
g r a p h i c  and geo log ica l  d i v e r s i t y  o f  the 
region, and, f o r  some c l i m a t i c  zones, 
geographic i s o l a t i o n  f rom regions o f  sim- 
i l a r  c l ima te  (Raven and Axelrod 1978). 

3.2 THE CURIOUS CASE OF AMPHI- 
TROPICAL DISJUNCTIONS OF VERNAL 
POOL PLANTS 

One o f  t h e  i n t r i g u i n g  pat te rns  i n  the  
p l a n t  geography o f  N o r t h  Amer ica,  and 
espec ia l l y  C a l i f o r n i a ,  i s  t h a t  o f  "amphi- 
t r o p i c a l  d i s j u n c t i o n " :  the  occurrence o f  
the same o r  s i m i l a r  species i n  the po lar  
o r  temperate reg ions  o f  North and South 
America, bu t  not i n  the  i n te rven ing  t r o p i -  
c a l  areas. A  s u r p r i s i n g l y  la rge number 
o f  v e r n a l  poo l  genera and species have 
t h i s  d i s t r i b u t i o n  pa t te rn .  There are only 
two poss ib le  explanat ions f o r  these ex- 
treme d i s j u n c t i o n s :  sepa ra t i on  o f  once- 
c o n t i n u o u s  p o p u l a t i o n s ,  o r  t h e  
long-distance d i spe rsa l  o f  p lan ts  from one 
o f  t h e  temperate areas i n t o  the other .  
For a  v a r i e t y  o f  reasons e x p l a i n e d  i n  
d e t a i l  i n  Raven ( 1963 ) ,  i t  appears t h a t  
t h e  second exp lanat ion  app l ies  t o  most o f  
t he  instances o f  d i s j u n c t i o n .  

Of the  about 130 species or  species 
p a i r s  invo lved i n  amphi t ropical  d i s j u n c -  

t i o n  (Raven 1963) about 10-15 are vernal  
pool p lants,  and a  number o f  others are 
g r a s s l a n d  p lan ts  associated w i th  vernal  
pools (Thorne and Lathrop 1970, Table 5 ) .  
I t  i s  t hough t  t h a t  t h e  ve rna l  pool 
p lan ts  shared between N o r t h  and South 
A m e r i c a  were  d i s p e r s e d  by m i g r a t i n g  
b i rds .  As Raven (1963) po in t s  out,  how- 
ever, a r r i v a l  a t  a  d i s t a n t  l oca t i on  i s  o f ,  
no consequence unless there  i s  successful 
e s t a b l i s h m e n t .  The newly a r r i v e d  seed 
would have t o  germinate, and t h e  p l a n t  
grow and produce v iab le  seeds. One would 
the re fo re  expect p l a n t  groups w i t h  amphi- 
t r o p i c a l  d i s j u n c t i o n s  t o  be species o f  
open hab i ta t s  capable o f  producing seeds 
wi thout  cross p o l l i n a t i o n .  No doubt m i -  
g ra t i ng  b i rds  t ranspo r t  thousands o f  seeds 
l o n g  d i s tances  each year, but the vast 
m a j o r i t y  o f  these f a i  1  t o  es tab l i sh  perma- 
nent populat ions . 

Vernal pool p lan ts  f i t  the pa t te rn  o f  
spec ies  t h a t  s h o u l d  make s u c c e s s f u l  
long-distance migrants. As discussed i n  
subsequent s e c t i o n s ,  t h e y  a r e  o f t e n  
s e l f - f e r t i l e  o r  apomictic, and have small 
seeds capable o f  l ong  dormancy. Equal ly  
i m p o r t a n t ,  a  v e r n a l  poo l  i s  a  h a b i t a t  
r e l a t i v e l y  open t o  invasion.  The hazards 
t o  s u r v i v a l  are greatest  up t o  t he  t ime o f  
germination. Once establ ished,  a  s u i t a b l y  
adapted p l a n t  has a  good chance o f  suc- 
cess fu l  reproduction. The opposite con- 
d i t i o n  holds i n  a  dense fo res t ,  f o r  ex- 
ample, where a  germinated seed must face 
i n t e n s e  shade and compet i t ion from the  
r o o t s  o f  a l r e a d y  e s t a b l i s h e d  t r e e s ,  
shrubs, and herbs. I n  f a c t ,  none o f  the  
s t r i k i n g  cases o f  amphi t ropical  d i s j unc -  
t i o n  invo lve  p lan ts  from h e a v i l y  vegetated 
environments. 

The amphi t ropical  d i s j unc t  ions are o f  
i n t e r e s t  i n  themselves, b u t  a l s o  t e l l  us 
something important about the  func t i on  o f  
vernal  pools w ~ t n i n  Ca l i f o rn ia .  I f  pool 



p lants  have been ca r t - i ed  thousands o f  
m i l e s  by b i r d s ,  t h e n  t h e  d ispersa l  o f  
vernal pool  p lan ts  over tens o r  hundreds 
o f  m i l e s  must be p r o p o r t i o n a t e l y  more 
comnon. With in t he  CFP there  must be a 
con t i nuous  t r i c k l e  o f  propagules among 
hab i ta t s  t h a t  are used by b i r d s ,  which 
shou ld  be e s s e n t i a l l y  a l l  v e r n a l  pool 
hab i ta t .  This suggests t h a t  the  presence 
or absence o f  the d ispersable species i s  
con t ro l l ed  more by l o c a l  s i t e  and c l i m a t i c  
factors than by geographica 1 is01 a t  ion. 

3.3 RELATION OF VERNAL POOLS TO 
OTHER HABITAT TYPES 

viewed i n  t he  vege ta t i on  con tex t  i n  which 
they occur. Because they  a re  e s s e n t i a l l y  
r e s t r i c t e d  t o  l e v e l  o r  g e n t l y  s lop ing  
land, u s u a l l y  on a l luv ium,  t h e  associated 
vegetat ion types a re  those o f  t he  coasta l  
mesas and i n l a n d  a l l u v i a l  va l l eys .  Along 
the coast t h e  remaining ve rna l  pools are  
found most ly  w i t h  annual grass land, though 
i n  places (pa r t s  o f  Kearny Mesa, San Diego 
County, Vandenberg A i r  Force Base (AFB) , 
Santa Barbara County) t h e  poo ls  occur w i t h  
evergreen chaparra 1 usua 1 l y  dominated by 
chami se (Adenostoma f a s c i  culatum) . Fur- 
t he r  nor th,  and on t h e  Santa Rosa Plateau, 
vernal  pools occur i n  o r  near oak wood- 
land. 

Vernal pools are never the  dominant Although the  i s l a n d - l i k e  d i s t i n c t i v e -  
f e a t u r e  o f  t h e  landscape and must be ness o f  vernal  pools i s  s t r i k i n g ,  i t  i s  a 

Table 5. Species and species groups of vernal pools that show amphitropical disjunction between 
temperate South America and North America. It is not necessarily true that the source area of 
North American groups found in South America was the vernal pools of California, since some 
species occur in many habitats besides vernal pools. All North American species are found in the 
coastal vernal pools except Downingia humilis. 

N. American taxa S. American taxa and l o c a t i o n  Reference 

Anagal l is  minima same, Chi le TL 
Blenospermum nanum B. chi lense,  Chi le 0 
Boisduval ia -la 5 spp., Chi l e  and Argentina TL 
Crassula erec a same, Chi le TL 
D e s c h a m p s i a t h o n i o d e s  D. monandra, Chi le R 

6. Chi le R 
?ame,-Chie R,TL 

F X ' G E  megalura same, Bol i v i a ,  Peru, 
Uruguay, T ie r ra  de l  Fuego R 

Lasthenia glaberr ima - L. k u n t h i i ,  Chi le 0 
:yenere 1 irnosa sam-ntina, Ch i le  H 
i aea s c ~ e s  same, Chi le TL 

L t h r u m  hyssopi fo l  ium same, Chi le RY-- - -  
TL 

yosurus min imus M. pa;agonicus?, R 
Araen Ina 

Navarret ia spp. N.- invol ucrata, Chi le H 
Pha lar is  lemnoni i F. p la tens is ,  Argentina, R 

Braz i  1 
P i l u l a r i a  americana same, Chi le 
Plaaiobothrvs SDD. Peru t o  Chi le " . . 
Psilocarphu; brevissimus same, Argentina, Ch i le  R 

enel 1 us P. b e r t e r i  , Chile R ~~~ pla tens i s  Ch i le  R 

Reference code: R = Raven 1963 0 = Ornduff (1963) 
TL = Thorne'and [athrop (1970) 

H = R. Hol land (pers. corn.). 



mistake t o  assume t h a t  "poo ls"  and "non- 
pools" are t h e  o n l y  ca tego r ies  of vege- 
t a t i o n  i n  verna l  pool  landscapes. I n  an 
area o f  r o l l i n g  mounded topography, such 
as t h a t  on Kearny Mesa, t h e r e  are many 
depressions i n  which t h e  v e g e t a t i o n  i s  
d i s t i n c t l y  d i f f e r e n t  f rom t h a t  o f  the 
mounds but  wh ich  a r e  a l s o  c l e a r l y  n o t  
v e r n a l  poo l s .  There i s  a continuum o f  
water-durat ion c h a r a c t e r i s t i c s  from basins 
o f  long du ra t i on  i n  which ve rna l  pools i n  
t h e  s t r i c t  sense develop, and those  i n  
which sur face water and t h e  perched water 
t a b l e  e x e r t  some i n f l u e n c e  but  do not  lead 
t o  the  format ion of a t r u e  aquat ic  eco- 
system. U n f o r t u n a t e l y ,  t h e r e  a r e  no 
studies t h a t  have examined t h e  f u l l  range 
o f  vegeta t ion  of verna l  pool  landscapes. 
Schl i s i n g  and Sanders (1982) d i d ,  however, 
sample t h e  surrounding v e g e t a t i o n  i n  t h e i r  
study o f  pools a t  R ichva le  i n  t he  Centra l  
Val ley, and Kopecko and L a t h r o p  (19751 
inc luded the  "d ry  g rass land  zone" i n  t h e i r  
study on the  Santa Rosa P l a t e a u .  De1 
Mora l  and D e a r d o r f f  (1976) presented a 
comprehensive ana lvs i s  o f  v e g e t a t i o n  o f  
t h e  Mima P r a i r i e  i n  Washington, but t h i s  
landscape does not  c o n t a i n  poo ls .  

3.4 BIOTIC CHANGES IN THE LAST 
200 YEARS 

The i n t r o d u c t i o n  of European land-use 
p rac t i ces  i n  t he  18th cen tu ry  dramati-  
c a l  l y  a1 te red  t h e  v e g e t a t i o n  o f  the  state,  
espec ia l l y  t h e  grasslands and open wood- 
lands near vernal  pools.  F i r s t ,  t he  do- 
m e s t i c a t e d  g r a z i n g  an ima ls  both i n t r o -  
duced and favored t h e  spread o f  Medi ter-  
ranean and Eurasian weedy p l a n t s  (Heady 
1977). especia 1 l y  annua 1 grasses. These 
p lan ts ,  presumably because o f  t h e i r  t o l -  
erance t o  grazing, b u t  a l s o  perhaps be- 
cause o f  t h e i r  freedom from insec t  her- 
b ivory  and pathogens, spread i n t o  eve ry  
c o r n e r  o f  t h e  s t a t e  w i t h  as tound ing  
r a p i d i t y .  The annua l  g rasses  became 
dominant, d i s p l a c i n g  t h e  n a t i v e  perennia l  
bunch grasses (e.g., M e l i c a  spp., S t i pa  
SPP. ) 

So thoroughly have these p lan ts  be- 
come n a t u r a l i z e d  t h a t  t h e r e  has been i n  

Sane cases cons j derable confusion over the  
introduced s ta tus  of some spec ies .  For  
example, Fes tuca ( v u l p i a )  me a l u r a ,  a 

-%T-fT be small annual grass, w t h o u g  
na t i ve  (e.g., Munz 1974), i s  now sa id  t o  
be introduced (Lonard a n d  G0uld 1974).  
Heady (1977), p o i n t i n g  o u t  t h e  present 
importance of i n t roduced  annuals and the  
impossi b i  1 i t y  of range land  management e l  i- 
minat ing  these species, proposed t h a t  we 
acknowledge t h e i r  s t a t u s  by r e f e r r i n g  t o  
them as "new nat ives . "  

There have been changes i n  grassland 
landscapes beyond t h e  s h i f t  i n  spec ies  
composition. ~t i s  a l s o  obvious t h a t  t he  
p r e s e n t  and o r i g i n a l  d i s t r i b u t i o n  o f  
grassland i s  not the same, though opinions 
d i f f e r  on how much change the re  has been 
and i n  what d i r e c t i o n .  Heady (1977) be- 
l i eves  tha t ,  e x c l u d i n g  deve loped  lands 
(farms, c i t i e s ,  etc,  ) , t h e  d i s t r i b u t i o n  of 
grassland i s  about  the same today as i t  
was 200 years ago. Dodge (1975), on the  
other hand, argues t h a t  g raz ing  and de- 
creased f i r e  frequency have favored the  
spread o f  brush a t  t h e  expense o f  grass- 
land. I w i l l  f o l l ow  Oberbauer (1978) here 
i n  suggesting t h a t  t h e  m a j o r  change i n  the  
v i c i n i t y  o f  vernal  p o o l s  has been f o r  t h e  
combined e f fec t s  o f  wood c u t t i n g ,  grazing, 
f i r e ,  and i n t r o d u c e d  p l a n t s  t o  cause  
grassland t o  increase i n  area r e l a t i v e  t o  
oak woodland and shrub lands.  This i s  t he  
case i n  the  Landmark s i t e  on Kearny Mesa, 
where a sharp l i n e ,  a p p a r e n t l y  da t i ng  t o  
past  c lear ing ,  separa tes  t h e  "grassland" 
v e r n a l  p o o l s  from t h o s e  t h a t  occur i n  
dense chamise chapar ra l  (see F igure  60). 
The pa t te rn  i s  not so  obvious i n  Figure 
15, bu t  the  s to ry  i s  p robab ly  t he  same. 
Patches o f  chamise c h a p a r r a l  occur on the  
mesa top, probably remnants o f  the  o r i -  
g i n a l  vegetat ion,  but t h e  dominant vegeta- 
t i o n  t y p e  i s  an  o p e n  a n n u a l  g r a s s -  
l a n d - c o a s t a l  sage s c r u b  t h a t  a lmost  
c e r t a i n l y  i s  the r e s u l t  o f  past  grazing 
and f i r e .  

Cox (1984b, and p e r s .  corn . ) ,  because 
he be l ieves  t h a t  pocket  gophers formed the  
mounds and could o n l y  have done so i n  a 
grassland s i t u a t i o n ,  a l s o  b e l i e v e s  t h a t  
the heavy brush c 0 v e r . i ~  a recent  phenome- 
non. This may be, b u t  l a c k i n g  other  more 
d i r e c t  evidence fo r  t he  recen t  expansion 



n f  rh?mir_n rh t?d r r f ! ,  h i s  5dea m r t  be 
viewed as an i n t e r e s t i n g  hypo thes i s .  

Though t h e r e  i s  ample room f o r  argu-  
ment ,  a  reasonable e x t r a p o l a t i o n  o f  t h e  
p resen t  s i t u a t i o n  i n t o  t h e  p a s t  suggests 
t h a t  most ve rna l  poo ls  were p robab l y  i n  o r  
near perennia l -dominated g rass l and  o r  an 
open shrub-grassland, b u t  i t  seems j u s t  as 

c e r t a i n  t h a t  some pools ( e , g + o  Yearny Mesa 
i n  San Diego County and B u r t o n  Mesa i n  
Santa Barbara County) o c c u r r e d  i n  r e l a -  
t i v e l y  heavy shrub  cover .  The p o o l s  of  
t h e  n o r t h e r n  C e n t r a l  V a l l e y  may h a v e  
occur red  i n  oak woodland and oak savanna 
(R. Ho l land ;  pe r s .  comm.), a  s i t u a t i o n  
s i m i l a r  t o  some o f  t h e  g i l g a i  p o o l s  o f  
A u s t r a l i a  (Beadle 1981). 



CHAPTER 4. ORGANISMS OF VERNAL POOLS 

A problem i n  c h a r a c t e r i z i n g  t h e  b i o t a  
o f  any ecosystem i s  t h a t  o f  reduc ing  t h e  
comp lex i t y  t o  a  manageable l e v e l .  I n  t h e  
s e c t i o n s  t h a t  fo l - l ow I w i l l  d i s cuss  s e -  
l e c t e d  examples o f  ve rna l  pool  taxa. Some 
o f  t hese  a r e  s t r i c t l y  ve rna l  poo l  s p e c i a l -  
i s t s ,  w h i l e  o thers  range  w i d e l y  and i n -  
c l u d e  v e r n a l  poo ls  i n  t h e i r  range  o f  h a b i -  
t a t s .  Because i t  was t h e  b o t a n i c a l  com- 
ponent t h a t  f i r s t  d i r e c t e d  a t t e n t i o n  t o  
C a l i f o r n i a  ve rna l  poo ls ,  I beg in  by con-  
s i d e r i n g  t h e  h i g h e r  p l a n t s ,  t h e  most con-  
s p i c u o u s  o f  t h e  un ique elements o f  t h e  
pool  b i o t a .  The spec i es  emphas ized  a r e  
t h o s e  t h a t  occur  i n  t h e  c o a s t a l  v e r n a l  
pools ,  bu t  I draw upon s t u d i e s  f rom t h e  
Cen t ra l  Va l l ey  done w i t h  the  same o r  s i m -  
i l a r  spec ies.  

4.1 LARGER (VASCULAR) PLANTS 

i o  a l  i i e r e n c i  a t e  among t h e  c a ~ e g o r i e s  
o f  p l a n t s  a s s o c i a t e d  w i t h  pools ,  I have 
adopted t h e  f o 7 l o w i n g  c l a s s i f i c a t i o n  sys-  
tem: 

Pool r e s t r i c t e d  (Table 6 A ) :  P lan t s  
whose d i s t r i b u t i o n  i n  coas ta l  C a l i f o r n i a  
i s  comp le te ly  or  s u b s t a n t i a l l y  r e s t r i c t e d  
t o  ve rna l  p o o l  b a s i n s .  Some o f  these  may 
a l s o  be common i n  o t h e r  h a b i t a t s  ou t s i de  
o f  our area.  T h i s  group i nc l udes  those  
p l a n t s  usua l  ly t h o u g h t  of as i n d i c a t o r s  o f  
ve rna l  poo l  h a b i t a t .  P u t t i n g  t h i s  s imply ,  
if a number o f  p l a n t s  of  t h i s  group occur  
t oge the r  i n  a p a r t i c u l a r  p l a c e ,  i t  i s  
v i r t u a l l y  c e r t a i n  t h a t  t h e  h a b i t a t  i s  a  
ve rna l  poo l .  

Occu r r i ng  i n  poo ls ,  b u t  a l s o  common 
i n  o t he r  a q u a t i c ,  marshy, o r  s e a s o n a l l y  
wet  habi ta t ;  ( ~ a b i e  68) : - These a r e  p l a n t s  

Because poo l s  are a very t h a t  l ~ r a ! l y  may be r e s t r i c t e d  t o  ve rna l  
l o c a l  phase i n  a  l a r g e r  comnunity, a  com- pool  bas ins o r  o c c u r  ma in l y  i n  v e r n a l  pool  
p l e t e  l i s t i n g  of a l l  p l a n t  spec ies that basins,  b u t  w h i c h  a l s o  o c c u r  i n  o t h e r  
occur w i t h i n  100 m o f  t h e  ve rna l  poo ls  of a q u a t i c ,  mars h ,  or seepage h a b i t a t s  in 
coas ta l  Cal i f o r n i a  would p robab ly  i n c l u d e  coasta 1 Ca 1  i fornia. 
t h e  a r e a t e r  p a r t  o f  t h e  f l o r a  o f  g r a s s -  
land;, oak woodlands, coas ta l  sage sc rub ,  
chapar ra l ,  and weed patches. Fur thermore,  
even though vascu la r  p l a n t s  a r e  much b e t -  
t e r  known than ve rna l  pool organisms o f  
o t he r  taxonomic groups, d e t a i  l ed  s p e c i e s  
l i s t s  w i t h  anno ta t ions  of occurrence o f  
p l a n t s  i n  poo ls  a re  l i m i t e d .  There fo re .  
t o  keep t h e  l i s t  reasonably  sho r t  w h i l e  
i n c l u d i n g  t h e  more i n t e r e s t i n g  species, I 
have l i s t e d  a l l  p l a n t s  t h a t  have been  
r e p o r t e d  as be ing  common i n  o r  r e s t r i c t e d  
t o  v e r n a l  pools  (Table 6 ) .  I have a l s o  
i nc l uded  t h e  more f requen t  spec ies  t h a t  
a re  assoc i a t ed  w i t h  v e r n a l  pool  s, a l t h o u g h  
t h e  weediest  p l a n t s  t o  be expected o n l y  
i n  v e r y  d i s t u r b e d  poo ls  have been e x c l u d -  
ed .  The l i s t  g i v e n  h e r e  s h o u l d  b e  
compared t o  t h e  comprehens i  ve l i s t  of  
genera f o r  a l l  C a l i f o r n i a  v e r n a l l y  m o i s t  
h a b i t a t s  g i ven  i n  Thorne (1984). 

O c c u r r i n g  i n  poo ls ,  bu t  more common 
i n  t e r r e s t r i a  1 h a b i t a t s  (Tab le  6C)  : These 
p l a n t s  a re  f o u n d  w i t h i n  t h e  inundated area 
o f  verna 1  p o o l  s , b u t  even 1  oca 1  l y  a re  more 
common o u t s i d e  o f  poo ls .  The i r  popula-  
t i o n s  do n o t  depend on ve rna l  poo l  hab- 
i t a t ,  e i t h e r  1  o c a  l l y  o r  r e g i o n a l l y .  

A s s o c i a t e d  w i t h  p o o l s  ( T a b l e  6D): 
Th i s  group i n c  1  udes  p l a n t s  t h a t  a r e  corrmon 
i n  t h e  v i c i n i t y  o f  poo l s  and which may be 
cons idered  t o  be i n d i c a t o r s  o f  v e r n a l  poo l  
landscapes b t ~  t n o t  s p e c i f i c a l l y  o f  v e r n a l  
p o o l s .  P o ~ u l a t i o n s  of these  p l a n t s  a r e  
n o t  dependent o n  ve rna l  pool  bas ins  f o r  
ha b i t a t ,  b u t  p r e s u ~ b l y  b e n e f i t  from o t h e r  
f e a t u r e s  o f t e n  a s s o c i a t e d  w i t h  v e r n a l  
poo ls ,  such a s  s o i l s  h i g h  i n  c l a y ,  o r  
seasona l l y  h i g h  s o i  1  mo is tu re .  



Table 6A. Vascular plants that occur within pool basins and that are largely restricted to 
vernal pools within the study area of coastal California. These are the plants which are 
indicators of vernal pools. as vernal pools have been defined in this study. If several of these 
species are found together wi th plants of Table 6B, the area in which they are found is 
probably a vernal pool. Plants with an I/  in the "Type" column are introduced species. 

P l an t s  Typea ~ e ~ i o n s b  Phenol .c 

Apiaceae 

Eryngium a r i s t u l a t u m  P SD,BC ,SR,SLO D 
Er armatum & vi P 

SB,SLO WID? 
P BC + vaseyi  P SLO WID 

As teraceae 
Blennos permum nanum A SR, SLO W 
Gnaphal ium p a l i E ' K  A BC ,SR,SB 
Remizonia perenn is  P ? BC 
Las then ia  g l a b e r r r i m a  A SL 0 WID 
Vs i locarphus  b rev iss imus  A SD,BC ,SR,SLO,SB W I D  

A SL0,SB 
A SD, BC ,SR WID 

Borag i nac eae 

Brassicaceae 
S ibara  v i r g i n i c a  A /  B 

C a l l i t r i c h a c e a e  

C a l l i t r i c h e  h e t e r o ~ h v l l a  A? I J 

C a l l  i t r i c h e  long ipeduncu la ta  A 
C a l l ~ t r i c h e  mara ina ta  A 

Campanu 1 aceae 

Downingia be1 l a  A 
Downingia cusp ida ta  A 

Crassulaceae 

Crassula aqua t i ca  A 

E l a t i naceae  

Berg ia  texana 
E l a t i n e  brach sperma 
~natine ca 77Y---- i o r n i c a  
E l T F F  c h i l e n s i s  A 
EXXiiF heterandera A 

SD , BC WID 
BC 
SL 0 
BC,SR,SLO,SB WID 

SR 
SD,BC,SR A 
SD,BC ,SR,SLO,SB AIW 

(continued) 



Table 6A. IConcluded). 

P lan t s  ~ y p e ~  Regions 
b Phenol .' 

Isoetaceae 
I soe tes  h o w e l l i i  
Isoetes o r c u t t i i  

Lamiaceae 
Pogo yne abramsi i Pe ononvne K Z E Z E i l a  

SD 
SD, BC 

L i  laeaceae 
L i l a e a  s c i  l l o i d e s  A SD,BC ,SR,SLO A - 

Lythraceae 
Lythrum h y s s o p i f o l  i a  A /  P SD,BC,SR,SLO,SB W 

Mars i leaceae 
Mars i  l e a  v e s t i t a  P SD,BC ,SR,SLO A 
F i X i E T a a m e r i c a n  a P SD,BC,SR,SLO,SB A/W 

Onagraceae 
Bo i sduva l i a  g l a b e l l a  A BC ,SLO,SB 

Poaceae 
A l o  ecurus howel 1 i i A BC,SR,SB 
&a danthonio ides A SD,BC ,SR,SLO AID 
O r c u t t i a  c a l i f o r n i c a  A SD, BC ,SR WID 
Phalaris c a r o l  i n i a n a  I /A S R 
Phararis f e m o n i  i A SD,SLO,SB W 
Phararis paradoxa I / A  SB 

Polemoniaceae 
Nava r re t i a  p r o s t r a t a  A SR,SLO 

Primu laceae 
A n a g a l l i s  minimus A SD,BC,SR,SB W 

Ranunculaceae 
Myosusrus minimus 

Scrophular iaceae 

Mimul us l a t i d e n s  A BC ,SLO 

Solanaceae 

Petunia p a r v i f  l o r a  A BC 

aSee t e x t ,  

b ~ e ~ i o n  codes: SD = San Diego SLO = San L u i s  Obispo 
BC = Baja C a l i f o r n i a  SB = Santa Barbara. 
SR = Santa Rosa Plateau 

CPhenol ogy symbol. See t e x t .  



Table 6B. Vascular plants that are found in vernal pools, but that are more common in other 
aquatic, marsh. or seepage areas. Species with I/ in the "Type" column are introduced. 

Plan ts  Type Regions Phenol. 

Asteraceae 
Cotu la  c o r o n o p i f o l i a  I / P  SD,BC ,SR,SB A/W 

Convolvu?aceae 
Cressa t r u x i  1 l e n s i s  P BC 

Cyperaceae - .  
E leochar i s  a c i c u l a r i s  P BC,SR,SLO,SB A/W 
k l e o c h a r i s  b e l l a  A SD A/W 

P SD,SR,SLO,SB A/W 
P SR 

Frankeniaceae 
Frankenia g r a n d i f o l  i a  

Juncaceae 
Juncus b u f o n i s  
Juncus mexicanus 
Juncus phaeoce ~~ SLO 

SD 
SR 
S B 
SR 

Juncus $%GETrpus 
Juncus t e n u i s  
Juncustiehmii 
Juncus t r i f o r m i s  

Lamiaceae 
Stachys a jugo ides  

Lemnaceae 
Lemna minima -- 

Ma1 vaceae 
Sida lep rosa  

Poaceae 
C r  p s i s  n i l i a c a  
i?- r v ~ s i s  schoenoides 
tFi?€Xilis s i c a t a  
t l vmus  t r i  fea i c o i  es .- - - -  

mrn brachvantherum P SB.SLO " 
w o n  monspel i ens  i s  I /A SD;SB,SLO 

Polygonaceae 
Rumex c r i s p u s  I / P  S B 

Por tu  lacaceae 
Mont ia  fon tana  A SD, SR 

Pot omoget onaceae 
Potamogeton p u s i  11 us A S R 

Ranunculaceae 
Ranunculus a q u a t i l i s  

Scrophu l a r  i aceae 
Veronica peregr  i na 



Table 6C. Vascular plants that are often found i n  vernal pool basins but that are as common 
or more common in other terrestrial habitats. In a particular area these species may be limited 
to  vernal pool basins, but more usually they wil l  be found both in  and adjacent to  pools. 
Species wi th I /  in the "Type" column Bre introduced. 

- -- -- - - 

Plants Type Regions Phenol. 

Amary 1 1 idaceae 

Brod iacea iol onens i s " 
Brodiacea o r c u t i i  
A u i l l a T e m i  - . - . - . -. . - . . 

mar i t ima 

Asteraceae 

Ach rachaena mol l  i s   hi^ mki ca 
r i n  e l i a  robusta 

hemizonia aus t ra ' l i s  
Hemizonia f a s c i c u l a t a  

Brassicaceae 

Le id ium l a t i  es 
L$miG& 

Caryophyl laceae 

Convol vu laceae 

Convol u l  us arvens i s 

Euphorbiaceae 

Eremocarpus s e t i  erus 
tuphorbia spa d!-T- u a a 

Fa baceae 

T r i f o l  ium amplectens 

PB SB 
PB SD, SR 
PB SD 
PB SD 

A S B 
P BC 
A SB 
SS SB 
A SB 
A SD,SB 
A BC 
A BC 
A SD 
I I A  SD,SB 
A S B 

W/D 
W I D  
W I D  
WID 

W? 

A SD,SR 

(continued) 
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Table 6C. (Concluded). 

Plants  Type Regions Phenol. 

Gent ianaceae 
Centaurium venustum A SD 

Geraniaceae 
Erodiurn botry s 
Erodiurn CI cutarium 
Erodium moschatum 

Lami aceae 

Trichostema Ianceolatum 

Plantaginaceae 

Planta  o bi e l o v i i  d* 
-1ata 

Poaceae 

Bromus moll i s  
D a n t h o n i a i  f orn i  ca 

& a W e n s  i  s 
Festuca rnegalura 
Festuca rnyuros 
GEF3iurn ventricosurn 
Qordeum c a l  i tornicum 
Hordeum eni culaturn 
~araeum + n aucum 

Polernoniaceae 

Navarret ia  a t r a c t  l o ide s  
Ravar re t ia  ?-+- ossa  1s  

Polygonaceae 

Polygonum a v i c u l a r e  

Ranuncu laceae 

Ranunculus c a l i f o r n i c u s  

Scrophular iaceae  

Mimulus u t t a t u s  
? J i T K E r b i f I o r u s  

SD, BC 



Table 6D. Vascular plants that are common near vernal pools but which usually do not occur 
in the pool basin (i.e., within the area of standing water). Species with I /  in the "Type" 
column are introduced. 

P lan t s  Type Region Phenol. 

Amary 1 1 i daceae 
A1 1 ium haematochiton P B SD 
S i n c h i u r n  be1 1um P SD,SLO 

Asteraceae 
Anthemis c o t u l a  I / A  SB 
B a c c h a r i s i l u l a r i  s 

%i-- Bacchar is  s a r o t  r o i des  
Centaurea m e l i t e n s i s  - - -  - -  
Las then la  chrvsostoma + 

M i c r o s e r i s  doug las i  i 
Convolvulaceae 

Convolvu lus simulans 
Crassulaceae 

Crassula e r e c t a  
~ y d r o p h y l l a c r  

Nama stenocarpum 
Lamiaceae 

Acanthomintha il i c i f o l  i a  
L i  l i a c e a e  

Chlorogalum p a r v i f l o r u m  
Poaceae 

A a r o s t i  s d ieaoens is  

SD, SR 

S 0 
SD. SB 

N a v a r r e t i a  hamata A S D 
~ a v a r r e t i a  i n t e r t e x t a  A S R 

Ophioglassaceae 
Ophio lossum c a l i f o r n i c u m  P SD, BC + Se lag1  ne aceae 
~ e l a g i n e l l a  c inerascens PR SD 

Notes t o  Table 6: Th is  l i s t  has been compi led f rom a v a r i e t y  o f  
sources. The ma in  ones a re  a l i s t  compi led by M. Beauchamp and 
o thers  f o r  San Diego County c i t e d  by Zed le r  e t  a l .  (1979); W. 
Fe r ren  (1984) and var ious  unpubl ished r e p o r t s  and persona l  com- 
m u n i c a t i o n  f o r  Santa Barbara, Ventura, and Monterey Count ies;  
Moran (1984) and personal  comnunicat ion fo r  B a j a  Ca l  i f o r n i a ;  
L a t h r o p  and Thorne (1983) f o r  Santa Rosa Plateau;  and Hoover 
(1970) f o r  San L u i s  Obispo County. 



To g i ve  some c lue  as t o  the  type o f  
p lan t ,  Table 6 includes t h e  fami ly  o f  t he  
p l a n t  and an i nd i ca t i on  o f  growth form. 
These growth forms, t o g e t h e r  w i th  the  
l e t t e r  designation used i n  Table 6, are as 
f o l  1 ows : 

Annual (A ) :  A p lan t  t h a t  l i v e s  f o r  a 
year or  less,  regenerating the next year 
from dormant propagules . 

Perennial : A p lan t  whose vegetat ive 
s t ruc tu re  survives f o r  more than one grow- 
i n g  season. Perennials may produce sexual 
propagules i n  several seasons (pol ycarp i  c) 
o r  only i n  the l a s t  season i n  which they 
are a l i v e  (monocarpic). Some p lants  can 
func t ion  as e i t h e r  annuals o r  perennia ls,  
depending on growth condi t ions . These are 
ind ica ted as AIP or  P I A ,  t h e  f i r s t  l e t t e r  
i n d i c a t i n g  the predominant mode. 

Among perennia ls there i s  a range o f  
growth forms from ones smaller than most 
annuals t o  massive woody p l a n t s .  The 
f o l  lowing simp1 i f i e d  growth form categor- 
i e s  are used: 

Perennial herb (P): Plants i n  which 
t h e  t o p  o f  the  p l a n t  d ies  back each year. 

Bulb perennia l  (PB) : Perennial herbs 
which a r i s e  from bulbs. 

Rhizomatous perennia ls (PR) : Plants 
t h a t  spread e x t e n s i v e l y  b y  underground 
stems ( rh i zomes) ,  p o t e n t i a l l y  f o r m i n g  
la rge patches o f  g e n e t i c a l l y  i d e n t i c a l  
i n d i v i d u a l s  (clones). Since a l l  peren- 
n i a l s  have some s o r t  o f  underground stem, 
t h i s  group rep resen ts  an extreme where 
there  i s  a p a r t i c u l a r l y  h igh  p o t e n t i a l  f o r  
spread. 

Subshrub (SS): Plants t h a t  are p r i -  
m a r i l y  herbaceous, w i t h  most of the t o p  
dying back each year, b u t  w i t h  a woody 
base from which the stems a r i se .  

Shrub (PS) : Plants t h a t  regenerate 
leaves,  stems, e t c .  , f r o m  above-ground 
woody pa r t s  . 

Table 6 a l so  gives an i nd i ca t i on  o f  
t he  stages o f  t h e  annual c y c l e  o f  a vernal 
pool i n  which each species f i r s t  f lowers 
and f r u i t s .  These categor ies g i ve  a rough 
idea o f  species phenology: Some species 

(phenology symbol " A a )  can f l o w e r  anc 
f r u i t  e n t i r e l y  w i t h i n  the  aquat ic  phasc 
before t h e  pool d r ies .  A "W"  species car 
flower o r  f r u i t  only i n  the  l a t e r  stages 
of the standing water phase, o r  i n  the  
e a r l y  d r y i n g  stage when the surface i s  
s t i j l  saturated. A " D u  spec ies  cannot  
complete i t s  l i f e  cycle unless the s o i l  
surface i s  completely dry  and t h e  p o o l  
i s  no longer saturated. These categor ies 
are very rough, and the many blanks i n -  
d icate the  lack  o f  quan t i t a t i ve  data. 

4.1.1 Vascular Plants of the  Aquatic Phase 

The a q u a t i c  h a b i t a t  poses s p e c i a l  
problems f o r  higher p lants.  Whi l e  be ing  
surrounded by water re l ieves des i cca t i on  
stress and reduces the need f o r  suppor t ing  
t i s s u e ,  there are a lso severe disadvan- 
tages. The d i f f u s i o n  o f  gases i s  two t o  
three orders o f  magnitude slower i n  water  
than i n  a i r .  Because o f  t h i s ,  a q u a t i c  
p lants are subject both t o  reduced photo-  
synthesis because o f  lack o f  CO2 and i n -  
h i b i t e d  resp i ra t i on  because o f  l ack  o f  
oxygen. During the day, oxygen produced 
i n  photosynthesizing t issues accumulates 
t o  excess.ive. leve ls  and can i n h i b i t  photo-  
synthet ic  e f f i c i ency  because o f  p h o t o -  
r e s p i r a t i o n .  L igh t  a lso r a p i d l y  d imin-  
ishes w i t h  depth even i n  pure water, and 
w i t h  t h e  add i t ion  o f  suspended and d i s -  
solved ma te r ia l  l i g h t  penet ra t ion  i s  r e -  
duced even fur ther .  

Though p l a n t  l i f e  o r i g i n a l l y  evo lved 
i n  water, t he  vascular aquatic p lan ts  a r e  
decendants o f  t e r r e s t r i a l  species . The 
reinvasion o f  water by land-adpated p l a n t s  
requ i red t h a t  s t ruc tures  and phys i  01 ogy  
designed t o  deal w i t h  drought had t o  be 
modi f ied t o  be e f f i c i e n t  i n  t h e  w a t e r .  
These changes have tended i n  the same 
d i r e c t i o n ,  and water p lan ts  o f  qu i te  d i f -  
f e r e n t  a n c e s t r y  have ended up h a v i n g  
s imi  l a r  leaves and growth structure.  

Because o f  t h e  buoyancy i n  water, 
aquatics need not have a wel l -developed 
support system, so woody t issues are a l -  
most completely lacking. Leaves tend t o  
be t h i n  and are often f i n e l y  d i v ided  to  
f a c i l i t a t e  gas exchange. The greater  t h e  
surface area per volume, the greater  t h e  
gas exchange per u n i t  weight of photosyn- 
t h e s i z i n g  o r  r e s p i r i n g  t issue.  Stems, 



Ieauer,, ?rd roots cf ten  have ?ergo  ? i r  
spaces  t o  a l l o w  gas  d i f f u s i o n  t o  take 
place within t h e  p lant .  For some plants,  
the  d i f fus ion of oxygen through these a i r  
spaces i s  necessary  t o  a l l o w  r o o t s  t o  
r e sp i re  while surrounded by anaerobic mud. 

Associated w i t h  these obvious mor- 
phol ogi ca 1 fea tu res  are  biochemical and 
physiological t r a i t s  t h a t  a re  not as  ye t  
f u l l y  understood. A basic physiological 
problem i s  t h e  Tack of oxygen, which i s  
needed a s  an e lec t ron acceptor fo r  the 
f i n a l  s tage  o f  metabolism. A lack of 
oxygen therefore  leads t o  an accumulation 
of metaboli tes which in t u r n  induces  a 
s h i f t  t o  anaerobic metabolism. The an- 
aerobic pathways p a r t i a l l y  solve the  en- 
ergy problem but c rea te  another by leading 
t o  the buildup of tox ic  end products such 
a s  acetaldehyde and l a c t i c  acid. Ethanol 
a l s o  accumulates, but i s  said not t o  be 
tox ic  i n  concentrations usually observed 
(Jackson and Drew 1984). When inundated 
f o r  long p e r i o d s ,  plants not specia l ly  
adapted t o  aquatic condit ions must e i t h e r  
become dormant, or r i sk  death from met- 
abol ic  poisons. 

Because vernal pools a r e  temporary 
aquatic hab i t a t s  t h a t  often dry more than 
once in a growing season ,  none of t h e  
c h a r a c t e r i s t i c  vascular plants are  sub- 
merged a q u a t i c s .  Apono eton,  an aquatic -3- and an apparent escapee rom aquarium cul-  
t u r e ,  occurs i n  t he  vernal pool area of 
Kearny Mesa i n  San Diego County, but a t  a 
s i t e  t h a t  i s  a r t i f i c i a l l y  impounded and 
which holds water for  almost the  e n t i r e  
year (Keeley and Keeley 1979). Instead,  
most of the p lants  tha t  peak in vigor and 
dominance during the  period of standing 
water i n  vernal pools a r e  amphibious-- 
able t o  deal w i t h  standing water, but a lso  
ab le  t o  survive a t  l eas t  brief  periods of 
emergence. 

Not surpr is ingly ,  species prominent 
i n  the  aquat ic  phase largely  belong t o  
famil ies  in which most members a r e  aquatic 
plants (Isoetaceae,  Marsileaceae, Ela t in-  
a c e a e ,  C a l l i t r i c h a c e a e ,  Lemnaceae;  
Sculthorpe 1967). P l a n t s  t o l e r a n t  of 
flooding, but requiring drying i n  order t o  
complete t h e i r  l i f e  cycle are  from genera 
(Downin i a ,  Pogogyne, Er n ium, Juncus, +- ~~*ith many s p e c ~ e s  t a can grow 

i n  damp or  seasonally flooded hab i t a t s .  
This suggests t h a t  i t  i s  not an easy mat- 
t e r  t o  adapt t o  the  aquatic h a b i t a t ,  and 
tha t  when i n  geological time pools appear 
they tend t o  be f i l l e d  with plants t h a t  
d isperse  from other aquatic hab i t a t s  ra-  
ther  than with local  organisms tha t  evolve 
t o  exploi t  the  wet conditions. The more 
unique and i so la ted  the aquat ic  hab i t a t s ,  
however, the  more 1 ikely t h a t  a loca l ly  
r e s t r i c t e d  form wil l  be able t o  evolve t o  
e x p l o i t  t h e  e c o l o g i  ca 1 o p p o r t u n i t y  
offered. 

Isoetes.  Isoetes species a r e  the  most 
impor€ZT8 '  tKEF€Fiat can withstand lonq 
inundation. The genus Isoetes i s  world: 
wide i n  i t s  d i s t r i b u t i o n . b u t  nowhere a 
m a j o r  component of v e g e t a t i o n .  Some 
species grow completely submerged, while 
many o t h e r s  occur  i n  s e a s o n a l l y  moist 
habi ta ts .  Often they a r e  found in  small 
and remote hab i t a t s .  such as rock ~ o o l s  on 
the  top  of Ayers ~ o c k  i n  Austral i i  (Aston 
1973). 

Two s p e c i e s  of I soe tes  are comnon 
i n  vernal pools, and o ~ o r c u t t i i )  i s  
often the dominant p lan t - in  San r i e g o  
County vernal pools i n  the aquatic phase 
(Figure 24) .  On the Santa Rosa Plateau 
two species of Isoetes comprised a f i f t h  
of t h e  vegetation cover within the zone of 
standing water (Kopecko and Lathrop 1975). 

Isoetes i s  a de r iva t ive  of t h e  an- 
c i e n t v o n i a n )  group of a rborescen t  
lycopods (club-mosses) t h a t  gave r i s e  t o  
Le idodendron, the genus of t r e e s  t h a t  was 

the coal forming swamps of 
t h e  Pennsylvanian (Stewart 1983). Iso- 
e t es  ' nearest  1 ivino re la t ives  outside-e 
family Isoetacea ace in  the genus Sela i -  - --% n e l l a ,  a g r o u p  t h a t  i n c l u d e s  . 
c i n e r a s c e n s .  a r a r e  species found near 
vernal in San ~ i e g o  County and Baja 
~ a l  i fornia .  

Through geologica 1 time the  lycopsids 
have been pushed from dominant forms like, 
Lepidedendron t o  small plants t h a t  survive 
because of t h e i r  a b i l i t y  t o  exp lo i t  un- 
u s u a l  o r  m a r g i n a l  h a b i t a t s - - b o g s  

rock o u t c r o p s  
a l p i n e  m a r s h e s  

of shady 



Figure 24. lsoetes orcuttii. Note the swollen base where the 
microspores and megaspores are produced. This very large 
individual was collected from a large artificial pool late in 
the season. 

1  u c i d u l u m )  . Verna 1  p o o l  s  a r e  a n o t h e r  
spec i a l  h a b i t a t  i n  which p l a n t s  b u i l t  t o  
an anc ien t  design can s t i l l  p e r s i s t ,  be-  
cause no b e t t e r  s o l u t i o n  has been found t o  
the  problems o f  s u r v i v i n g  t h e r e  t han  those  
f i r s t  pe r f ec ted  i n  t h e  coa l  swamps. 

M o r p h o l o g i c a l l y  I soe tes  resembles a  
smal l  r ush  o r  s t i f f - l e a v e d  grass,  hence  
i t s  common name of q u i l l w o r t .  The leaves 
a r i s e  f rom a  two- o r  t h ree - l obed  bu lb1  i k e  
p e r e n n i a l  s t r u c t u r e  (corm). They a r e  
perenn ia ls ,  b u t  i t  i s  n o t  known how l o n g  
i n d i v i d u a l  p l a n t s  l i v e .  Both t h e  leaves 
and r o o t s  o f  Isoetes have l a r g e  a i r  cham- 
bers,  a  f e a t u r e  comnon t o  a q u a t i c  o l an t s .  
I n  c r o s s  s e c t i o n  t h e  leaves o f  I soe tes  
r evea l  f o u r  a i r  chambers, w h i l e  t h e  r o o t s  
have  a  c u r i o u s  mo rpho logy ,  c o n s i s t i n g  
mos t l y  o f  an open a i r  chamber (Fos te r  and 
G i f f o r d  1974). 

At t h e  base o f  a l l  b u t  t h e  youngest  
leaves t h e r e  are swol l en  chambers (sporan-  
g i a )  which con ta in  e i t h e r  female "mega- 
spores" o r  p o l  l e n - s i z e  male "mi c rospores"  
i n  g rea t  numbers. The spores a r e  produced 
du r i ng  t h e  growing season b u t  n o t  r e l e a s e d  

u n t i l  growth has ceased and t h e  sporangia 
have broken open because o f  d r y i n g  o r  
decay  o f  t h e  t i s s u e s .  S i nce  t h e  l e a f  
bases a re  be low t h e  s o i l  s u r f a c e ,  t h e  
spores a l s o  a r e  re leased  t he re ,  bu t  the  
presence o f  cracks i n  t h e  s o i l  and the 
sma l l  h o l e  l e f t  by t h e  w i t h e r i n g  o f  the  
leaves a l l o w  some d i s p e r s a l  on t h e  sur face 
be fo re  t h e  n e x t  r a i n y  season. I t  has a l so  
been repo r t ed  t h a t  spores a re  ex t ruded  a t  
t h e  t ime o f  i n i t i a l  w e t t i n g  by t h e  swe l l -  
i n g  o f  t i s sues  . 

A f t e r  r e l e a s e  and i n  t h e  presence o f  
mois ture,  the  megaspores undergo develop- 
ment ,  and  s p l i t  open t o  r e v e a l  severa l  
"archegonia." Spermatazoids a re  re leased 
by t he  microspore and f e r t i l i z e  t h e  arche- 
gonia. The r e s u l t i n g  embryo grows i n t o  the 
n e x t  g e n e r a t i o n  o f  p h o t o s y n t h e s i z i n g ,  
spore-producing Isoe tes .  L i k e  mosses and - 
ferns ,  I soe tes  r equ i r es  a t  l e a s t  sur face 
m o i s t u r ~ e f f e c t  f e r t i l i z a t i o n .  Th is  
may be p a r t  o f  t h e  r e a s o n  t h a t  mos t  
species o f  I soe tes  a re  a q u a t i c  p l a n t s  and 
a 1  1  are found i n  a t  l e a s t  seasona l l y  mo i s t  
h a b i t a t s .  

I s o e t e s  spec i es  a re  w i d e l y  d i s t r i -  
b u t e d i n f o r n i a ,  desp i t e  t h e  f a c t  t h a t  
they  seem t o  have no obv ious adap ta t ions  
f o r  d i s p e r s a l .  I t  seems probable t h a t  
d i s p e r s a l  i s  accomplished by wa te r  o v e r  
s h o r t  d i s t a n c e s  and animals ,  e s p e c i a l l y  
b i r d s ,  over  l onge r  d i s t ances .  S ince the  
spores a re  r e l a t i v e l y  sma l l ,  t hey  may a l so  
be moved by wind. 

I n  keeping w i t h  t h e  a q u a t i c  h a b i t s  o f  
i t s  near  r e l a t i v e s ,  I s o e t e s  f l o u r i s h e s  
i n  t he  poo ls  i n  t h e  e a r n s t a g e s  when 
t h e r e  i s  s t and ing  water  o r  s o i l s  a re  sa t -  
u ra ted .  As t h e  s o i l  d r i e s  l a t e r  i n  t he  
s p r i n g ,  t h e  l e a v e s  o f  I s o e t e s  r a p i d l y  
t u r n  y e l l o w  and d i e .  I s o v p e a r s  t o  
have 1  i m i  t e d  drought  t-e (McMi 1  lan  
e t  a l .  1968). 

Kee ley  (1981a,b, 1983; Keeley and 
Busch 1984) i n  con junc t i on  w i t h  s t u d i e s  on 
t h e  metabol ism o f  submerged v e r n a l  pool 
p l a n t s ,  noted an unexpected accumulat ion 
o f  ma l i c  ac i d  i n  I soe tes  p l a n t s  d u r i n g  t he  
n i a h t .  s u b s e q u e n t  r evea led  t h a t  I. 
h o w e l l i i  and X .  o r c u t t i i  a l ong  w i t h  e v e 3  - 

o t h e r s o e t e s  s ~ e c i e s  s t u d i e d  t o  date,  
e x h i b i  t-suiacean a c i d  metabol ism' 
(CAM), a  s p e c i a l  s e t  o f  b iochemica l  pa th -  
ways t h a t  a l l o w  p l a n t s  t o  pho tosyn thes ize  



d u r i n g  t h e  day w i t h o u t  h a v i n g  t o  open 
t h e i r  stomates t o  absorb C02. I n  c o n t r a s t  
t o  t h e  normal p a t t e r n ,  i n  CAM p l a n t s  t h e  
stcmates open a t  n i gh t ,  and C02 i s  s t o r e d  
i n  o rgan ic  ac ids .  Dur ing  d a y l i g h t  hours 
t h e  s t m a t e s  a re  c losed  and pho tosyn thes is  
proceeds u t i l i z i n g  CO2 re leased  f rom t h e  
ac ids .  

P r e v i o u s l y  t h i s  mechanism had been 
observed  a l m o s t  e x c l u s i v e l y  i n  p l a n t s  
s u b j e c t  t o  p ronounced  d r o u g h t  such as 
t r o p i c a l  ep iphy tes  and deser t  succulents .  
The advantage o f  noc tu rna l  gas-exchange i n  
conserv ing  water  f o r  such p l a n t s  i s  ve r y  
c l e a r  ( F i t t e r  and Hay 1981). The presence 
o f  CAM i n  a  group o f  aqua t i c  p l a n t s  was 
unexpec ted ,  and i s  s t i l l  no t  f u l l y  ex-  
p l a i ned .  Keeley (1981a,b; 1983) hypothe- 
s i zes  t h a t  CAM i s  o f  use t o  I soe tes  be- 
cause i t  occurs i n  h a b i t a t s  w h m r n a l  
C02 concen t ra t ions  a re  low e i t h e r  because 
o f  compe t i t i on  f rom o the r  r a p i d l y  photo- 
s y n t h e s i z i n g  p l a n t s  o r  b e c a u s e  o f  
ex t r eme l y  01 i g o t r o p h i c  ( n u t r i e n t - p o o r )  
cond i t i ons .  I n  t h e  case o f  ve rna l  pools,  
Keeley assumes t h a t  i t  i s  compet i t i on  w i t h  
a lgae and o the r  vascular  p l a n t s  t h a t  i s  
impor tan t .  I n  con f i rma t i on  o f  t h i s  he has 
r epo r t ed  d i u r n a l  s h i f t s  o f  more than 2  pH 
u n i t s  t h a t  seem t o  be a  consequence o f  C02 
dep le t i on ,  A lso  cons i s t en t  w i t h  h i s  hypo- 
t h e s i s  i s  t h e  obse rva t i on  t h a t  I soe tes  
leaves exposed t o  a i r  as t h e  p o o m  
g r a d u a l l y  l o s e  o r  neve r  d e v e l o p  C A M  
(Keeley and Busch 1984). 

The aqua t i c  ferns,  P i l u l a r i a  amer i -  
cana and M a r s i  l e a  v e s t i t a .  These two 
d i m i n u t i v e  f e r n s  a r e  c l o s e l y  r e l a t e d ,  
desp i t e  t h e  s t r i k i n g l y  d i f f e r e n t  f o l i a g e .  
Marsi  lea, which has shamrock-1 i ke leaves 
upto cm i n  diameter t h a t  f l o a t  on t h e  
s u r f a c e  o f  t h e  w a t e r ,  i s  a  p l a n t  n o t  
l i k e l y  t o  escape n o t i c e  when present  i n  
abundance. P i l u l a r i a  (F igure  25), on t h e  
o ther  hand, i s  a  t i n y  f e r n  t h a t  when f u l l  
grown resembles seedl ings o f  a  rush  o r  
grass. But desp i t e  i t s  s m a l l  s i z e  i t s  
d e v e l o p i n g  l e a v e s  show t h e  d i s t i n c t i v e  
f i dd lehead  growth p a t t e r n  ( c i r c i n a t e  ve i n -  
a t i o n )  o f  i t s  l a r g e r  r e l a t i v e s .  

Figure 25. Pilularia americana. Drawing by Joyce Hayashi. 

o c c u r  as s m a l l  brown s t r u c t u r e s  on t h e  
unders ide of leaves, i n  t h e  Marsi  leaceae 
a r e  d e v e l o p e d  w i t h i n  a  s p h e r i c a l  o r  
bean-shaped sporocarp which i n  v e r n a l  pool  
spec ies develops a t  t h e  base o f  t h e  p l a n t  
below t h e  s o i l  su r face .  Furthermore, t h e  
sporocarps c o n t a i n  male and female spores 
(he te rospory )  i n s t ead  o f  t h e  s i n g l e  spore 
t y p e  o f  most f e r n s  (homospory). The p r o -  
cess by which t h e  spores a r e  re leased  and 
f e r t i l i z a t i o n  i s  e f f e c t e d  t o  produce t he  
n e x t  g e n e r a t i o n  i s  r a t h e r  complex and 
i s  descr ibed i n  Scu l tho rpe  (1967) .  The 
impor tan t  p o i n t  f rom an eco l  og i  ca 1  p o i n t  
o f  view i s  t h a t  t h e  sDorocarD ~ r o v i d e s  a  
p r o t e c t i v e  s t r u c t u r e  t h a t  a l lows  bo th  f o r  
d i s p e r s a l  t o  new h a b i t a t s  and s u r v i v a l  o f  
d r o u g h t  and o t h e r  s t r e s s e s .  A l l s o p p  
(1952, c i t e d  i n  T r y o n  and T r yon  1982)  
r e p o r t e d  t h a t  M a r s i l e a  spo res  r e m a i n  
v i a b l e  f o r  up t o  70 years.  P roc to r  and 
Malone (1965) e s t a b l i s h e d  t h a t  sporocarps 
o f  M. mucronata f e d  t o  ducks and k i l l d e e r  
w i l l -  germinate a f t e r  pass ing through t h e  
i n t e s t i n a l  t r d c t .  They hypo thes ized  t h a t  
d i s p e r s a l  by b i r d s  may be i m p o r t a n t  i n  
s p r e a d i n g  t h i s  s p e c i e s .  Thorne  and  
La th rop  (1970) a l s o  suggested t h a t  b i r d  
d i s p e r s a l  o f  sporocarps may be impo r t an t  
i n  P i l u l a r i a .  

B o t h  P i l u l a r i a  and M a r s i l e a  a r e  
The t axonom ic  a f f i n i t y  o f  M a r s i l e a  capable of w i t hs tand ing  p r o l o n g e d  i n u n -  

and P i l u l a r i a  i s  based on t h e  s i m i l a r i t y  d a t i o n ,  and b o t h  d i s a p p e a r  r a p i d l y  on 
o f  t h e i r  un ique f r u i t i n g  s t r u c t u r e s .  The d r y i n g .  McMi l lan e t  a l .  (1968) i n v e s t -  
spore-producing s o r i ,  which i n  most f e r n s  i g a t e d  t h e  growth o f  - P. americana and - M. 



v e s t i t a  n a t i v e  i n  Texas a t  several  depths 
o f r  and on seve ra l  s o i l s .  They found 
t h a t  P. americana would surv ive  and pro- 
duce P ~ ~ O C ~ ~ P S  a t  a l l  depths o f  inun- 
dat ion,  b u t  t h a t  i t  could n o t  t o l e r a t e  
complete des i cca t i on .  I n  C a l i f o r n i a  ver- 
na l  pools, however, P. americana regu- 
l a r l y  s u r v i v e s  seve rg  summer drought .  
M a r s i l e a  v e s t i t a ,  on t h e  o t h e r  hand, 
though i t  grew a l l  depths, was incap- 
ab le  of p roduc ing  sporocarps except when 
i t s  l e a v e s  r e a c h e d  t h e  sur face o f  the  
water. This suggests t h a t  i t  i s  an am- 
p h i b i o u s  p l a n t  r a t h e r  t h a n  a  s t r i c t l y  
aquat ic  one. F u r t h e r  ev idence  o f  i t s  
amphibious n a t u r e  i s  t h a t  Mars i lea pro- 
duces d i f f e r e n t  l e a f  shapes i n t h e w a t e r  
and i n  t h e  a i r .  T h i s  phenomenon w i l l  be 
discussed more f u l l y  i n  t he  next  section. 

Ca l l  i t r i c h e  species. The species o f  
C a l l  i t r i c h e  known commonly as "water  
s t a r w o r t s "  a re  ~ r o m i n e n t  members o f  the  
aquat ic  phase o f  ' verna l  pools.  Though the 
C a l i f o r n i a  spec ies  are  a l l  annuals, mor- 
pho log i ca l l y  and  e c o l o g i c a l  l y  they  a r e  
l i k e  m in ia tu re  w a t e r - l i l i e s .  Seeds ger- 
minate when w i n t e r  r a i n s  f i l l  the  pools, 
and the thread1 i k e  stems i d l y  grow t o  
the  surface, f o r m i n g  a  f l o a ~ i n g  rose t te  o f  
l eaves  ( F i g u r e  26 ) .  The b r i g h t  gr'een 
c lus te rs  o f  l eaves  on the sur face o f  a  
dark pool suggest how the  comnon name may 
have o r i g i n a t e d .  C a l l i t r i c h e  i s  able t o  
w i t h s t a n d  c o n s i d e r a b l e  i n u n d a t i o n ,  i n  
keeping w i t h  i t s  membership i n  a  fami ly  
(Ca l l  i t r i c h a c e a e )  i n  which most species 
are aquat ic .  

The stems and leaves show a  marked 
response t o  i nunda t i on ,  and C a l l i t r i c h e  
species have s e r v e d  as textbook examples 
(e.g., Scu l tho rpe  1967) o f  t he  phenomenon 
o f  aquat ic  h e t e r o p h y l  l y - - t he  product ion of 
d i s s i m i l a r  l e a f  forms i n  t h e  a i r  and i n  
water (F igure  27). Heterophy 1  l y  a  11 ows 
t h e  p l a n t  t o  h a v e  t h e  l e a f  morphology 
appropr iate t o  t h e  h a b i t a t  a t  the  time the  
leaves form. When i n  water, a t h i n  e p i -  
dermis, a l a r g e  surface-to-volume r a t i o  
t o  f os te r  gas exchange, and the  presence 
of gas-conduct ing t i s s u e  are  bene f i c i a l .  
I n  a i r ,  mechanical  t i s s u e  f o r  support, a 
p r o t e c t i v e  c u t i c l e ,  t h i c k  epidermis, and a 
smal ler  sur face- to -vo l  ume r a t i o  are needed 
t o  r e t a i n  w a t e r  and p r e v e n t  w i l t i n g .  
When i n u n d a t e d ,  t h e  C a l l i t r i c h e  leaves 

Figure 28. Floating leaves and threadlike stems of Callitricha 
longipedunculata. The male flowers, which consist of a 
single stamen, can be seen arising from the leaves. The black 
rice-grain shaped form in the upper right of the photo 1s a 
flatworm, Bofhromostoma. Algal masses are visible in the 
water. This pool. partly disturbed by vehicles, is turbid with 
suspended clay. 

tend t o  be longer and narrower,  a l m o s t  
l i n e a r  i n  the  extreme; wh i le  t he  f l o a t i n g  
leaves are rounded and much shorter ,  and 
have fewer  stomates (Scu l  t h o r p e  1967; 
Deschamp and Cooke 1983). 

Deschamp and Cooke (1983) showed t h a t  
t he  swi tch from water t o  l and  forms i n  C. 
hetero h  I l a  i s  c o n t r o l l e d  by tu rgo r  pres-  

en t h e  leaves a r e  under more & 
severe d ry ing  s t ress  i n  t he  a i r ,  t he  c e l l s  
o f  the leaves are shor te r  and have con- 
voluted j igsaw-puzz le  shapes, w h i l e  i n  
water, w i t h  l i t t l e  stress, they expand t o  
become long and t h i n .  Because t h i s  s h i f t  
i s  not normal i n  land p lants,  t h e  use o f  
increase i n  water s t ress  as a  s igna l  o f  
emergence by C a l l i t r i c h e  i s  probably an 
evolved response t o  l i f e  i n  a  f l u c t u a t i n g  
envi ronment.  A l l  p l a n t s  possess some 
a b i l i t y  t o  modify s t r u c t u r e  t o  s u i t  the  
envi ronment,  but C a l l i t r i c h e ,  l i k e  many 
vernal pool  p lan ts ,  shows amp1 i f i e d  p las -  
t i c i t y  i n  which a  s m a l l  envi ronmental  
s ignal  induces large change. 



Figure 27. Floating and submerged leaves of Callitriche 
heterophylla showing leaf dimorphism. Photo by Cameron 
Patterson. 

Cai  1 i tr i che species have both male 
and female f lowers on t h e  same p lan t .  The 
male f lowers  are reduced t o  a  s ing le  an- 
t h e r ,  w h i l e  t h e  female f lowers produce 
four  seeds (McLaughl i n  1974). McLaugh 1  i n  
(1974) repor ted  t h a t  seeds are  formed by 
both a e r i a l  and submerged f l o w e r s ,  and 
t h i s  seems t o  be t r u e  f o r  species o f  t h e  
coasta l  verna l  pools as w e l l .  She spec- 
u l a t e d  t h a t  t h e  submerged seeds were 
formed by apomixis (i.e., w i thout  f e r t i l i -  
z a t i o n  being necessary) o r  poss ib ly  by t h e  
t r a n s f e r  o f  p o l l e n  under t h e  wa te r .  
P h i l  b r i c k  (1984) has repor ted  an unusual 
mode o f  s e l f - f e r t i l i z a t i o n  f o r  submerged 
Ca l l  i t r i c h e  f lowers i n  which po l l en  gra ins  
germinate i ns ide  the  unopened anthers and 
send p o l l e n  tubes  down t h e  f i l a m e n t ,  
through i n te rven ing  vegeta t ive  t i ssue,  and 
i n t o  t h e  nearby female f lowers  t o  e f f e c t  
f e r t i l i z a t i o n .  It i s  no t  known how wide- 
spread t h i s  phenomenon i s .  

It i s  not s u r p r i s i n g  t h a t  s e l f  f e r t -  
i l i z a t i o n  should be found i n  C a l l i t r i c h e .  
Annual p l a n t s  o f  many unstable env i ron -  

ments have developed a  v a r i e t y  o f  mech- 
anisms t o  i n s u r e  t h a t  p r o p a g u l e s  a r e  
formed wi thout  the  need t o  c ross -po l l i na te  
w i t h  another i n d i v i d u a l .  Most p l a n t s  
p r o d u c e  a t  l e a s t  some p r o g e n y  b y  
out-crossing and i t  i s  obviously t h e  case 
t h a t  out-crossing sexual reproduct ion,  f o r  
a11 i t s  i n e f f i c i e n c y ,  i s  the  best  approach 
t o  long-term su rv i va l .  However, p e r s i s t -  
ence i n  h i g h l y  changeable env i ronments  
w i th  shor t  and u n ~ r e d i c t a b l e  growing sea- 
sons requ i res  f a s t  and r e l i a b l e  format ion 
o f  new seeds, and p lan ts  i n  such h a b i t a t s  
have been commonly found t o  f o r g o  t h e  
l uxu ry  o f  c ross-po l l  i n a t i o n  p a r t i a l l y  o r  
e n t i r e l y .  A tendency toward apomixis o r  
se l f -po l  1 i n a t i o n  i s  t he re fo re  expected i n  
vernal  pool p lan ts .  

C a l l  i t r i c h e  species do not requ i re  
standing water, but  they appear t o  be very 
s e n s i t i v e  t o  d r y  c o n d i t i o n s .  When t h e  
wa te r  l e v e l  d rops ,  C.  longipedunculata 
seems t o  disappear r a s d l y ,  and i s  never 
observed a f te r  the  p o i n t  where the  sur face 
s o i l  has been thoroughly dr ied .  C a l l  i t r i -  
che mar i n a t a  appears t o  be b e t t e r  able t o  
ijFTw*, though i t  t o o  i s  main ly  a  
p l a n t  t h a t  func t ions  i n  t he  e,arly p a r t  o f  
t he  pool cyc le  when temperatures are cool  
and water i s  s t i l l  a t  the  surface. How- 
ever, the taxonomy o f  C a l f  i t r i c h e  i s  con- 
fused, and i t  i s  poss ib le  t h a t  C. marg- 
i n a t a  i s  a  d i f f e r e n t  g row th  Torm o f  
~ g i p e d u n c u l a t a .  - 

Another  i n t e r e s t i n g  fea tu re  o f  t h e  
C a l l i t r i c h e  species i s  t he  product ion o f  
T r u i t s  beneath ground (Mason 1969). The 
stems o f  t h e  p lan ts  grow a long t h e  sur -  
face, and t h e  ped ice ls  f l e x  s t rong l y  down- 
ward, i n  e f f e c t  p l a n t i n g  t h e  seeds i n  t he  
s u b s t r a t e .  The i n s e r t i o n  o f  t h e  seeds 
d i r e c t l y  i n t o  t h e  substrate presumably has 
t h e  advantage t o  t h e  p l a n t  o f  avo id ing  
predat ion  wh i l e  i nsu r ing  a  s u i t a b l e  germi- 
na t i on  microhabi t a t .  L i l a e a  s c i  1  lo ides ,  
discussed next, a l so  p r o m  seeds below 
t h e  s o i l  s u r f a c e .  Ferren and Schuyler 
(1980) noted t h a t  many i n t e r t i d a  1  vascular  
p lan ts  o f  eastern North America have r e -  
f l exed  s ta l ks ,  and they speculated t h a t  
t h i s  i s  because i t  i s  advantageous t o  have 
seeds d e p o s i t e d  c l o s e  t o  t h e  p a r e n t  
p lan t .  Reduced d i spe rsa l  appears t o  be 
comnon i n  many marshy s i t ua t i ons .  



Lilaea sc i  lloides, flowering quill- 
wort. This species is  widespread in the 
=world, b u t  rarely abundant in any one 
place. I t s  comnon name, flowering quill- 
wort, r e fe r s  t o  i t s  growth form which 
vaguely resembles that of the true quill- 
wort, Isoetes, though the plant is  more 
s u g g e s t i v e  a rather lax rush (Figure 
28). Lilaea sc i  lloides, an annual, evi- 
dently g e r m i n a m h e  earliest rains 
and then grows up t o  the surface. I n  the 
later aquatic stage i t  usually raises a 
few leaves above the water surface, making 

Figure 28. Lila- scilloides. Both the aerial and basal 
flowdng and fruiting structures are visible in this picture. 

i t  more of an emergent plant than a suo- 
merged hydrophy te . 

A peculiarity of this  plant i s  the 
production of flowers both a t  the base of 
the plant (generally buried in the mud) 
and also on an aerial stem tha t  r i s e s  
above the water surface. The flowers on 
the aerial stem are either pe r fec t ,  or 
sometimes only male or female, while those 
a t  the base are female only. To solve the 
problem of pollination when flowers are 
below water, the plant produces long 
threadlike styles 5-20 cm-long, reminis- 
cent of corn-silk, which f loat  t o  the 
surface of the water. Pollen shed from 
emergent staminate flowers floats t o  the 
stigmas, effecting fert i l izat ion and in- 
suring some degree of cross-poll ination 
(R. Hol land; pers. corn. ) . 

One wonders why Lilaea has the two 
distinct modes of f r u i t d u c t i o n .  The 
underlying reason must be the need of 
plants of varying habitats t o  hedge their 
bets. I t  i s  apparently advantageous to  
get some seeds into the soil t o  insure 
survival into the next year and t o  protect 
them from predation and physical s t r e s s  
bu t  also a good idea t o  have more widely 
dispersible propagu les . I t  i s  obvious 
that the system works because Lilaea i s  
very widespread. 

Other species. There are other 
species of the aquatic phase that deserve 
Gent ion.  ~ l e o c h a r i s .  (spike-rush) i s  
widely distr3buted genus of mostly small 
plants that grow in wet places. Members 
of the sedge family (Cyperaceae), they 
represent a stream1 ined reduct i o n  of plant 
form t o  the minimum. As the comnon name 
suggests, the aerial part of the plant 
consists of rushlike leaves. These are 
amply provided with aerenchyma, a special- 
ized tissue f i l led  with large air  spaces. 
Most Eleocharis species are  "emergent 
hydrophytes," plants whose roots and lower 
stems are submerged, b u t  which must have 
their leaves above water in order for the 
plant t o  function. 

Like many other emergent hydrophytes, 
E. macrostachya, the most comnon perennial 
E l e i X F F Z T h e  vernal pools, spreads by 
underground stems (rhizomes) to  form ex- 
tensive vegetative clones (Figure 29). In 
some of the larger pools orl Kearny Mesa, i n  



San Diego and on the  Santa Rosa Plateau, 
f o r  example, E .  macrostach a  i s  near ly  
continuous across t 4 e en i r e  ottom o f  t he  

p o i n t  o f  sa tura t ion .  Some v e r n a l  p o o l  
spec ies  o f  E l e o c h a r i s  a re  annuals, and 
these p e r s i s t  through the  dry season as 

p o o l .  E l e o c h a r i s  macros tach a  beg ins  
growth w i t h  t h e  e a r l  i d  usua l l y  
sets seed before the  pools are  completely 
dry. Growth appears t o  cease s h o r t l y  
a f t e r  t h e  sur face s o i l  d r i e s  below t h e  

dormant seeds. 

The f lowers and f r u i t s  of Eleochar is  
a r e  i nconsp icuous ,  b e i n g  borne among 
brownish o r  reddish scales a t  t h e  t i p s  o f  
some o f  the  leaves.  F lowers  a r e  w ind 
pol 1  inated, and produce small  hard-coated 
seeds which d i s p e r s e  i n  some cases by 
f l o a t i n g  and probably a l so  i n t e r n a l l y  and 
externa 1  l y  on b i rds  (Scul thorpe 1967) . 

Morton (1984) has s tud ied  t h e  photo- 
syn the t i c  c h a r a c t e r i s t i c s  o f  - E. a c i c u l a r i s  
on the  Santa Rosa Plateau. This soecies 
i s  a  perenn ia l  t h a t  spreads by s t o l o k  and 
t h a t  on t h e  Santa Rosa Plateau spends most 
of i t s  a c t i v e  growth  pe r iod  submerged. 
M o r t o n  ( 1 9 8 4 )  s p e c u l a t e d  t h a t  E .  
a c i  c u t a r i s  possesses a  f l e x i b l e  photo- 
syn the t i c  system t h a t  can adapt t o  submer- 
gence and emergence. Fo l lowing Keeley ' s  
reasoning f o r  CAM i n  Isoetes (Keeley 1981; 
Keeley and Busch 1984),argued t h a t  Cq 
tendencies noted i n  t h e  p h o t o s y n t h e t i c  
system when the  p lan ts  are  submerged are  a  
response t o  l i m i t e d  C o p .  I n  any case the  
s h i f t s  i n  phys io log i ca l  f u n c t i o n  noted by 
Morton suggest t h a t  vernal  pool p l a n t s  are 
s p e c i a l l y  adapted t o  dea 1  w i t h  f l u c t u a t i n g  
water l eve l s .  

E l a t i n e  i s  another verna l  pool genus 
f rom a f a m i l y  o f  aquat ic  and marsh p lan ts  
(F igure 30). The vernal  pool  species o f  
E l a t i n e  seem t o  be s p e c i a l i s t s  f o r  t he  

and irrmediate postaquat ic  phase. 
These d im inu t i ve  p lan ts  are  easy t o  over-  
look, and are not ev ident  u n t i l  t he  pools 
have he ld  water f o r  some t ime. Laboratory 
observations have shown t h a t  E l a t i n e  can 
germinate, grow, and even f l o w e r r u i t  
when completely submerged, making i t  one 
o f  the  few seed p lan ts  i n  vernal  p o o l s  
t h a t  can go from germination t o  seed se t  
w i thout  exoosure t o  t h e  a i r .  

E l a t i n e  brachysperma i s  a  good exam- 
p l e  o f e x t r e m e  p l a s t i c i t y  t h a t  char- 
ac ter izes  manv vernal  pool p lan ts .  Given 
favorab le  c o d i t  ions, E. 
arow t o  be a  o lan t  

Figure 29. Eleocharis macrostachya on the Santa Rosa iong w i t h  hundkds o f  capstiles and thou- 
Plateau. Some ecologists would prefer to call pools with this sands seeds . Under less 
degree of dominance by a perennial emergent a vernal cOnd OnS t beg ns f 1  ower and f ru it 
marsh. product ion s h o r t l y  a f t e r  t h e  f i r s t  t r u e  



Figure 30. Elatine. probably brachysperma, growing in an 
experimental container with some Cressula aquetice which 
has distinctive four-parted fruits. Photo by Ellen Bauder. 

leaves are  formed.  A p l a n t  3-5 mn high 
w i t h  two t o  t h r e e  leaves can produce one 
or  more f r u i t s ,  each w i th  several seeds. 
To accomplish t h i s ,  t h e  p l a n t  bypasses 
o u t  c r o s s i n g  s e x u a l  rep roduc t i on ,  since 
f r u i t s  and seeds a r e  present i n  f lowers 
t h a t  never open. It i s  not known i f  t h i s  
i s  accomplished by autogamy ( s e l f - f e r t i l  i- 
zat ion  w i t h i n  t h e  f l ower )  o r  by apornixis 
(bypassing o f  sexua 1 reproduct ion e n t i r e -  
l y ) .  It may be t h a t  t h e  l a rge r  p lan ts  
produce seeds a t  l e a s t  i n  p a r t  by o u t -  
crossing. 

The advantage of being p l a s t i c  i n  a 
vernal  poo l  i s  c l e a r .  If t h e  year i s  good 
and t h e  p lace  of germinat ion favorable, 
the  p l a n t  can p roduce  a superabundance of 
seeds. I n  a b a d  y e a r  t h e  a b i l i t y  t o  
f l o w e r  when s c a r c e l y  p a s t  germinat  i o n  
insures t h a t  a t  l e a s t  a few seeds w i l l  be 
produced. T h i s  approach t o  surv iva l  may 
be c o n t r a s t e d  w i t h  p lan ts  of more pre- 
d i c t a b l e  h a b i t a t s ,  fo r  wh ich  a more o r  
l ess  pro1 onged p e r i o d  of vegetat ive growth 
i s  a p r e c o n d i t i o n  f o r  f l ower~ng .  

Crassula a q u a t i c a  i s  remarkable for  
i t s  d i m i n u t i v e  s i z e - - a  m in ia tu re  aquatic 
f o r  a m i n i a t u r e  a q u a t i c  system. L i k e  
several o the r  v e r n a l  pool p l a n t s  9 i t  i s  

widespread and not r e s t r i  cted 10 verna I 
pools, though i n  coasta l  C a l i f o r n i a  t h i s  
i s  i t s  main hab i ta t .  

I n  view o f  i t s  membership i n  t h e  
Crassulaceae i t  i s  not s u r p r i s i n g  t h a t  
Keeley and Morton (1982) found t h a t  C. 
a  u a t i c a  e x h i b i t s  CAM, the  spec ia l  b i g -  
$?GEZr system t h a t  al lows gas exchange 
t o  take p lace i n  t h e  dark, a l ready d i s -  
cussed i n  con j unc t i on  w i th  Isoetes. Rath- 
e r  su rp r i s i ng l y ,  they a l s o  found t h a t  C. 
e rec ta ,  a c l o s e  r e l a t i v e  t h a t  i s  on ly  
m n t a l  i n  v e r n a l  poo l s ,  lacks  CAM 
metabolism. They see t h i s  d i f f e r e n c e  as 
evidence f o r  the theory t h a t  t h e  func t i on  
of CAM i n  t he  vernal pool s e t t i n g  i s  t o  
o b t a i n  carbon diox ide i n  an environment 
where i t  i s  l i m i t i n g .  

Crassula aquatica produces a th ree -  
t o  f T v e - p a r t e ? F F T R  t y p i c a l  o f  t h e  
Crassulaceae b u t  o f  a lmost  microscopic 
size. The seeds a re  m inu te ,  s c a r c e l y  
v i s i b l e  t o  t h e  human eye, so t h a t  even 
though a l a rge  C. a  ua t i ca  may be on ly  2-5 
cm high, i t  c G 1  $T po e n t i a l l y  p roduce 
hundreds or  thousands o f  seeds. Though 
i t s  b reed ing  b io logy  i s  unknown, i t  i s  
probably a t  l eas t  p a r t l y  autogamous. 

Overview o f  p l a n t s  o f  t h e  aquat ic  
phase. This  b r i e f  survey o f  some o f  t he  
m i i i m p o r t a n t  species makes c lea r  several  
themes among the  p lan ts  o f  t h e  a q u a t i c  
phase. 

1) Most o f  the more "aquat ic"  species 
have broad ranges, vernal  pools being on ly  
one o f  the  h a b i t a t s  i n  which they occur. 
A few le.a.. Eleochar is  a c i c u l a r i s .  Cras- 
sula a~uaf~;a)ntinents.  ani if 
these specles are perennials. 

2) P l a s t i c i t y  i n  growth, w i t h  hetero-  
phy l l y  as a .  spec ia l  case, i s  charac ter -  
i s t i c  o f  the m a j o r i t y  o f  species. Inde- 
terminate f lower ing,  t he  continuous p r o -  
duc t ion  o f  f lowers  and f r u i t  w h i l e  con- 
d i t i o n s  are favorable,  i s  another fo rm o f  
p l a s t i c  response. 

3) Despite mod i f i ca t ions  t h a t  seem t o  
be designed t o  r e s t r i c t  d i spe rsa l  r a t h e r  
than promote it, the species of t h e  aquat- 

-- i c  phase possess a remarkab le  c a p a c i t y  
fo r  f i n d i n g  new hab i ta t .  For most species 
t h i s  can on ly  be explained by animal, and 
espec ia l l y  b i r d ,  d ispersal .  



4) E i t h e r  autogamy o r  apomixis, both 
of which bypass t h e  need f o r  po l  1 i n a t i o n ,  
seems t o  be c h a r a c t e r i s t i c  o f  most 
species. 

5) Since seeds are  w e l l  adapted f o r  
su rv i v i ng  drought ,  annua l  a q u a t i c s  a r e  
w e l l  equipped t o  su rv i ve  i n  verna l  pools. 
The more s u r ~ r i s i n a  cases are  t h e  Deren- 
n i a l  spec ies  ( ~ l g o c h a r i s ,  ~ s o e t e s j  t h a t  
r e a u i r e  w a t e r  t o  arow w e l l  wh.ose 
perennia l  s t r u c t u r e s  are  somehow able t o  
endure what must be severe drought. 

4.1 $ 2  Temporary Pool Spec ia l i s t s  -- 
Am~hib ious  P lan ts  

This group o f  p l a n t s  inc ludes those 
species t h a t  can spend p a r t  o f  t h e i r  l i f e  
as aquat ics bu t  t h a t  can f l o u r i s h  on ly  i f  
t h e  p o o l  s  d r y .  F o l  l o w i n g  Scu l  t h o r p e  
(1967) and o t h e r s ,  t h e y  may be c a l l e d  
"amphib ious  p l a n t s "  t o  unde r l i ne  t h e i r  
t o le rance  o f  wet cond i t ions  but  preference 
o r  r e q u i r e m e n t  f o r  a e r i a l  e x i s t e n c e .  
I n c l u d e d  i n  t h i s  g roup o f  amphib ious 
p lan ts  a re  most o f  t h e  showy vernal  pool 
f lowers t h a t  form d i sp lays  i n  t h e  l a t e  
w in te r  and spr ing .  

Pogogyne abramsi i and P. nwdiuscula . 
The more s t r i c t l y  aquat ic  p l a n t s  o f  vernal 
p o o l s  t e n d  t o  -have b road  geographical  
ranges .  I n  c o n t r a s t ,  t h e  amph i b i  ous  
p lan ts  are sometimes very narrow endemics, 
and i n c l u d e d  among them i s  t h e  o n l y  
spec ies  o f  t h e  sou the rn  pools t h a t  i s  
l i s t e d  by t h e  U.S. F i sh  and W i l d l i f e  Ser- 
v i c e  as- r a r e  and endangered--Pogogyne 
abramsi i . 

Pogo yne  a b r a m s i i ,  f o r  which t h e  
c o m o E d k " S a n  Diego mesa m i n t "  has 
recen t l y  been formulated, i s  a small an- 
n u a l  member  o f  t h e  m i n t  f a m i l y  
(Lamiaceae), w i t h  t h e  t y p i c a l  m in t  mor- 
phology o f  opposi te leaves, square stem, 
and b i  l a t e r a l l y  symnetr ica l  lavender f l ow-  
ers borne i n  small  c l u s t e r s  ("cymules," 
Munz 1974) i n  t h e  a x i l s  o f  b rac ts  (F igure 
31). I t i s  d i s t i ngu i shed  from i t s  c lose 
r e l a t i v e  P. nudiuscula found i n  southern 
San Diego-County and nor thern  Baja C a l i -  
f o r n i a  by t h e  dense s t i f f  ha i r s  i n  t h e  
inf lorescences. Both species possess a 
Powerful m i n t  fragrance. 

Three o ther  species are  i n  Ca l i f o r -  
n i a :  - P. z i z y p h o r o i d e s  which occurs i n  

Figure 31. Pogogyne abramsii. Approximate scale: 114. 
Drawing by Joyce Hayashi. 

v e r n a l  p o o l s  i n  t he  Centra l  Val ley, P. 
dou l a s i i ,  which i s  found i n  pools ard  

h a b i t a t s  from Mendocino County 
south through the Centra l  Va l ley  t o  Kern 
County, and- P. ser l l o i d e s ,  which grows 
i n  a va r i e t y -o f  + mois a  tats from San 
Lu is  Obispo County northward. 

I n  con t ras t  t o  most o f  t h e  annual  
p l a n t s  associated w i t h  vernal  pools, P. 
abrams i i appears t o  requ i re  insec t  pol  l i -  
na t i on  f o r  i t s  seed set, and i t  may be 
p a r t i a l l y  se l f - i ncompa t ib le  ( A .  Howald, 
Santa Barbara, unpubl. data; C. Scheid- 
1 i n g e r ,  p e r s  . comm. ; E Bauder , p e  r s  . 
corn. ) . 

I n  common w i t h  most o t h e r  m in ts ,  
Po o ne has a f o u r - p a r t e d  ovary,  each + p o r  I o n  o f  wh ich  can produce a s ing le  
seed, though i n  n a t u r a l  populat ions many 
do not (Scheid l inger 1981). The seeds, 
more proper ly  "nu t l e t s , "  about  0.75  t o  



1 .25  mm l o n g ,  a r e  c o v e r e d  w i t h  s t i f f  
h a i r s ,  b u t  seem t o  have no spec ia l  fea- 
t u r e s  t o  i n s u r e  d i s p e r s a l  (F igure  32). 
Most seeds remain i n s i d e  t h e  d r i e d  ca l yx  
and  f a l l  t o  t h e  s o i l  su r f ace  when t he  
branches break o f f  d u r i n g  sumner o r  t he  
p l a n t s  a r e  c o l l a p s e d  w i t h  t he  f i r s t  f a l l  
r a i n s .  S e e d l i n g s  can o f t e n  be f o u n d  
emerg ing  from the  p rev i ous  y e a r ' s  c a l y x  
(Sche id l  i n g e r  1981). 

T h o u c l h  n o t  a s  e x t r e m e  as  t h e  
s e l f - p l a n t i n g  mechanisms o f  C a l l i t r i c h e  
and L i l a e a ,  Po o  n e ' s  r e t e n t i o n  o f  t he  
s e e d s ~ e a ~ t  designed t o  r e -  
s t r i c t  d i s p e r s a l .  It i s  easy t o  b u i l d  an 
exp lana t i on  o f  whv t h i s  should be a  aood 
i dea  f o r  a  ve rna i  pool  p l a n t .  Po o -  ne 
grows i n  a  h a b i t a t  i n  w h i c h  thF%%l 
e n v i r o n m e n t a l  g r a d i e n t s  a r e  e x t r e m e l y  
steep. Vernal  poo ls  a re  a  smal l  pe rcen t -  
age of t h e  t o t a l  l a n d  area, so t h a t  d i s p -  
e r s a l  o f  seeds away from t h e  pa ren t  p l a n t  
would t end  t o  l and  them i n  an i n h o s p i t a b l e  
environment.  Na tu ra l  s e l e c t i o n  should a c t  
aga ins t  d i s p e r s a l  when i t  r e s u l t s  mos t l y  
i n  a  wastage o f  propagules,  e s p e c i a l l y  i n  
an annual p l a n t  i n  which t he  pe r s i s t ence  
o f  t h e  p o p u l a t i o n  i s  e n t i r e l y  dependent on 
seeds. 

Seed r e t e n t i o n  r e s t r i c t s  a l s p e r s a i  I n  
t ime  as w e l l  as i n  space.  S h a r i t z  and 
McCormick (1973) t h e o r i z e d  t h a t  t h e  seed 
r e t e n t i o n  t hey  observed i n  t h e  g r a n i t e  
o u t c r o p  spec i es  Sedum s m a l l i i  may be a  
mechanism f o r  prev-ng-from be ing  
c a r r i e d  away by f l oodwate r  p r i o r  t o  ger-  
m ina t ion ,  and c i t e d  an e a r l i e r  suggest ion 
of D.N. Wiggs and R.B. P l a t t  t h a t  r e t e n -  
t i o n  may o f f e r  p r o t e c t i o n  a g a i n s t  h i g h  
t e m p e r a t u r e s .  Few seeds a r e  p r o b a b l y  
washed from verna l  poo ls  by f l o w i n g  water ,  
bu t  seeds on t he  o f ten -bare  m i n e r a l  s o i l  
o f  ve rna l  poo ls  would be exposed t o  ex- 
treme heat and vu l ne rab le  t o  seed pred- 
a t  o rs  . 

L i k e  many o the r  annuals, P. ab rams i i  
i s  s e n s i t i v e  t o  germina t ion  m i c r o h a b i t a t .  
I n  cobbled poo ls  p l a n t s  a re  u s u a l l y  denser 
a t  t h e  edges o f  l a r g e  r o c k s .  I n  l e s s  
r o c k y  b a s i n s  w i t h  c l a y - r i c h  s o i l ,  P. 
a b r a m s i i  o f t e n  i s  found more abundantTy 
a long cracks, suggest ing t h a t  e s t a b l  i s h -  
ment i s  more successfu l  t he re  (F i gu re  33). 

An annual p l a n t  growing i n  a  v a r i a b l e  
environment would seem t o  run  a  g rea t  r i s k  
o f  l o c a l  e x t i n c t i o n .  I f  t h e  p l a n t  i s  a l s o  
r a re ,  l o c a l  e x t i n c t i o n s  may n o t  be o f f s e t  

Figure 32. Seeds of (A) Pogog~ne abramsii and (B) DowningL 
and 0.7 mm, respectively. Scanning electron microscope pho 

a cuspideta. The lengths of the seeds are approximately 1.3 
~tographs by Chris Urbach. 



Figure 33. Pogogyne abramsii flowering and fruiting in a dried vernal pool. There is a strong tendency for more and larger 
plants to be located along the roughly polygonal cracks of the vernal pool. It seems likely that this is partly a consequence 
of seeds finding a suitable germination microhabitat there. 

by r e i n v a s i n n .  How then  does a  r a r e  an- n a r r o w  and  f o l ded ,  n o t  u n l i k e  those  of 
nua l  l i k e  P. abrams i i  su r v i ve?  Scheid- many o t h e r  chapar ra l  and d e s e r t  annua l  
l i n g e r  (198T, m u d i e d  t h e  popu la t i on  p l a n t s .  Th i s  change f rom broader  t o  na r -  
e c o l o g y  o f  P. a b r a m s i i  on Kearny Mesa rower leaves i s  t h e  oppos i t e  o f  t h e  p a t -  
w i t h  t h i s  ques t i on  i n  mind.  She found t e r n  shown by C a l l i t r i c h e ,  d i s c u s s e d  
t h a t  P. abrams i i  germinates w i t h  t h e  f i r s t  above. 
s i q n i T i c a n t  f a l l  r a i n s ,  as e a r l y  as l a t e  
~ e p t e m b e r  o r  e a r l y  O c t o b e ~ .  I n  most  
y e a r s ,  g r o w t h  b e g i n s  b e f o r e  ex tended  
p e r i o d s  o f  i nunda t ion ,  which g e n e r a l l y  do 
n o t  occur u n t i l  l a t e  December o r  January. 
Th i s  i n i t i a l  i n u n d a t i o n - f r e e  p e r i o d  o f  
growth may be impor tan t  i n  a l l o w i n g  t h e  P. 
abrams i i  t o  become l a r g e  enough t o  reaTh 
t h e  sur face  o f  t h e  water  when inunda t ion  
does occur .  

When inundated,  P.  abramsi i  has a  
markedly  d i f f e r e n t  l e a f  shape and growth 
fo rm t h a n  when exposed a f t e r  poo l  d r y i n g .  
The leaves below water  a re  rounded, t h e  
d i s t a n c e  between i n t e r n o d e s  r e l a t i v e l y  
g r e a t ,  a n d  t h e  s tems u s u a l l y  l i t t l e  
branched. When t h e  poo l s  dry ,  t h e  p l a n t s  
r a p i d l y  adopt a  t e r r e s t r i a l  fo rm and tend  
t o  be h i g h l y  branched. The leaves become 

The tendency f o r  stems t o  e longa te  
when inundated i s  a l s o  p resen t  i n  o t he r  
ve rna l  pool  taxa, no tab l y  C a l l  i t r i c h e  and 
Ps i locarphus .  The same response i s  common 
i n - o t h e r  a q u a t i c  p l a n t s  (Scul  t h o r p e  1967; 
I .  Ridge, Open U n i v e r s i t y ,  England; un-  
pub l . ) ,  and c l e a r l y  i t  i s  an accomnodation 
t o  f l u c t u a t i n g  w a t e r  l e v e l s  E v i d e n c e  
suggests t h a t  t h e  response i s  s t i m u l a t e d  
by accumulat ion o f  e thy lene ,  a  gas which 
i s  a  product  o f  normal p l a n t  growth. I n  a  
p l a n t  growing i n  a i r ,  t h e  e thy l ene  d i f  
fuses away r a p i d l y ,  b u t  i n  water  d i f f u s i o n  
i s  much s lower  and e thy l ene  accumulates i n  
t h e  i n t e r c e l l u l a r  spaces (Musgrave e t  a  I .  
1972). I n  most p l a n t s ,  i n c rease  o f  e t hy -  
l e n e  a r o u n d  g r o w i n g  p o i n t s  causes stem 
t h i c k e n i n g  and reduced e l onga t i on ,  but i n  



many aquatic species i t  st imulates growth 
by i n t e r a c t i o n  wi th  growth hormones 
( F i t t e r  and Hay 1981 j . 

Irene Ridge, of the Open University 
i n  England, (pers.  corn.) has surveyed the 
l i t e r a t u r e  for reports on species which 
show an a b i l i t y  for  rapid stem elongation 
under wate r .  The 28 spec ies  span the 
taxonomic spectrum, including Call i t r i  che, 
M a r s i l e a ,  and r i c e  {Or , za  , d S ~ a j .  
Ridge's current  wor t ,  a s - k l - l  a s  some 
pub1 ished s tudies ,  strongly suggest that  
ethylene i s  implicated in the response of 
mos t ,  i f  not a l l ,  of t h e s e  spec ies  
[Jackson and Drew 1984). Other species of 
marsh h a b i t a t s  ( e .  g., Typha l a t i f o l  i a ,  
c a t t a i l s ,  and Mentha a r n i c a ,  mint)  + showed 1 i t t l e  o r m o n q a  ion response 
b u t  were less adversely affected by the 
eth-vlene than most t e r r e s t r i a l  species. 

P. abramsi i  , despite i t s  desert-plant 
a p p e a r a n c e i n  dried pool , has specific 
physiological  adap t a t i ons  t o  the  pool 
environment. In addit ion t o  the depth 
accomnodation response, inundated p l an t s  
a lso  produce abundant roots from submerged 
nodes (Bauder, unpubl.). This may func- 
t ion t o  es tabl ish  the  plant in mud as the 
water recedes and may o f f s e t  the  damage 
from the  collapse of the weak elongated 
stems as  the water f a l l s .  This would ex- 
p l a in  why t h e  production of roots from 

. ,  . 
stem nodes i s  comnon in pian:s cnac yrok 
i n  exposed mud (Mason 1969 j , However, the 
adventitious roots may be produced s imply 
t o  rep lace  the  roo t s  i n  t he  substrate 
whose functioning and growth are S n h i b i t e d  
by lack of oxygen (Jackson and Drew 1984) .  
Measurements of rootlshoot r a t i o s  of i nun-  
dated plants with adventitious roots and 
noninundated plants would provide a f i r s t  
t e s t  of these hypotheses. 

Scheidl inger 's  population stuoy of 
P. abramsii showed that  population para- 
meters as well as morphology and physi- 
ology are strongly affected by time and 
dep th  of inundation. She followed seed- 
lings t h a t  emerged a t  three  depths i n  the 
pool basin and recorded ,  among o the r  
th ings ,  mor t a l i t y  and seed product ion 
(Table 7 ) .  

A l  thcugh rngrtality of P, abrarnsi i was 
higher in the inundated plants ,  the sur- 
viving plants  were larger (Scheidlinger 
1981), and produced many more seeds per 
p l an t .  A s imilar  pattern has been re- 
ported for Orcuttia cal i fornica  (Stagg 
1977, cited in Griggs and J a i n  1983) .  
Scheidl inger hypothesized that  t h i s  pat - 
tern may be the resu l t  of compet i t ion ,  
which she believes i s  more intense in the 
deeper part of the pool because of t n e  
dense s t a o d s  o f  i s o e t e s ,  I--- '  s ~ e ~ e ? : ,  a 
perennial, may be a b l e t o g r o ~ m a r ~ e  

Table 7. Emergence, survival to flowering, and seed production per plant of 
P. abramsii (mesa mint) at three depths in a pool on Kearny Mesa, San Diego County 
(Scheidlinger. unpubl.). 

Number of seedlinas 
Emerging Flowering Number of 

Depth in f a l l  i n  spring seedslplant 

Shallow 69 (11) 31 ( 6 )  21 (3)  
( 7  cm max. ) 

Intermediate 48 (15) 18 (8)  49 ( 7 )  
(12 cm max.) 

Deep 31 ( 4 )  6 ( 3 )  183 (17)  
(17.5 cm max.) 

2 Values a r e  the means of four dm quadrats (with standard 
e r ror ) .  



size more q u i c k l y  than P. a b r a m s i ~  seed- 
l i n g s .  However, an a l k r n a t i v e  e x p l a -  
n a t i o n  i s  t h a t  t h e  s t r ess  o f  i nunda t i on  
causes m o r t a l i t y  i n  bo th  P. ab rams i i  and 
spec ies t h a t  w i  11 c o m p e t e w i ~ a f t e r  
t h e  poo l  has d r i e d .  The p l a n t  d e n s i t y  
d u r i n g  t h e  c r u c i a l  growth p e r i o d  a t  t h e  
t ime o f  i n i t i a l  d r y i n g  w i l l  t h e r e f o r e  be 
lower  i n  t h e  deeper p a r t s  o f  t h e  poo l  and 
h i ghe r  on t h e  margins w h i l e  a t  t h e  same 
t i m e  t h o r p  will h~ h i c h ~ r  s o i l  mo is tu re  i n  
t h e  deeper p a r t s  o f  t h e  pool . 

Whatever t h e  cause, P. abramsi i  ex-  
h i b i t s  ve ry  marked p l a s t r c i t y  i n  fo rm,  
f r o m  t i n y  p l a n t s  w i t h  a  few f lowers  t o  
l a r g e  i n d i v i d u a l s  w i t h  hund reds .  T h i s  
p l a s t i c i t y  i s  a  t r a i t  which i t  shares w i t h  
a11 o f  t h e  o the r  annuals o f  ve rna l  pools ,  
and indeed w i t h  annuals f rom many o t h e r  
h a b i t a t s  (Hickman 1975). S c h e i d l  i n g e r  
(1981) emphasized t h a t  t h i s  a b i l i t y  t o  
adapt  t o  t h e  c u r r e n t  c i r c u m s t a n c e s  i s  
undoub ted1  Y o f  v i t a l  importance i n  t h e  
ad justment  -of  P. abramsi i '  t o  a  s p a t i a l l y  
and tempora l l y  V a r y i n g  h a b i t a t .  

S c h e i d l  i n g e r  a l s o  c a r r i e d  o u t  a  
s e r i e s  o f  observa t ions  and experiments on 
t h e  l o c a l  d i s t r i b u t i o n  o f  P. ab rams i i .  
She se l ec ted  a  complex o f  poo l7  o m y  
Mesa and recorded  t h e  presence o r  absence 
o f  P. ab rams i i .  She found a p a t t e r n  i n  
w h i 5  P. abrams i i  was most l i k e l y  t o  be 
m i s s i n g  i n  s m a l l e r  " ups t r eam"  pools ,  
whereas i t  was u s u a l l y  p resen t  i n  l a r g e r  
pool  s  and sma l l e r  "downstream" poo l  s. The 
i n t r o d u c t i o n  o f  seeds o f  P. ab rams i i  i n t o  
four  o f  t h e  unoccupied poo l s  i n  t h e  f a l l  
o f  1979 l e d  t o  t h e  es tab l i shment  of  popu- 
l a t i o n s  t h a t  p e r s i s t e d  a t  d e n s i t i e s  com- 
p a r a b l e  t o  t h o s e  o f  n a t u r a l l y  occupied 
poo l s  f o r  t h e  n e x t  2 years (Sche id l i nge r  
1984). 

S c h e i d l i n g e r ' s  da ta  suggest t h a t  P. 
abramsi i  popu la t ions  a re  t o  some e x t e f i  
a Z i Z E T 1 - l i m i t e d .  That  is, t h e  average 
popu la t i on  s i z e  would be l a r g e r  i f  t h e  
be t w e e n  - p o o l  d i s p e r s a l  were  g r e a t e r .  
However, s i nce  t h e  m a j o r i t y  o f  poo l s  a r e  
occup ied ,  even  h i g h  r a t e s  of d i s p e r s a l  
cou ld  n o t  inc rease  t h e  t o t a l  popu la t i on  by 
v e r y  much. For example, t h e  uno'ccupied 
poo l s  i n  h e r  s tudy have an area something 
l e s s  than o n e - f i f t h  o f  t h e  t o t a l  area o f  
pools ,  so a  20% inc rease  would be achieved 
i f  these empty poo ls  suppor ted - P. abrams i i  

popu la t i ons  a t  a  dens i t y  equal t o  those o f  
t h e  occupied poo ls ,  

The p h y s i o l o g y ,  l i f e  h i s t o r y ,  and 
d i s t r i b u t i o n  o f  P. ab rams i  i c o n t r a s t  
s t r o n g l y  w i t h  t h e  aqua t i c  p l a n t s  t h a t  were 
d iscussed i n  t h e  p rev ious  sec t ion .  Un l i ke  
these mos t l y  widespread species, P. abram- 
s i  i i s  a  l o c a l  e n d e m i c .  A q t h o u g h  -. 
s i m i l a r l y  p l a s t i c  i n  g r o w t h  f o r m  and 
showina c l e a r  adap ta t ions  t o  inunda t ion ,  
t h e  poo l s  must d r y  f o r  i t  t o  complete i t s  
l i f e  c y c l e  success fu l l y .  Most s t r i k i n g  i s  
t h e  a p p a r e n t  l a c k ,  i n  P. abrams i i ,  o f  
apomic t i c  o r  s e l f - p o l l i n X t e ~ .  A 
s i ng l e  seed t r anspo r t ed  t o  a  new h a b i t a t  
would have scant  chance o f  success un less 
another pool w i t h  P. abramsi i  was w i t h i n  
t h e  f o r a g i n g  d i s t a n c e o f i n s e c t  p o l  1  i- 
n a t o r s .  Perhaps more t h a n  any o t h e r  
p l a n t s  i n  t h e  southern C a l i f o r n i a  ve rna l  
p o o l s ,  t h e  Pogo yne species seem spec i -  
f i c a l l y  designe aef o r  l i f e  i n  a  semidesert 
aqua t i c  h a b i t a t .  

Coyote t h i s t l e  (Eryngium spec ies ) .  
E ryng ium i s  a  l a r g e  genus of about 200 
species e s p e c i a l l y  abundant i n  t h e  Amer- 
i c a n  t r o p i c s .  Many o f  these spec ies are 
assoc ia ted  w i t h  seasonal1 y or ~ e r m a n e n t l y  
wet h a b i t a t s .  The occurrence o f  severa l  
species of Eryngium i n  C a l i f o r n i a  ve rna l  
p o o l s  i s  t h e r e f o r e  not s u r p r i s i n g .  How- 
ever ,  u n l i k e  t h e  s i t u a t i o n  w i t h  most o f  
t h e  more s t r i c t l y  a q u a t i c  p l a n t s ,  t he  
C a l i f o r n i a  species o f  Eryngium are  endemic 
t o  t h e  area. Eryn ium a r i s t u l a t um ,  f o r  
example, occurs & t h e  Ca 1 i f o r n i a s ,  
and E. a r i s t u l a t u m  var. p a r i s h i i  i s  r e -  
s t r i z e d  t o  a  smal l  a r e a f r o m R i v e r s i d e  
County t o  no r t he rn  Baja C a l i f o r n i a .  The 
genus i s  a l m o s t  cosmopol  i tan ,  b u t  t h e  
species o f t e n  o f  1  i m i t e d  d i s t r i b u t i o n .  

A t  f i r s t  glance, i t  i s  d i f f i c u l t  t o  
b e l i e v e  t h a t  Eryn ium i s  i n  t h e  c a r r o t  
f a m i l y  ( A p i a c k h  i t s  s t r u c t u r e  and 
i t s  c a r r o t y  smel l  and t a s t e  r e v e a l  i t s  
t r u e  a f f i n i t i e s .  I n s t e a d  o f  t h e  u s u a l  
f l a t - t opped  compound umbel o f  t i n y  wh i te  
f l o w e r s ,  E r y n  ium has a  dense head of + incons p i  cuous owers surrounded, i n  our 
species, by sp ine- t ipped  b r a c t s  (hence,  
"coyote t h i s t l e " ) .  

The h e t e r o p h y l l y  d i s p l a y e d  by Eryn- 
g i um  f o l i a g e  i s  pronounced ( F i g u r e  34). 
kJhen t h e  poo l s  are inundated, t h e  b r i g h t  



, ' 2 '  A - - ' -  - - ,. % . .  .,,, ,, .. J > .  z r c  3 "  s r ,  L n  

irt ~ o l r . ;  r l l h  little or no l o b ~ n g .  These 
d r f h  91s;) l d y r d  v r r t i c d  1 :y, and are  s o f t  and 
wrthout sbtncs o r  w ~ t h  sma 11, so f t  splnes, 
drtd r ? S p  d t j c . 1 ~ ~  t h ~  water 1 i k e  rushes. Some 
leaf d ~ v l s i o n s  and thc l ea f  m i a r i b  are 
ho l l ob ,  p r r ~ s u m b l y  t o  f d c l l l  t d t e  oxygen 
d l t f u s i o n  or  r t o rage  (see  t h r  d i scuss ion  
o f  p l ~ l n t  s o f  t h ~  aqudt lc  p h a ~ e ) .  A S  t he  
p o o l  d r  l e s  , t h e  l c a v c s  beconir g r e y ~ s h  
y ~ - ~ r . n ,  more1 c l i s 5 ~ c t ~ d ,  and t end  t o  be 
h n r l  t n n t r  1 r 3 t h - r  !+-:: ;;f;;;:;. A t  
t tmcl o f  f  lowc.rlny, usudl l y  w e l l  a f t e r  t h e  
wdtcr 1s gnnc, E .  a r r r t u l n t u m  p l an t s  a re  ----- 

--.-- a -  A 7 . 4 .  1 - r ,IJ UGJc, C. p t u g r t , . ~  I t u c L t ; t l c u  u y u  111s L i i ~ e  
ground (F igure 3 5 ) .  

L i ke  P. abramsi i ,  E. a r i s t u l a t u m  has 
1  im i ted  m e T n s o f p e T s a 1 .  T h e  heads 
break o f f  the  p l a n t s  and fragment. Some 
of the seeds t h a t  remain at tached t o  t he  
spiny b rac ts  may be d ispersed by animals, 
but  t h i s  i s  conjecture.  The p l a n t  seems 
des~gned t o  t i n d  new h a b i t a t  i n  the  i m e -  
d l a t e  v i ~ i t i  iij of  e ~ t a b i  i ~ h 0 ~ 1  pi an^^, and 
no t  t o  d isperse w ide ly .  But R. Ho l land  
(pers.  comn.) repor ted  t h a t  t h e  f r u i t i n g  

Ftours Y Leaves of Eryi~yiurn arhrublun~ ~ibst fa t ing the change in leaf form from the aquatic to the tarrestrid stage. The 
leaf ttt the errreme let1 IS typical of thoao that are emergent when the standing water is praant. These leaves are bright 
areen. hollow. and have no effective spines A1 the  extreme r l ~ h t  is a leaf typical of flowering plants: it is grayish green, 
much more lobed. and protected by  sherp splnes 



heads o f  another  spec ies,  E. vase i, break 
o f f  ir: l a t e  sumner and can d s p e r s e d  
1  i ke tumbleweeds. 

Seeds o f  E. a r i s t u l a t u m  c o l l e c t e d  
f rom t h e  b o t t o m c  o f  p o o l s  i n  s u m e r  have 
been found t o  germinate r e a d i l y  when i n -  
t roduced  i n t o  s u i t a b l e  p o o l  b a s i n s  ( C .  
P a t t e r s o n ;  p e r s  . comm. ) .  Newly estab-  
1  i shed  p l a n t s  f l owe red  t h r e e  growing sea- 
cnnz af te r  he inq  i n t r o d u c e d  as seed. Munz 
(1974) r e p o r t e d  t h a t  E r  n  ium species a re  
b i e n n i a l  as w e l l  as perenn ia  -=7 . From ob- 
s e r v a t i o n  o f  permanent  t r a n s e c t s  i t  i s  

known t h a t  E.  a r i s t u l a t u m  l i v e s  f o r  a t  
l e a s t  3 year?, and t h a t  i t  i s  a b l e  t o  
r e a c h  l a r g e  s i z e  under f avo rab le  cond i -  
t i o n s  ( C .  S c h e i d l i n g e r ,  p e r s .  comm. ; 
E. Bauder, unpubl .) . I n d i v i d u a l  p l a n t s  on 
t h e  coas ta l  mesas o f  Camp Pendleton have 
r ose t t es  30 cm and more i n  d iameter .  

The E ryn  ium spec ies a r e  among t h e  
few perennia I+- i c o t s  i n  v e r n a l  poo l s  and 
a re  t h e  o n l y  l o n a - l i v e d  p e r e n n i a l  i n  t h e  
g r o u p  o f  amph ib i ous  ve rna l  pool  p l a n t s  
o c c u r r i n g  i n  t h e  sou thern  ve rna l  p o o l s .  
The l a r g e  number o f  annual spec ies and 

Figure 35. Flowering plant of Eryngium aristulatum on Kearny Mesa. The tiny flowers are surrounded by spiny bracts. Also 
in this picture: Downingia cuspidata (large flowers) and Pogogyne abramsii (visible above medium-size cobble at lower right). 
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compara t i ve  l a c k  o f  p e r e n n i a ' l s  may be 
exp la i ned  by t h e  extreme des i cca t i on  which 
ve rna l  poo l s  undergo i n  sumner, which may 
be f a t a l  t o  perenna t ing  s t r u c t u r e s .  Q- has a  very  patchy d i s t r i b u t i o n  I n  !$? D i e g o  County  and appears t o  f a v o r  
poo ls  w i t h  deep c l a y  subso i l .  Th is  may be 
because these s i t e s  do no t  d r y  as r a p i d l y  
o r  as comp le te ly  as those w i t h  sha l lower  
o r  more coa rse l y  t e x t u r e d  s o i l s .  

Down ing ia .  l h i s  genus c o n s i s t s  o f  
about 13 spec ies found i n  western Nor th  
America and South Amer ica (Munz 1 9 7 4 ) .  
A l l  o f  t h e  spec ies  a r e  assoc ia ted  w i t h  
ve rna l  poo l s  o r  o t he r  m o s t l y  t empo ra r y  
wet lands (We i le r  1962) .  Two spec ies are 
r e p o r t e d  f rom t h e  coas ta l  ve rna l  p o o l s ,  
and seve ra l  o thers  f rom t he  poo l s  o f  the  
Cen t ra l  Va l l ey  (Ho l l and  and J a i n  1977 ) .  
Downingia i s  one o f  t h e  most c o l o r f u l  o f  
t h e  v e r n a l  pool p l a n t s ,  w i t h  m u l t i c o l o r  
blue, wh i te ,  and y e l l o w  b i l a t e r a l l y  sym- 
m e t r i c a l  f l owers  t h a t  r evea l  i t s  member- 
s h i p  i n  a  f a m i l y  w i t h  m a n y  o t h e r  
wel l -known w i l d f l o w e r s  such as t h e  s c a r l e t  
l o b e l i a  ( L o b e l i a  c a r d i n a l i s ) .  I n  t h e  
l a t e r  a q u a t i c  s taae.  b u t  more t v ~ i c a l l v  i n  
t h e  e a r i y  d r y i n g  phase, Downin i a  can Form 
ca rpe t s  o f  b l ue  i n  ver&s. Some- 
t imes  i t  forms a  band below t h e  edge o f  
t h e  p o o l .  Vernal poo ls  are a t  t h e i r  bes t  
on a  b r i g h t  s p r i n g  day w i t h  meadowlarks 
c a l l  i n g  and Downin i a  spread across t he  
bot toms o f  t h e  -r% new y  r i e d  bas ins.  Though 
n o t  t h e  r a r e s t  p l a n t s  o f  ve rna l  pools ,  
Downingia a r e  among t h e  most b e a u t i f u l .  

A l l  Downin i a  species a re  smal l  an- 
n u a l s ,  an d of t h e  c o a s t a l  ve rna l  
poo l s  a re  d e f i n i t e l y  amphibious p l a n t s .  
They a r e  r a r e l y  found ou ts ide  o f  p laces 
where wate r  s tands f o r  a t  l e a s t  a  shor t  
t ime, y e t  t h e  p l a n t s  would be complete ly  
incapab le  o f  comp le t ing  t h e i r  l i f e  c y c l e  
i f  t h e  l e v e l  o f  t h e  water d i d  not  drop 
s u f f i c i e n t l y  t o  a l l o w  them t o  p roduce  
f l o w e r s  above w a t e r .  S i nce  these  are 
mos t l y  smal l  p l a n t s  (2-10 cm t a l l )  t h i s  
meails they  have no chance o f  p e r s i s t i n g  i n  
deep permanent pools .  They a re  spec i a l -  
i s t s  f o r  areas o f  seasonal ly  f l u c t u a t i n g  
,dater l e v e l s .  

Downi n g i a  s e e d l  i n g s  e v i d e n t l y  ger-  
m i n a t e  i n  e a r l y  s t a g e s  of i nunda t i on .  
E x p e r i m e n t s  ( M y e r s  1975 ;  E .  B a u d e r  
unpubl .) show t h a t  - D. cusp ida ta  does not  

r e q u i r e  immersion f o r  g e r m i n a t i o n ,  and 
a l s o  t h a t  i t  appears t o  r e q u i r e  ve ry  def  - 
i n i t e  p re t rea tment  i n  o rde r  t o  germinate 
a t  h i g h  percentages, s i nce  many e x p e r i -  
mental  a t tempts  have g i ven  ve r y  low germ- 
i n a t i o n .  Fo r  example,  L i n h a r t  ( 1972 )  
r epo r t ed  e r r a t i c  r e s u l t s  i n  l a b o r a t o r y  
e x p e r i m e n t s  on t h e  g e r m i n a t i o n  o f  D. 
concolor ,  though he d i d  g e t  a lmost  corn- 
p l e t e e r r n i n a t i o n  on wet s o i l  f o r  some 
seed ; ( ) C s ,  :tiGvtf ( - 0 7 7 1  1 . 3 ~ 1  4 :c-J - 4 ; ~ - + - A  t L ~ ~ L L  Z Z ?  

p l e t e  f a i l u r e  o f  h i s  a t tempts .  

Once germinated, D. cusp ida ta  i s  ve r y  
w e l l  equipped t o  w i t r s t a n d  i n u n d a t i o n .  
The stems of seed l ings  a t  an e a r l y  s tage 
o f  growth have l a r g e  a i r  chambers (We i l e r  
1 9 6 2 ) ,  and have  a  f e w  l i n e a r  l e a v e s  
(F igure  36) .  I n  some poo ls ,  seed l i ngs  can 
be so dense t h a t  th rough  t h e  c l e a r  water  
i t  appears t h a t  a  coarse grass t u r f  i s  
developing. Downin i d  is heteroph j  ; iolrs, 
w i t h  t he  submerge -deT eaves seeming t o  be 
more l i n e a r ,  t h i n n e r ,  and t o  l a c k  a  waxy 
c u t i c l e ,  b u t  t h e  d i f f e r e n c e s  b e t w e e n  
a e r i a l  and  submerged leaves a re  no t  as 
c o n s p i c u o u s  a s  i n  o t h e r  a m p h i b i o u s  
p l an t s .  For Downin i a  i t  i s  r a t h e r  t h a t  + t h e  whole form o  e  p l a n t  i s  adapted t o  
t he  aqua t i c  environment.  L i k e  Po o  yne 
0. cusp ida ta  has an e l o n g a t i o n  response 
T mp; 
~ n u n d a t i o n ,  bu t  t h e  c o n t r a s t  between sub- 
merged and emerged growth f o r m  i s  less  
s t r i k i n g .  D. cus i d a t a  a l s o  p roduces  
abundant a d v & t i  ~ o u s  r o o  s  f r om  submerged 
nodes. 

re7 
F l o w e r i n g  i s  g e n e r a l l y  i n  March o r  

A p r i l ,  w e l l  a f t e r  t h e  more s t r i c t l y  aqua- 
t i c  p l an t s ,  b u t  t h e  v a r i a b i l i t y  i s  g rea t .  
I n  very  wet years, f l o w e r i n g  w i l l  be de- 
layed  u n t i l  t h e  p l a n t s  can emerge f rom t h e  
water.  The showy f l o w e r s  w i t h  t h e i r  d i s -  
t i n c t i v e  markings a r e  des igned t o  a t t r a c t  
p o l l i n a t o r s ,  r epo r t ed  by Wei l e r  (1962) t o  
be ma in ly  bees and f l i e s .  

L i k e  o t h e r  members of t h e  Carn~anula- 
ceae, Downingia has a  complex system f o r  
ensur ing  c ross  po l  1  i n a t i o n .  It i s  p ro tan -  
drous, meaninq t h a t  t h e  stamens mature and 
shea p o l l e n  be fo re  t h e  s t igma i s  recep- 
t i v e .  I n  a d d i t i o n ,  t h e  stamens, which a r e  
j o i n e d  t o g e t h e r ,  have  " t r i g g e r  h a i r s "  
which when d i s t u r b e d  by  a  v i s i t i n g  i n s e c t  
cause a  b u r s t  o f  p o l l e n  t o  be re leased.  
D e s p i t e  t h e  s p e c i a l  fea tu res  t o  i n s u r e  
ou tc ross ing ,  We i le r  (1962) found t h a t  most 



p o r t  o f  seeas in rrluti by t , r ;3  ;;i: v t h c r  
animals. 

P S i l o c a r ~ h u S .  Th i s  smal l  genus of 
annuals i n  t h e  composite f am i l v  i s  con- 
spicuous a t  t h e  t i m e  of f rui t i ;g because 
of t h e  whi te ,  co t t ony  heads (F i gu re  37 ) .  
These d i m i n u t i v e  p l a n t s  a re  among t h e  most 
f requen t  ve rna l  pool  p l a n t s  and o f t e n  a re  
t h e  most abundant annua 1 spec ies p resen t .  
Ps i locarphus a l s o  occurs i n  s l i g h t l y  mo i s t  
open areas t h a t  a r e  t oo  a r y  t o  q u d l i f j  fib 

verna l  p o o l s  by most d e f i n i t i o n s .  

L i k e  Pogogyne, Ps i locarphus spec ies 
u s u a l l y  germinate w i t h  t h e  f i r s t  f a l l  r a i n  
and grow f o r  some t ime  i n  an a e r i a l  en- 
v ironment.  Though they comnonly occur  i n  
a reas  w i t h  min imal  i nunda t i on ,  t hey  a re  
very  t o l e r a n t  of s t a n d i n y  w a t e r .  When 
growing i n  water,  t h e  leaves,  l i k e  those 
o f  Downinaia a re  l i n e a r .  Upon exposure, 
l a t e r  i n  t h e  season, t h e  leaves become 
broader r e l a t i v e  t o  t h e i r  l e n g t h .  The 
stems e longate when submerged, sugges t ing  
t h a t  they  have a  p h y s i o l o g i c a l  a b i l i t y  t o  
respond t o  inunda t ion .  A f t e r  t he  uool  has 
d r i ed ,  the  l a r g e r  p l a n t s  become h i g h l y  
branched. 

The e c o l o g i c a l  va lue  o f  t h e  co t t ony  
cover ing  o f  t h e  f r u i t s  i s  unknown. It may 
a s s i s t  h i s p e r s a l  by w ind  or wa te r .  Be- 

Figure 36. Downingia cuspidata. Plant a t  right was collected cause t h e  seeds are r e t a i n e d  a f t e r  t h e  
from standing water and has the expanded hollow stems 
and narrow leaves typical of the aquatic stage of this 

death o f  t he  p l a n t ,  a  more l i k e l y  f u n c t i o n  

species. The plant a t  the left was collected from a dried pool i s  t o  p r o t e c t  t h e  seeds aga ins t  hea t  o r  
and has the terrestrial form with broader leaves and reduced seed predators. Ants may have i f f  cul ty  
air spaces in the stem. The flowers are also shown in hand1 i n g  t h e  f r u i t s  because o f  t h e  cob- 
Figure 35. webby h a i r s .  

species o f  Downin i a ,  i n c l u d i n g  D.  cusp i -  
+umbers o f  F e e 5 - b ~  d a t a .  s e t  sma 

s e T f $ o l l  i n a t i o n  i n  greenhouses where po l -  
l i n a t o r s  were no t  present .  There are a l s o  
species i n  which s e l f - p o l l i n a t i o n  i s  t h e  
r u l e .  I n  these t h e  f l owe rs  a r e  sma l le r  
and l ess  b r i g h t l y  co lo red  (We i le r  1962).  

A f t e r  p o l l i n a t i o n ,  a long  (2 -4  cm), 
n a r r o w  c a p s u l e  f i l l e d  w i t h  many minute 
d u s t l i k e  seeds develops (F i gu re  32 ) .  I n  
common w i t h  o t he r  ve rna l  pool p l a n t s  t h e  

Deschampsia and O r c u t t i a .  Cons ider ing  
t h e  i m p o r t a n c e  o f  g r a s s e s  i n  many 
ecosystems,  i t  i s  n o t  s u r p r i s i n g  t h a t  
grasses should a l s o  have invadea h s b i t a t s  
w i t h  f l u c t u a t i n g  water l e v e l s .  The most 
famous grass of t h i s  k i n d  i s  r i c e  (Or za - X s a t i v a ) ,  an amph ib i ous  s p e c i e s  w  ose 
unique features a l l owed  i t  t o  become t he  
cornerstone of t h e  g rea t  c i v i  1  i z a t i o n s  o f  
t h e  o r i e n t .  (The p o s s i b i l i t y  of  f i n d i n g  a 
p l a n t  even f r a c t i o n a l l y  as v a l u a b l e  a t  
r i c e  ;s one j u s t i f i c a t i o n  f o r  P rese rv i ng  
temporary wet lands. ) 

shedding o f  seeds seems a napnazara p ro -  
cess  dependent  on t h e  gradual  d i s i n t e -  Geschampsia danthonio ides ( h a i r g r a s s )  
g r a t i o n  of t h e  c a p s u l e .  L o n g - d i s t a n c e  i s  t h e  qos t  cornon of  v e r n a l  P o o l  
d i s p e r s a l  presumably occurs by t h e  t r a n s -  grasses. ;t i s  a d e l i c a t e  annual u s u a l i y  



Figurtj 37 Fruit~ri$j Psiioc.r*rplt~rs / t r a v ~ . s s i r i ~ i ~ s  (At i t  p l~ l r i f  I I I  s l fo  with rr~ul~iplo brwnctlcs and the typical woolly fruiting heeds. 
IBI ;I less ~~: I I Ic~ I I~ (+  r)li11?1. wilt! t t ~ a  (friatd stofit Ictliv(fs. son\<? of wOi(:I> w ~ r e  iilltltdztted. nrtd the bract-like leaves around the heads. 

c j i  ' , f io iL \ t < i t u r ( \  ~ ~ O - t ' O  ( I T I ) .  1 t r c '  
f luwc~t'lncl h?atl\ ( p C l r - i l  c 10s j d r t 9  vclt-y optan,  
w i t h  I<1r\cj l)rtir\tlitl\ t l ~ \ (  t i  w \ t h  only  cl tcbw 
S I I I C ~ ~  1 two-f l o w ~ ~ r i l d  511 I h t l  l t - l  x 3  , ! t  t h r >  rbntl., 
( F i r  3 ) .  Az w ~ t h  I )owr ' l~ny~, i ,  I) .  d d n -  "-. 
t h o n i o ~ d r \  ofttan ( j p l ) t l c i r \  ' f?~ Tc)r.x '1 ? l n g  rn  
F f i 7 ; ~ T F f l - l ~ d s i n ,  u \ u d l l y  ( i t  t t icq u l )p r t .  [ n ~ t r - -  
g i n .  

min<>t ion ocru;s ( ~ n  1115 ~>xpc~t.lrrIilnt, thrtvb 
f l o o d i n g  o p l \ o t l r \  f o r  <in unhnvwn nun~bpr of 
d a y s  b ~ l o w  wdtt.r). I f  ( h i \  1s ~ n d ~ c d t i v ( '  
of ~ l s  f ~r ld 17t.r-formdncc, on(' would cxpt'ct 
D .  d a n t h o n t o ~ d c ~ s  t o  ( jcr r r~indtf .  w i t h  thtl 
T i r s m r s i s t a n t  inunda: i o n  o f  ~c~cond)c r  or. 
J a n u a r y .  

When lnunddted a t  an ( ~ d t - 1 ~  s t a g e  of  
g r o h . t h ,  i t s  f : o a t ~ n y  ;eaves m d l p  - -  D.dan-  
t h o n i o t d e s  v e r y  c o n s p i  c u o u s .  L ike  rome 
o t h e r  g r a s s e s  ( e . g . ,  G c e r l d  b o r e a l i s ,  
F a s s e t t  1951) and t h h  TGEZ?t 

( C d l  1 i t r  i c h r ) ,  U. d d n t h o n i o i d e s  f l o a t s  
l T s - - l i % v C S o n  t r e  s u r f a c e  r a t h e r  t h a n  
r d r s l n g  them above t h e  w a t e r .  T h i s  p r e -  
surntbly i s  dccompiished by an e l o n g a t i o n  
r c d c t  ion  s l r n i l a r  t o  t h a t  d i s c u s s e d  f o r  
f g y n  As t h e  w a t e r  r e c e d e s ,  0. dan- 
i d n ~ o i d ~ ~ s  r e v e r t s  t o  a  s t a n d a r d  g r a s s  
iitirpholoqy, and by t h e  t ime o f  f r u i t i n g ,  
w h ~ c h  usud l ly  occurs  a f t e r  t h e  pool has 
d r i e d ,  i t  1s d i f f i c u l t  t o  b e l i e v e  t h a t  t h e  
pl,*nt h3d b p e c  f u ~ c t i o n i n g  a f e w  weeks 
c L i r l i c r  a s  d f l o a t i n g  a q u a t i c  p l a n t .  

Grdss r s  a r e  o v ~ r w h e l m i n g l y  wind p o l -  
l l n d t e d .  Many a r e  s e l f - f e r t i l e ,  and  
ot  ht.rs hdve complex b r e e d i n g  p a t t e r n s  in 
which t h e  p r o p o r t i o n  o f  s e l f - f e r t i l i z e d  
seeds  v a r i e s  w i t h i n  and between p l a n t s  and 
 year^. I f  0. d a n t h o n i o i d e s  f o l l o w s  t h e  
common p a t t e r n  o f  annual  g r a s s e s  i t  p r o -  
b a b l y  i s  c a p a b l e  of s e l f i n g  but a l s o  has 
d t  l e a s t  l i m ~ t e d  exchange o f  p o l l e n  be- 
tween p l a n t s .  Like s o  many o t h e r  v e r n a l  
pool p l a n t s ,  the seeds  t h a t  a r e  produced 
a r e  small  and numerous. 



Figure 38. Oescharnpsla danthonioides. By this stage the 
plants are mostly brown. Photo by  Ellen Bauder. 

a  mat te r  o f  some deba te .  R e e d e r  (1965)  
created a  new t r i b e  w i t h i n  t h e  P o a c e a e  
s p e c i f i c a l l y  f o r  t h e s e  g e n e r a ,  a move 
which unde r l i nes  t h e i r  d j s t 1 n c t i v e n e S S .  

O r c u t t i a  a re  sma l l  g r a s s e s  w i t h  short 
l e a v e s  and  dense i n f l o r e s c e n c e s  - 
  no st conspicuous t r a i t  may be t h e  sticky 

( v i s c i d )  sec re t i ons  t h a t  c o v e r  a l l  p a r t s  
of  t h e  leaves and stems, a n d  w h i c h  i m p a r t  

; leosat?t  odor t h a t  may " a l e r t  a 
c o l l e c t o r  t h a t  some members o f  t h e  p l a n t  
a re  i n  t h e  area even b e f o r e  t h e  p l a n t s  a r e  
seen" (Reeder 1982). T h e  v a l u e  of t h e  
s t i c k y  sur face t o  t h e  p l a n t  i s  unknown,  
b u t  i t  may serve t o  d e t e r  g r a z i n g .  Reeder 
and Reeder (1980) no ted  t h a t  0. f r a  i l i s ,  
a  r a r e  spec ies o f  Baja Cal i f  o r ~ i a * ,  
was ung razed  d e s p i t e  i t s  o c c u r r e n c e  i n  
h e a v i l y  used rangeland.  S i n c e  O r c u t t i a ,  
which reaches maximum d e v e l o p m e n t  a f t e r  
t n e  w a t e r  n d b  r e ~ e d t l u ,  wouid i i k e i y  be 
most succu len t  j u s t  when t h e  g r a s s e s  o f  
surrounding nonpool h a b i t a t s  w e r e  t u r n i n g  
brown, t h e r e  may have b e e n  i n t e n s e  s e -  
l e c t i o n  aga ins t  e d i b l e  O r c u t t i a .  F i t t i n g  
w i t h  t h i s  idea i s  t h e  f a c t  t h a t  many o f  
t h e  p l a n t s  o f  t h e  l a s t  s t a g e s  o f  pool  
d r y i n g  a re  sp iny  (Eryng iu rn ) ,  h i g h l y  a ro -  
m a t i c  (Pogogyne) , v i s c i d  a n d  i 1 1  - s m e l l  i n g  
( T r i  chostema lanceolatum, " v i n e g a r  weed") ,  
o r  o therw ise  n o t  s u g g e s t i v e  o f  p l e a s a n t  
t a s t e  o r  t e x t u r e  (e.g. ,  iremocarpus setj- 
gerus, dove weed; Hemi z o n i  a f a s c i  c u m ,  
G e e d  ) . 

O r c u t t i a  c a l i f o r n i c a ,  w h i c h  i s  t h e  
O r c u t t i a  c a l i f o r n i c a ,  though one o f  o n l y  spec ies o f  t h i s  genus  i n  t he  c o a s t a l  

t h e  r a r e s t  grasses of t h e  coas ta l  ve rna l  ve rna l  poo ls ,  may be P r e s u m e d  t o  have  a  
pools, is perhaps b e t t e r  known than any ]if€? h i s t o r y  s i m i l a r  t o  t h a t  o f  0. t e n u j s  - Othe r  because of t h e  taxonomic s t ud i es  of descr ibed by Gr-iggs ( 1 9 8 1  ) . I n-73'i-E 
J .  R. Reeder and t h e  e c o l o g i c a l  and genet- s p e c i e s  g e r m i n a t i o n  t a k e s  p l a c e  unde r  
t i ca l  s tud i es  of Tom Griggs. Though n o t  water .  Griggs r e p o r t s  t h a t  g e r m i n a t i o n  i s  
p l a n t s  to e x c i t e  t h e  i n t e r e s t  o f  t h e  un in -  not  imnediate,  b u t  r e q u i r e s  t h e  g r o w t h  of 
formed, O r c u t t i a  (Reeder, 1982, has t r a n s -  fungus over  t h e  seed. W h i l e  t h e  b iochem-  
ferred some O r c u t t i a  spec ies  t o  a  new i c a l  or  p h y s i c a l  e f f e c t  o f  t h e  fungus is 
genus, T u c t o r i a ) t h e  C ~ O S ~ ~ Y  r e l a t e d  no t  known, Griggs found t h a t  t h e  dormancy 
s i n g l e - s p e c i e s  genus Neostapf ia a re  bo- of t h e  seeds cou ld  no t  b e  broken 
t a n i c a l l y  among t h e  most i n t e r e s t i n g  t h e  funga l  growth. A S  h e  observed ,  t h i s  
p l a n t s  o f  v e r n a l  poo l s .  Of  a l l  ve rna l  requi rement  f o r  2 weeks of f u n g a l  growth 
pool  p l an t s ,  these sma l l  annuals a re  the would assure t h a t  g e r m i n a t i o n  c a n n o t  occur 
most l i k e l y  t o  have evolved s p e c i f i c a l l y  except i n  years when p o o l s  are  filled for 
in verna l  pool  h a b i t a t  o r  i n  wha teve r  extended pe r i ods .  I t  may be an e v o l u t i o n -  
h a b i t a t  r l lost c l o s e l y  r esemb led  v e r n a l  a r y  r esponse  t o  t h e  s e r i o u s  problem of 
pools i n  t h e  pas t .  These grasses are S O  germina t ion  a t  an i n a u s p i c i o u s  time, 
d i s t i n c t i v e  and w e l l  d i f f e r e n t i a t e d  from as i n  response t o  a  h e a v y  

t h a t  t h e i r  c l a s s i f i c a t i o n  (Griggs 1981). Rega rd l ess  of the 
t h e  grass f a m i l y  (Poaceae) has been anism, i t  i s  known t h a t  D r c u t t i a  can be 
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absent  (as obse rvab le  p l a n t s )  f rom poo ls  
i n  c e r t a i n  y e a r s  o r  even f o r  s e v e r a l  
years .  

Once g e r m i n a t e d ,  t h e  seed l i ngs  o f  
O r c u t t i a  a re  t y p i c a l l y  e n t i r e l y  submerged 
and  i n i t i a l l y  g r o w  s l o w l y ,  f o r m i n g  an 
I soe tes -1  i k e  r o s e t t e  o f  leaves.  Even tua l l y  
t h e y a l s o  produce long, narrow f l o a t i n g  
leaves,  as i n  Des thamps ia .  3s t h e  wstcr 
recedes and t h e  p l a n t s  become exposed, t h e  
leaves a r e  s h o r t e r  and broader.  The p l a n t  
f l owe rs  a f t e r  t h e  water  i s  gone.  John 
Keeley (pers .  co rn . )  has found t h a t  carbon 
i s o t o p e  r a t i o s  f o r  O r c u t t i a ,  Tuc to r i a ,  and 
Neos tap f i a  i n d i c a t e t f i a t t e y  are a l l  C4 
grasses.  Th i s  f i t s  w i t h  t h e i r  l a t e  de- 
velopment i n  c o n d i t i o n s  when temperatures 
a r e  h i ghe r ,  day l e n g t h  g rea te r ,  and l i g h t  
i n t e n s e .  The  e a r l i e r  d e v e l o p i n g  
Deschampsia i s  probdb;y d C j  species.  

Data on 0. c a l i f o r n i c a  va r .  v i s c i d a  
(Gr iggs  and & i n  1983)  i T l u s t r a T T T E  
p o p u l a t i o n  dynamics. Wi th  a  d e n s i t y  o f  
126 i n d i v i d u a l s  p e r  s q u a r e  m e t e r ,  seed 
p r o d u c t i o n  was 500 per  i n d i v i d u a l .  For 
O r c u t t i a ,  t h e  number o f  seeds s t o r e d  i n  
t h e  s o i l  can be s u b s t a n t i a l l y  l a r g e r  o r  
sma l l e r  than a  s i n g l e  y e a r ' s  seed produc- 
t i o n .  bu t  i t  i s  always s i g n i f i c a n t .  For 
0. c a l i f o r n i c a  v a r .  i i s c i d a  i t  amounted, 
t 

~n t h e  y e a r  sampled, t o  about 5600/m2, 
l e ss  than 10% o f  t h e  c u r r e n t  seed produc- 
t i o n .  

Ove rv i ew  o f  t he  amphibious p l a n t s .  
The p l a n t s  o f  t h e  amphibious g r o u p  a r e  
d i ve r se ,  b u t  c e r t a i n  g e n e r a l i z a t i o n s  can 
be made about  them: 

1 )  Mos t  o f  t h e  narrow endemics of 
v e r n a l  p o o l s  a r e  amph ib i ous  s p e c i e s - -  
Pogogyne, O r c u t t i a ,  e t c .  T h i s  may be 
because p l a n t s  o f  t h i s  group must have an 
e s p e c i a l l y  c l o s e  f i t  t o  t h e  phys i ca l  and 
b i o t i c  environment i n  which t hey  occur .  

2)  The p l a s t i c i t y  i n  g r o w t h  form,  
l i k e  t h e  aqua t i c s ,  i s  l a rge .  

3) Most o f  t h e  amph ib ious  s p e c i e s  
have no obv ious adap ta t ions  f o r  d i spe rsa l  
excep t  sma l l  seed s i ze ,  and most have a 
t e n d e n c y  t o  r e t a i n  seeds on t h e  p l a n t .  
The main advantage of t h i s  may be t o  pro-  
t e c t  t h e  seeds a g a i n s t  p reda t ion ,  especi - 
a l l y  by an t s .  

4) I n  c o n t r a s t  t o  a  m a j o r i t y  o f  i t ; e  
more a q u a t i c  s p e c i e s ,  many amphi  b i o u s  
p l a n t s  seem t o  be ou t c ross i ng  i n  whole or, 
i n  p a r t .  

5)  The a b i l i t y  of t h e  annual a m p h i b -  
ious p l a n t s  t o  s u r v i v e  i n  a f l u c t u a t i n g  
e n v i r o n m e n t  seems t o  be a comb ineo  
f u n c t i o n  o f  t i m i n g  o f  c r i t i c a l  l i f e  h i s -  
t o r y  events and p l a s t i c i t y .  The cons i de r -  
a b l e  p l a s t i c i t y  m i n i m ~ ~ e s  x i i f  p i u h b i ;  it; 
o f  c o m p l e t e  f a i l u r e  o f  seed p roduc t i on  
even though each y e a r  b r i n g s  a u n i q u e  
sequence o f  e n v i r o n m e n t a l  even ts .  For 
most spec ies o n l y  a  moderate l e v e l  o f  seed 
dormancy i s  probably  r e q u i r e d  as an i n -  
surance p o l i c y  aga ins t  t o t a l  r u i n  i n  a  
very  bad yea r .  

6 )  Outbreeding i s  more comon i n  t h e  
amphibious ~ l a n t  spec ies than t h e  aqua t -  
i c s .  I t  i s  t e m p t i n g  t o  conc iuae i r l d ~  

t h i s  p rov ides  g rea te r  v a r i a b i  1 i t y  , b u t  t h e  
work o f  Brown and Ja i n  (19791 on inb reed-  
i n g  and outbreeding ~ i m n a n t h e k  cas t s  doubt 
on t h i s .  

4.1.3 P l an t s  o f  t he  Drought Phase 

The c y c l e  o f  spec ies i n  t he  ve rna l  
pool does not end w i t h  t h e  d r y i n g  o f  t h e  
s u r f a c e  and t h e  o n s e t  o f  t h e  summer 
drouaht .  The amahibious soecies. n o t a b l y  

s t  ill be a c t i v e  
Some o f  t h e  

g r a s s l a n d - a s s o c i a t e d  herbaceous spec ies 
f l owe r  i n  l a t e  sp r i ng  o r  sumner, b u t  most 
o f  these a re  i n c i d e n t a l  i n  ve rna l  poo l s .  
There a re  a  few p l a n t s ,  however, t h a t  a r e  
present  i n  t h e  d r i e d  bas ins c o n s i s t e n t l y  
enough t o  be c o n s i d e r e d  c h a r a c t e r i s t i c  
even t hough  they  a re  not  r e s t r i c t e d  t o  
poo ls .  The f o l l o w i n g  two  s p e c i e s  a r e  
examples o f  t h i s  group. 

Eremocarpus se t i ge rus  (dove weed) i s  
one o f  t h e  s p e c i e s  t h a t  b e g i n s  g r o w t h  
ve ry  l a t e  i n  t h e  season. A merrber o f  t h e  
Euphorbia fami l y  , t h i s  broad- leaved s i  1  - 
very  annual i s  a  n a t i v e  p l a n t  common i n  
g r a s s l a n d s ,  e s p e c i a l  l y  i n  d i s t u r b e d  
p laces.  I n  ve rna l  pools ,  seed l i ngs  o f  E-. 
se t i ge rus  a re  f i r s t  n o t i c e d  i n  t h e  d r i e d  
o r  d r y i n g  p o o l  b o t t o m s  ( F i g u r e  39) .  
These p l a n t s  grow w e l l  i n t o  t h e  h o t t e s t  
p a r t  o f  t h e  s u m e r ,  when t h e y  may be t h e  
o n l y  obv ious s igns  of l i f e  i n  t h e  d e s i c -  
cated pools .  I n  l a t e  sumner o r  autumn 



4.1.4 Species o t  t h e  Pool Margins 

There a r e  many spec ies (Tables 6 C 
and D )  t h a t  a r e  c h a r a c t e r i s t i c  o f  v e r n a l  
pool h a b i t a t s ,  b u t  t h a t  a r e  n o t  t r u e  v e r -  
n a l  pool s p e c i a l i s t s .  They e i t h e r  o c c u r  
ou t s i de  of t h e  poo l  boundaries proper,  or 
i f  they occur  i n  p o o l  bas ins,  t h e i r  p r e -  
sence i s  dependent on t h e  i n p u t  of  pro- 
pagu les  f r o m  ad jacen t  nonpool h a b i t a t .  
These nonpool spec i es  can t o l e r a t e  t h e  
l i m i t e d  p e r i o d s  o f  s tand ing  water t h a t  
e x i s t  toward t h e  p o o l  margins, especia 1 l y  
i f  t h e y  h a v e  grown l a r g e  enough b e f o r e  
i nunda t i on  t o  have some leaves above t h e  
s u r f a c e  o f  t h e  wa te r  (E. Bauder, p e r s  . 
cornm.) . S ince  v e r n a l  poo l s  t y p i c a l l y  v a r y  
cons iderab ly  i n  dep th  o r  d u r a t i o n  o r  b o t h  
f rom yea r  t o  year ,  i t  i s  a l s o  p o s s i b l e  
f o r  annual spec ies  i n t o l e r a n t  o f  f l o o d i n g  
t o  i n v a d e  p o o l  b a s i n s  i n  d r y  y e a r s  
(Bauder, unpubl  . ) . There a r e  3 l s o  depres  - 
s i ons  o f  i n t e r m e d i a t e  m o i s t u r e  s t a t u s  
where ve rna l  pool  p l a n t s  occur mixed w i t h  
nonpool p l a n t s .  To a t  l e a s t  some e x t e n t ,  
then, v e r n a l  pool  p l a n t s  and t h e  nonpool  
spec ies t h a t  surround poo l s  contend f o r  
t h e  same g row ing  space. A b r i e f  c o n s i d -  

Figure 39. Seedling of Eremocarpus setigerus in the basin e r a t i o n  o f  t h e  n a t u r a  1 h i  s t o r y  o f  t h e  
ofadriedvernalpoolinApril.Thesurroundingplantsare p l a n t s  t h a t  o c c u r  i n  t h e  t r a n s i t i o n a l  
brown and dead. areas f rom p o o l  t o  t y p i c a l  t e r r e s t r i a l  

h a b i t a t  i s  t h e r e f o r e  necessary. 

Whi le  many c o a s t a l  ve rna l  poo l s  a r e  

t h e  p l a n t s  e v e n t u a l l y  d i e ,  and i n  t h e  
e a r l y  stages o f  pool  f i l l i n g  t h e  b l a c k e n e d  
r o t t i n g  r e m a i n s  o f  E. s e t i  e rus  a r e  a +- c h a r a c t e r i s t i c  f e a t u r e  o some 11001 s . 
E v i d e n t l y  t h e  seeds o f  t h i s  p l a n i  h a v e  
t h e  a b i l i t y  t o  p e r s i s t  i n  t h e  m o i s t  s o i l  
w i t h o u t  b e i n g  s t i m u l a t e d  t o  ge rm ina te .  
S ince mo i s t u re  c l e a r l y  i s  n o t  l i m i t i n g ,  i t  
may be t h a t  t h e r e  i s  a  hea t  r e q u i r e m e n t  
f o r  t h e  seeds t o  break dormancy. What-  
ever t h e  mechanism, t h i s  tendency f o r  l a t e  
development i s  c h a r a c t e r i s t i c  o f  dove weed 
(Bartolome c i t e d  i n  Heady 1977). 

T r i  chostema lanceo la tum ( v i n e g a r  
weed) i s '  ano ther  p l a n t  o f  s im i  1ar b e h a -  
v i o r .  L i k e  dove  weed, T. l a n c e o l a t u m  
appears l a t e  i n  t h e  seas% and p e r s i s t s  
i n t o  t h e  d r y  sumner when o t h e r  a n n u a l s  
have d ied .  Desp i te  i t s  membership i n  t h e  
m i n t  f am i l y ,  v inegar  weed has a b i t i n g l y  
pungent non-mint1 i ke odor, which may s e r v e  
i n  p a r t  t o  d iscourage he rb i vo r y .  

surrounded by shrubs (F igure  12) ,  h e r b a -  
ceous g rass l and  spec ies  t y p i  ca l l y  o c c u r  
ad jacen t  t o  poo ls .  Because o f  t h e  i m p o r -  
tance o f  annual  g rasses  i n  r a n g e l a n d s ,  
these have been s t u d i e d  r e l a t i v e l y  i n t e n -  
s i v e l y  compared t o  o t h e r  w i l d  p l a n t s  
(Heady 1 9 7 7 )  . T h r e e  genera c o n t r i b u t e  
mos t  o f  t h e  domi n a n t  s p e c i e s  - -Bromus,  
Festuca (sometimes a l s o  known as ~ulpia), 
m n a .  A l l  have t h e  same b a s m f e  
h i s t -  G e r m i n a t i o n  occurs w i t h  t h e  
f i r s t  heavy f a l l  r a i n s ,  growth c o n t i n u e s  
through t h e  w i n t e r ,  and seeds a r e  p roduced  
i n  e a r l y  t o  l a t e  sp r i ng ,  t o  l i e  i n  t h e  
l i t t e r  and  sur face  s o i l  u n t i l  t he  n e x t  
f a l l .  

The r e a s o n  f o r  t h e  success of t h e  
in t roduced  annual grasses e v i d e n t l y  l i e s  
i n  t h e i r  a b i l i t y  t o  a d j u s t  t o  C a l i f o r n i a ' s  
drought  -f 1 ood c1  imate .  They beg in  g r o w t h  
prompt ly  when m o i s t u r e  becomes a v a i l a b l e ,  
grow r a p i d l y  w h i l e  c o n d i t i o n s  a re  f a v o r -  
ab le ,  and s w i t c h  t o  seed p r o d u c t i o n  a s  



drought - i f i t ens i f - i es .  ;n good ysai-s and 
i n  f avo rab le  h a b i t a t s  t he  annual g rasses  
grow la rge ,  t i 1  l e r  ( p r o d u c e  a d d i t i o n a l  
s tems)  e x t e n s i v e l y ,  and have h i g h  seed 
p roduc t ion .  I n  bad yea rs  and on l e s s  p r o -  
d u c t i v e  s i t e s  p l a n t s  are sma l l  and seed 
p roduc t i on  reduced. Even i n  t h e  m o s t  
severe droughts  t h e  annual grasses have a  
remarkable a b i l i t y  t o  p r o d u c e  a t  l e a s t  
some seeds (Ewing and Menke 1983). 

Bromus mol l i s  ( s o f t  chess) i s  one o f  
t h e  a n n u a l  g G  most comnonly f ound  
w i t h i n  and n e x t  t o  v e r n a l  p o o l  b a s i n s  
(F i gu re  40). Since i t  i s  a l s o  a de-  

;.tTdh?~ ~ " " c o  r n n ~ i n c  7 . t  h; lc  hepn t h e  
- " Y -  " " - ' - -  

sub jec t  o f  a  nurrber o f  s t ud i es ,  and i t  may 
serve ds an example o f  t h e  annual grasses 
gene ra l l y .  A s tudy by Young e t  a l .  (1981) 
revea led  t h e  importance o f  seeds and ger -  
m ina t i on  behavior  i n  t h e  l i f e  h i s t o r y  of 
B. m o l l i s .  By ha r ves t i ng  s o i l  samples i n  
F n e f i e r d  and  g e r m i n a t i n g  them i n  t h e  
greenhouse, they  were a b l e  t o  measure bo th  
t h e  abundance o f  seeds i n  t h e  s o i l  a t  
d i f f e r e n t  t imes o f  year ,  and t h e  r a t e  and 
6~gr .e  =f ~ ; r ~ j ~ ~ t ~ ; : =  T h - ' ~  LJ fs;nA - ,  .-a 7 -  

expected, t h a t  seed reserves o f  B. m o l l i s  
were h i g h e s t  i n  l a t e  s p r i n g  a F t e x  
r i p e n i n g  and d i s p e r s a l  of seeds. The r a t e  
o f  ge rmina t ion  of seeds i n  t h e  s o i l  was 
f o u n d  t o  be slow i n  June and inc reased  

Fiiure 40. Annual grasses of the pool margins. (A) Brornus mollis (tallest plants), Hordeum sp. (thick wheet-like hsads mostly 
in the center of the photo), and Vulpie sp. (finer narrow heads. as at extreme left). (B) Br0mu.q rubens. 
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i n t o  t h e  f a l l .  The f i n a l  percentage ger -  
m i n a t i o n  a l s o  tended t o  increase.  Com- 
parea t o  some ot,her p l a n t s  i n  t h e  annudl 
arass land (e .a. .  c l ove r .  T r i f o l  ium h i r t u m l  . .,, ;cry few germinable seeds o f  B. m o l l i s  
( a b o u t  20/m2) s u r v i v e d  i n  t h e s o i l f o r  
more than a  year .  

Bromus mo l l  i s  obv i ous l y  r e 1  i e s  heav- -- 
i l y  on t h e  c u r r e n t  seed p roduc t ion ,  and . , - - . . - A  - L  L L -  - - - A -  
b , # C  . L,,L ; I 7 L F : c : I . .  u. L , r c  3 c c u >  $:?- ; ~ z : :  :< 
o f  a f t e r r i p e n i n g  min imizes t h e  poss i  b i  1  - 
i t y  o f  p r e m a t u r e  g e r m i n a t i o n .  Summer 
s t o rms ,  if they  s t i m u l a t e d  germinat ion,  
cou ld  expose t h e  seed l ings  t o  an extended 
drought  and complete f a i l u r e  o f  seed p ro -  
duc t ion .  However, once t he  t ime  i s  r i g h t  
(about October),  t h e  seeds a re  prepared t o  
germinate w i t h i n  a  week, b e t t i n g ,  as i t  
were, t h a t  t h e  f a l l  r a i n s  a r e  on t h e  way, 
and t h a t  they w i l l  be s u f f i c i e n t  t o  a l l o w  
d t  i e d b  t burno heed:, t o  Le pr W ~ U L ~ C ; .  1 t f 5 

r a r e  f o r  t h i s  b e t  no t  t o  pay o f f ,  b u t  even 
when i t  d o e s n ' t  t h e  s m a l l  s u r v i v a l  of  
ungerminated seeds g ives  - -  B. m o l l i s  another 
chance i n  t h e  nex t  yea r .  

The g e n e t i c  s t r u c t u r e  o f  B. m o l l i s  
popu la t ions  has been s t ud i ed  by- m am 
a l .  (1970) .  They found t h a t  i t  was predom- 
i n a n t l y  s e l f - f e r t i l e .  No popu la t i on  had 
an o u t c r o s s i n g  r a t e  h i g h e r  t h a n  10%. 
But, c iespi te i n e  t-estri c rea  crosb i r ig dlil(ii)CJ 

p lan t s ,  - B. mol l i s  was f a r  f rom g e n e t i c a l l y  
un i form.  It somewhat s u r p r i s i n g  t h a t  
much o f  t h i s  v a r i a t i o n  e x i s t s  w i t h i n  popu- 
l a t i o n s ,  i n  con t r as t  t o  o t he r  s e l f - f e r t i l e  
p l a n t s  where l o c a l  popu la t i ons  o f t e n  tend 
t o  be g e n e t i c a l l y  un i form.  

A c h a r a c t e r i s t i c  o f  i n t r o d u c e d  an-  
nua ls  t h a t  i s  e s p e c i a l l y  w e l l  developed i n  
the  species o f  Bromus i s  t h e  presence o f  
s t i f f  b a r b - l i k e  h a i r s o n  t h e  leml [ c h a f f -  
l i k e  c o v e r i n g  o v e r  t h e  g r a i n )  and t h e  
a lmost  n e e d l e l i k e  base o f  t h e  lerruna which 
combine t o  g i ve  t he  f r u i t i n g  s t r uc tu res  a  
remarkable a b i l i t y  t o  become f i r m l y  em- 
bedded i n  c l o t h i n g ,  and no douk l ,  ,,rimal 
f u r .  Grazing animals sometime. g e t  t h e  
grass s p i k e l e t s  i n t o  t h e  s k i n ,  o r  worse, 
s i nce  one o f  t h e  comnon names c i  - B. d ian -  - 
d r u s  i s  " r i p g u t  b rome. "  There seems - 
l i t t l e  doubt t h a t  t h e  amazing spread o f  

t h e  need t o  p i c k  seeds f rom t h e i r  socks. 
I n  the  Cent ra l  Va l l ey  o l d  t e n n i s  shoes 
w i t hou t  socks o r  n y l o n  spats  over  shoes 
have been used (R.  Ho l land ,  pe r s .  co rn . )  
w h i l e  i n  San D iego  County,  desp i t e  an 
abundance o f  r a t t l e s n a k e s ,  beachcomber 
z o r i s  have found f a v o r  i n  t h e  p e r i o d  when 
grasses a r e  r i p e n i n g  seeds ( T .  E b e r t ,  
D e p a r t m e n t  o f  B i o l o g y ,  SDSU; p e r s .  
corn.  ) . 

Not a l l  o f  t he  i n t r oduced  species a re  
grasses. One o f  t h e  mos t  ~ b i q u i t o u s  
p l a n t s  i n  t h e  uppe r  marg ins  o f  ve rna l  
poo ls  i n  San Diego County i s  H  pochoer is  

lab ra ,  a  p l a n t  i n  t h e  ch i co r y  r i  e  o  
#T- 

+ 6 7  
e  sunf lower  f a m i l y  (Asteraceae) resem- 

b l i n g  a  d e l i c a t e  dande l ion  (F i gu re  4 1 ) .  
Aspects o f  t h e  popu la t i on  ecology o f  t h i s  
species were t h e  t o p i c  o f  t h e s i s  work by 
Baker (Baker 1977; Baker and O'Dowd 1982), 
l i l t :  ;ic;l; w u t k  pf i t - ts  0: ~ : , i c h  W ~ I - 2  can- 
d u c t e d  i n  a  ve rna l  pool area o f  Kearny 
Mesa, San Diego County. L i k e  o the r  annual 

t h e s e  i n t r o d u c e d  g rasses  i s  i n  p a r t  a  
r e s u l t  of t h e i r  t r a n s p o r t  by g raz ing  an i  - Figure 41. Fruiting heads of Hypochoeris glabra in an area 
Ill a 1 S . 0  f n  e  C e S S i t y  , V e r n  a 1  p  0 0 1  adjacent to vernal pools on Kearny Mesa. This density of 
researchers adapt t h e i r  footwear  t o  avo id  plants is not unusual in areas with a history of disturbance. 



p l a n t s  d i s c u s s e d ,  H. g l ab ra  shows r e -  
markable p l a s t i c i t y  f growth,  I n  ad- 
d i t i o n ,  i t  produces two k i n d s  o f  achenes 
( f r u i t s )  on t h e  same p l a n t .  Bo th  a r e  
t opped  w i t h  t h e  d a n d e l i o n l i k e  t u f t  o f  
s t i f f  plumed h a i r s  (pappus) But i n  one 
the  pappus i s  borne a t  t he  end o f  a  l ong  
t h i n  p r o j e c t i o n  (beak) w h i l e  i n  t h e  mar- 
g i n a l  achenes t h i s  p r o j e c t i o n  i s  absent.  
The beaked achenes a re  r e a d i l y  c a r r i e d  by 
t h e  wind ,  whereas t he  unbeaked achenes 
tend t o  be moved r e l a t i v e l y  l i t t l e  by t h e  
wind and a l s o  have s h o r t  h a i r s  t h a t  cause 
them t o  c l i n g  t enac i ous l y  t o  c l o t h  and 
fur .  The achenes, e s p e c i a l l y  t h e  beaked 
ones, a re  a v i d l y  c o l l e c t e d  by ants .  w- 
c h o e r i s  l a b r a  thus  has seeds t h a t  can 
E%Yi-%- ~ s p e r s e  w i d e l y  by  e i t h e r  wind o r  
animals,  and i t  i s  adept a t  e x p l o i t i n g  new 
h a b i t a t s  wherever they  might  appear. 

L i k e  B. inol:is, tl. glabra  seeds need 
a f t e r r i p e n G g  ~ c h i % v e  maximum ge rm i  - 
na t ion .  Baker found t h a t  germina t ion  o f  
F. glab,r,a was o n l y  moderate imned ia te ly  
a f t e r  co e c t i o n  of t h e  seeds, and t h a t  i t  
g radua l l y  increased w i t h  t ime.  Fu r t he r -  
more, she showed t h a t  germina t ion  was l ess  
a t  h i ghe r  tempera tu res  B o t h  o f  t h e s e  
c h a r a c t e r i s t i c s  would tend  t o  f a v o r  ger-  
m i n a t i o n  i n  t h e  f a l l  and w i n t e r ,  m i n i -  
m i z i ng  t h e  p o s s i b i l i t y  o f  ge rmina t ing  i n  
r esponse  i o  r d i n f a l l  d u r i n g  t h e  warm 
months. 

Erodium i s  a  d i c o t  genus o f  i n t r o -  
duced-~ t h a t  i s  as tho rough ly  na t -  
u r a l i z e d  as t h e  annual grasses. Ce r t a i n  
species t o l e r a t e  sa tu ra ted  s o i l s ,  and t hcy  
a r e  f r e q u e n t l y  f o u n d  w i t h i n  t h e  p o o l  
bas ins .  The l i f e  h i s t o r y  o f  Erodium i s  
s i m i l a r  t b  t h a t  o f  t h e  a n n u a l s e s .  
Erodium has s e l f - p l a n t i n g  seeds, a  t r a i t  
stiarea w i t h  some o t h e r  members o f  t h e  
geranium f a m i l y  and many grasses (e.g . , 
S t i p a  spp.). A t  m a t u r i t y  t h e  seed r e t a i n s  
a l o n g  b r i s t l e l i k e  p r o j e c t i o n  ( a c t u a l l y  
p a r t  o f  t h e  s t y l e  of t h e  f l o w e r ) .  When 
d r y  t h i s  s t r u c t u r e  i s  c o i l e d .  Wet t ing t h e  
d r i 2 d  f r u i t  causes t h e  c o i l s  t o  unwind, 
and w i t h  repeated changes i n  humid i t y  t h e  
sharp p o i n t e d  seed i s  pushed i n t o  t h e  
s o i l .  Th is  e labora te  mechanism, r e q u i r i n g  
a  r e l a t i v e l y  g rea t  investment  o f  ene rgy  
i n t o  each f r u i t ,  a l s o  i n s u r e s  a  good 
chance of success f o r  t h e  seeds by remov- 
i n g  them from t h e  s o i l  sur face,  where they  
may be eaten o r  d e s t r o y e d  b y  p h y s i c a l  

s t ress .  When seeds do germinate, they  a re  
w e l l  p laced  f o r  growth. I n  c o n f i r m a t i o n  
o f  t h i s ,  Roberts (1968) observed a'lmost 
c o m p l e t e  s u r v i v a l  o f  Erodium seed1 i n g s  
a f t e r  i n i t i a l  e m e r g e n c e , T s i g n i f i c a n t  
m o r t a l i t y  o c c u r r i n g  o n l y  a f t e r  seed s e t  
and t he  onset o f  drought .  

L i k e  B. m o l l i s  and - H. g l a b r a  , E. - 
b o t r y s  s e e d s s h o w  an  a f t e r r i p e n i n g  
errPdtll w i t h  aermina t ion  beino more rapid 
and more complete f o r  seed; t h a t  have  
been i n  t h e  s o i l  l o n g e r  (Young e t  a l .  
1981). They seem t o  be more l i a b l e  t o  
germinate w i t h  e a r l y  r a i n s  b u t  a l s o  seem 
t o  have cons iderab le  drought  t o1  erance and 
t hus  have a  b e t t e r  chance than many an- 
n u a l s  o f  s u r v i v i n g  from ge rm ina t i on  i n  
sumner t o  t he  f a l l  r a i n s  t h a t  w i l l  i n s u r e  
r ep roduc t i ve  success (Young e t  a l .  1981)'. 

As i s  e v i den t  f rom Table 6 t h e r e  a r e  
many n a t i v e  spec ies assoc ia ted  w i t h  ve rna l  
p o o l s .  Most o f  t h e s e  undoubtedly  were 
present  i n  t h e  o r i g i n a l  grass lands,  and a  
n u m b e r  a r e  p e r e n n i a l s  r a t h e r  t h a n  
annuals. Th is  d i s t i n c t i o n  i s  most s t r i -  
k i n g  i n  t h e  grasses. Few n a t i v e  spec ies 
o f  any prominence a r e  annuals,  whereas t h e  
n a t i v e  S t i  a  (needlegrass)  spec ies can be 
importa&oca 1  l y .  I n  c o n t r a s t  t o  t h e  
in t roduced  annuals, t h e  n a t i v e  p e r e n n i a l  
species seem t o  have l i t t l e  c a p a c i t y  f o r  
r a p i d  p o p u l a t i o n  e x p a n s i o n .  Seed p r o -  
duc t i on  i s  r e l a t i v e l y  modest f o r  t h e  s i z e  
o f  t h e  p l an t s ,  and i n  ve ry  d r y  y e a r s  t h e r e  
may be l i t t l e  o r  none. The program o f  
these p e r e n n i a l s  seems t o  be t o  s a c r i f i c e  . 
seed p roduc t i on  i n  f a v o r  o f  t h e  s u r v i v a l  
o f  t h e  v e g e t a t i v e  p a r t  o f  t h e  p l a n t .  Be- 
cause o f  t h i s ,  p e r e n n i a l  grasses do n o t  
possess t h e  a b i l i t y  o f  t h e  annuals  t o  move 
i n t o  v e r n a l  pool  bas ins  i n  d r y  years .  

One group o f  n a t i v e s  t h a t  i s  o f  i n -  
t e r e s t  a e s t h e t i c a l l y  as w e l l  as sc i en -  
t i f i c a l l y  a re  t h e  " b u l b "  p l a n t s ,  espe-  
c i a l l y  t h e  g e n e r a  A l l i u m ,  B r o d i a e a ,  
C h l o r o  alum, D iche los temma,  and M u i l l a  .+ Some of these  can be- 
abundant around v e r n a l  poo l s  and add con- 
s i d e r a b l y  t o  t h e  show o f  f l owe rs .  M u i l l a  - c l e v e l a n d i i ,  of San Diego County, i s  a  
ve ry  restr-icted endemic. 

E c o l o g i c a l l y ,  t h e s e  s p e c i e s  a l l  
f o l l o w  t h e  same r e c i p e  f o r  success i n  a 
semiar id  c1 imate. They have deep-seated 



Figure 42. Muilla maritima in flower. Fruiting heads or 
Erodium sp. and Hypochoeris glabra are also in the photo. 

b u l b s  o r  b u l b l i k e  corms. They begin  
g r o w t h  w i t h  t h e  e a r l y  r a i n s ,  and  
genera l ly  flower in l a t e  win te r .  Unlike 
many of t h e  annuals,  t he  seeds o f  b u l b  
p l an t s  probably do not surv ive  f o r  more 
than a y e a r  i f  they f a i l  t o  germina te .  
Since t he  e s t ab l i shed  p l an t s  probably can 
l i v e  f o r  many yea r s ,  t h e  f a i l u r e  of seed- 
l i ng  establ ishment  in any one year  i s  of 
1 i t t l e  consequence. The deeply implanted 
bulbs a r e  well protected aga ins t  t h e  ex- 
tremes of drought and hea t ,  and w i l l  be 
a b l e  t o  flower again i n  t h e  next year .  
Some spec i e s  a l s o  a r e  reported t o  remain 
compietely dormant in  unusually unfavor- 
a b l e  y e a r s  ( P .  Rundel ,  Biomed. Lab. ,  
U n i v e r s i t y  of C a l i f o r n i a .  Los Anueles: 
p e r s  . c o & n . ) .  Brodiaea o t c u t t i i  i"s one 
member of t h i s  eco loa ica l  a r o u ~  t h a t  i n  
some places in San ~ i & ~ o  county is l o c a l l y  
r e s t r i c t e d  t o  pool  b a s i n s .  I t  i s  n o t  

known i f  these  populations of B. o r c u t t i i  
p o s s e s s  any s p e c i a l  p h y s i o l o g i m  
developments 1 adaptat ions t o  verna l  pools.  

There i s  a l s o  a la rge  assemblage of 
n a t i v e  annua l  s p e c i e s  a s s o c i a t e d  w i t h  
pools ,  some of which appear t o  have con- 
s i d e r a b l e  t o l e r a n c e  of f l o o d i n g .  For 
e x a m p l e ,  t h e  annua l  c l o v e r  T r i f o l  ium 
~mclec te ! - ! :  i s  cf t_en f n u n d  g r o w i n g  i n  

standing water ,  although i t  a l s o  grows in 
nonpool s i t u a t i o n s .  The beau t i fu l  yellow 
~ o m ' ~ o s i  t e  go1 df  i e l d s  (Lasthenia  chryso- 
s toma)  o f t e n  i s  abundant  a t  t h e  upper - 
margins of pools .  

Hemizonia s p e c i e s  d e s e r v e  s p e c i a l  
men t ion ,  s i n c e  they a r e  among the  most 
f requent  na t i ve  annuals in  and near vernal 
poo l s  ( F i g u r e  43) .  This genus i s  d i s -  
t i n c t i v e  in t h e  grass  land f o r  being l a t e  
in  the  phenological sequence. As members 
of the  tarweed sub t r i be  in t he  composite 
fami ly (Asteraceae)  they possess t he  pun- 
gent  f ragrance  pecu l i a r  t o  t h a t  group. In 
t h e  l a t e  spr ing  and e a r l y  sumner when the  
annual g rasses  have a l ready  turned com- 
p l e t e l y  brown, Hemizonia s p e c i e s  w i l l  
o f t en  be near lv  t h e  onlv areen h e r b  i n  
evidence. a he^" evident ly-  have t h e  abi 1 i t y  
t o  draw upon deeper reserves  of water and 
withstand i n t ense  hea t  and drought b e t t e r  
than o the r  spec ies  of annuals ,  introduced 
o r  n a t i v e .  This a b i l i t y ,  combined with 
some inundation t o l e r ance ,  means t h a t  Hem- 
izonia can sometimes be found i n  consia-  
e r a b l e  abundance in t he  basins  of d r i ed  
verna 1 pool s . 

Se la  i ne l  l a  c inerascens , a clubmoss 
endemlc  -4-- o s o u t h e r n  C a l i f o r n i a  and  
northern Baja Ca l i fo rn i a ,  i s  t he  dominant 
element of an unusual v e g e t a t i o n  cove r  
c h a r a c t e r i s t i c  of a r ea s  of c lay s o i l  c r u s t  
ad jacent  t o  v e r n a l  poo l s  i n  San Diego 
County. The vegetat ion patches a r e  typ- 
i c a l l y  a few t o  hundreds of square meters 
i n  a r ea ,  and a r e  made up of c lones of S. 
c inerascens with s c a t t e r e d ,  mostly s t u n t r d  
grasses  and fo rbs ,  and a r e a s  of bare or  
1 i  chen-encrusted so i  1 .  The Sela i ne l  l a ,  
which i s  a perennia l  t h a t  sprea ae- s across  
t h e  sur face  and r a r e l y  r i s e s  more than a 
ha l f  cent imeter  above i t ,  i s  o b v i o u s l y  
we l l  s u i t e d  t o  growing on shallow com- 
pacted o r  c rus ted  s o i l s  t h a t  i n h i b i t  t he  



Figure 43. Hemizonia fasciculata adjacent to a pool on 
Kearnv Mesa. 

growth of lusher  vege ta t ion .  I t  i s  appa r -  
e n t  t h a t  t h e s e  s u r f a c e s  a r e  d r o u g h t  
s t r e s s e d  even during t he  w i n t e r  growing 
season, and t h e  dominance of z. c i n e r a -  
scens may well be because of i t s  
t o o l e r a t e  repea ted  d e h y d r a t i o n  d u r i n g  
t he  growing season.  Though t h e  c o r n u n i t y  
i s  growing on s o i l ,  i t  r e s e m b l e s  most 
c lose ly  t h e  lichen-clubmoss a s s o c i a t i o n s  
t h a t  d e v e l o p  on bare rock s u r f a c e s .  A 
s u i t a b l e  name f o r  t he se  d i s t i n c t i v e  a r e a s ,  
under1 ining t h e  depauperate n a t u r ? ,  of  t h e  
vegetat ion,  i s  " s e l a g i n e l l a  balds .  

4 .2 .1  The Bryophytes-- Mosses and 
Liverworts 

Vascular  p l a n t s  a r e  + h e  obvious  
dominants of t he  vernal pool landscapes, 
but c lo se  examinat ion r evea l s  an abundance 
of bryophytes . Bryophytes lack t h e  complex 
root ing s t ruc tu re s  of higher  p l an t s  and a  
vascular  system f o r  t h e  c o n d u c t i o n  of  
water ,  so they r equ i r e  ample moisture f o r  
growth and reproduct ion.  But bryophytes 
a l s o  a r e  able t o  withstand almost complete 
des icca t ion ,  and t h i s ,  a long with t h e i r  
small s i z e  and capaci ty f o r  rap id  recovery 
when moisture i s  a v a i l a b l e ,  a l lows  them t o  
explo i t  h a b i t a t s  t h a t  vascular  p l an t s  f i nd  
too  severe-- rock f a c e s ,  s o i l  c r u s t s ,  t r e e  
bark, e t c .  and enables  them t o  occur in 
extremely a r i d  reg ions .  

I n  t h e  v i c i n i t y  o f  v e r n a l  p o o l s  
mosses a r e  most in evidence in moist de- 
p r e s s i o n s  and a t  t h e  upper  margins of 
pools within and ou t s ide  of t h e  bas ins .  
They may a l s o  be seen on t he  bottoms of 
vernal pools ,  but i t  i s  not known i f  t he se  
a r e  t r u e  a q u a t i c  mosses o r  merely t e r -  
r e s t r i a l  mosses with some degree of inun- 
d a t i o n  to le rance .  A t  t h e  moist margins 
of pools a  nearly complete understory of 
sms:l moss can develop, f i ; l i n g  i n  the 
hab i t a t  between t he  l a rge r  p l an t s  where 
f o r  b r i e f  p e r i o d s  e x c e s s  mo i s tu r e  and 
n u t r i e n t s  a r e  a v a i l a b l e .  

Most mosses a r e  pe renn i a l s ,  so  t h a t  
t he  vernal pool mosses p r o b a b l y  r e g e n -  
e r a t e  each year  from growing po in t s  in o r  
just above t he  s o i l  sur face .  Es t ab l i sh -  
ment of new moss p l an t s  i s  by spores  pro- 
duced in t he  s t a lked  capsules  cha rac t e r -  
i s t i c  of most spec i e s .  Howeve,, l i t t l e  
appears t o  be known a b o u t  t h e  r a t e  of  
establ ishment  of spores  o r  t he  mor t a l i t y  
of t he  vege t a t i ve  ind iv idua ls  f o r  mosses 
of a r i d  regions (Sco t t  1982).  Because of 
i n t e r e s t  i n  t h e  de s i cca t i on  t o l e r ance  of 
mosses, t he  r a t e  of recovery of rewatered 
moss has been s tud ied  in some d e t a i l .  Many 
spec i e s  a r e  known t o  be a b l e  t o  recover 
from y e a r s  o f  d e s i c c a t i o n .  T y p i c a l l y  , 
des i cca t i on - to l e r an t  mosses a r e  a b l e  t o  
recover t h e i r  photosynthe t ic  capac i ty  s o  
r ap id ly  on rewett ing t h a t  they have a  
p o s i t i v e  carbon  b a l a n c e  w i t h i n  hou r s  
(Proc tor  1982). 



L i t t l e  seems t o  have been done on t he  
ecologJ' or  taxonomy o f  ve rnd l  pool  asso- 
c i a t e d  mosses, y e t  they may p l a y  an impor- 
t a n t  r o l e  i n  t he  f u n c t i o n i n g  of t h e  sys- 
tem. One may specu la te  t h a t  t h e  mosses 
may be impo r t an t  t o  " inver tebrates,  sup- 
p o r t i n g  m i t e s ,  pseuodoscor-pions, b r i s t l e -  
t a i l s  and o the r  i n sec t s ,  and o the r  smal l  
s u r f a c e  a c t i v e  organisms (Gerson 1982). 
They may a l s o  be l o c a l l y  i m p o r t a n t  i n  
~ r o v i d i n q  p r o t e c t i v e  mulch f o r  t he  seeds 
and s e e d l i n g s  o f  t he  h i ghe r  p l a n t s .  I t  
seems u n l i k e l y  t h a t  t hey  would be ser ious  
c o m p e t i t o r s  of  h igher  p l a n t s ,  bu t  t h e r e  
may be  i m p o r t a n t  e f f e c t s  o f  mosses on 
decomposi t i o n  and n u t r i e n t  r e  lease t o  t he  
h i g h e r  p l a n t s  where moss cover  i s  very 
dense .  Mosses may a l s o  r e d u c e  s o i l  
e r o s i  on by p r o t e c t i n g  aga ins t  r a i nd rop  
impact ,  b i n d i n g  t h e  sur face,  and s lowing 
t h e  movement o f  water across t h e  s o i l  
< i ~ r f a r ~ .  

L i v e r w o r t s ,  because of t h e i r  l a r g e r  
s i z e  and d i s t i n c t i v e  f r u i t i n g  s t r uc tu res ,  
a re  more l i k e l y  t o  a t t r a c t  a t t e n t i o n  than 
mosses. L i k e  t h e  mosses, l i v e r w o r t s  show 
a  r emarkab l y  r a p i d  response t o  r a i n ,  o f t e n  
be i ng  t h e  f i r s t  p l a n t s  t o  t u r n  v i s i b l y  
green. Whi le  l i v e r w o r t s  a r e  w ide l y  d i s -  
t r i b u t e d  i n  C a l i f o r n i a ,  t h e y  a r e  p a r -  
t i  cu  1 a r  1 y prominent around verna l  pool s  
! ! - y ~ 4 ~ " ~ r h  !Q71!, thp~!:h nn r r r ~ r i o c  i c  

c o n f i n e d  t o  v e r n a l  p o o l  b a s i n s .  D.K. 
Severson o f  t h e  Department o f  B i o l o g y ,  
U n i v e r s i t y  o f  San Diego has i d e n t i f i e d  s i x  
spec ies ,  i n c l u d i n g  both t h a l  l o i d  and l e a f y  
forms, f r o m  t he  no r t he rn  p a r t  o f  t h e  Na- 
t i o n a l  Landmark on Miramar Naval A i r  Sta- 
t i o n  on Kearny Mesa i n  San Diego County: 

A s t e r e l l a  bo lander i  (Aust 
A .  pa lme r i  (Aust . )  Underw 
F o s m  l o n  i s e t a  Aust 

P a u s t  . R w T i  o rn i ca  
R . 7 G - l .  
K. r 1 c  ocarpa M.A.  Howe - FIT 

.) Unde r w .  

The R i c c i a  Spec ies  a r e  p robab ly  mos t l y  
a n n u a m g i n a t i n g  each year f rom spores, 
though p e r e n n i a l  Species a re  known. These 
spec ies  p l a y  a  p i onee r i ng  r o l e  on bare 
s o i l ,  fo rm ing  r o s e t t e s  t h a t  may be im-  
p o r t a n t  i n  r e d u c i n g  s o i l  e ros i on .  The 
o t h e r  two  genera are p e r e n n i a l .  I n  As- 
t e r e l l a  t h e  l e a v e s  become s t r o n g l y  6- 
-when d r y ,  a p p e a r i n g  1  i k e  b lack  

l i n e s  on t h e  s o i l  surfdce (D.K.  SeverSon, 
pers - corn.  ) . 

The e c o l o g i c a l  r o l e  of  t h e  p e r e n n i a l  
l i v e r w o r t s  may be c o q a r e d  w i t h  bo th  t h e  
mosses and Sela i n e l l a  c ine rascens .  A l l  
of these gr6ht t h e  b r i e t  p e r i o d s  
when s o i l  mo i s t u re  i s  h i g h  and evapo- 
r a t i o n  n o t  excess ive.  Presumably  t h e s e  
p l a n t s  wou ld  be much l e s s  abundant if 
r a i n f a l l  were t o  incrcdse.  a l l o w i n a  t h e  
deve lopment  o f  a  dense g r d s s  o r  h e r b  
cover.  . I f  so, bryophytes and Sela i n e l l a  
species should be l ess  prominen - - f? - f r  mem e r s  
of t he  community as one moves n o r t h .  

4.2.2 Lichens 

Lichens a re  ub i qu i t ous  and extreme- 
l y  hardy orgdnisms t h a t  c o n s i s t  o f  an a l g a  
and fungus growing i n  c l o s e  a s s o c i a t i o n .  
I n  t h e  ve rnd l  pool  r eg i on  l i c h e n s  are most 
i n  e v i d e n c e  on t h e  b a r k  o f  t r e e s  and 
shrubs and on t!xposed bou lde r s .  O t h e r s  
f o r m  rounded ,  nondesc r i p t .  t h a l l  i j u s t  
below t h e  s n i  l su r f acc  i n  t h c ~  s c l a g i n e l  l a  
ba lds and o the r  pldct!s w i t h  sparse p l a n t  
cover .  I n  these s i t .udt  ions they  p robab ly  
p l a y  an impor tdn t  r o l e  i n  p r e v e n t i n g  s o i l  
eros ion.  Whi 11. a  d i ve r se  group w i t h  i n -  
t e r e s t i n g  phy s i  o loy  i c d  1 dnd rnorphologica 1 
c h a r a c t e r i s t i c s ,  t~hpy a r p  nlantc; p r i m d r i l y  
o f  d r i e r  m i c r o h a b i t a t s  and t h e r e f o r e  p l a y  
l i t t l e  d i r e c t  r o l e  i n  ve rnd l  poo l s .  

4.3 ALGAE 

A l l  o f  t h e  p l a n t s  l o o s e l y  known as 
a lgae,  i n c l u d i n g  t h e  b l  u e - g r e e n  a l g a e ,  
wh i ch taxonomi  ca l l y  a re  more p r o p e r l y  
grouped w i t h  t h e  bac te r i a ,  w i l l  be con- 
s i d e r e d  under  t h i s  heading. I n  v e r n a l  
pools,  as i n  aqua t i c  systems g e n e r a l l y ,  
t h e  algae are o f  major  impor tance i n  t h e  
aqua t i c  s tage as p r i m a r y  p r o d u c e r s  and  
n i t r ogen  f i x e r s .  Un fo r t una te l y  t h e r e  a r e  
no es t imates  o f  t he  p r o d u c t i v i t y  of  a l g a e  
i n  ve rna l  pools,  but  i n  some ins tances  i t  
appears t o  equal and very  p robab l y  exceed 
t h a t  o f  t h e  vascular  p l a n t s .  The s tand-  
i n g  biomass of a lgae  d i f f e r s  w i d e l y  among 
p o o l s .  Some p o o l s  neve r  h a v e  obv ious  
a l g a l  blooms, a d  m a i n t a i n  c l e a r  wa te r  
t h roughou t  t h e i r  e x i s t e n c e .  I n  o t h e r  
cases, dense f l o a t i n g  mats o f  f i lamentous 
a l g a e  develop, shading t he  p l a n t s  below 



water, thereby reducing t h e i r  growth and 
probably a lso  causing some m o r t a l i t y  f o r  
those unable t o  ra i se  leaves above t h e  
su r face .  A c h a r a c t e r i s t i c  feature of 
pools i n  the dry ing  phase, espec ia l l y  o f  
those tha t  have had dense a l g a l  mats, i s  
the presence of crust  on the pool bottom 
formed by the coalescence of the algae. 
This sometimes forms a t h i n  sheet ,  n o t  
un l ike  the no r i  used as sushi wrappers. 

The organisms o f  the aquatic phase 
o f  vernal pools are the least  studied, and 
a lgae i n  p a r t i c u l a r  seem t o  have been 
v i r t u a l l y  ignored up t o  t h i s  time. The 
species l i s t  i n  Table 8 i s  based on data 
col lected by Norma Lang's phycology c lass 
a t  U. C. Davis i n  March 1984 from pools 
south o f  Dixon, Ca l i f o rn ia ,  i n  the  Cent ra l  
Va 1 ley. 

A s i d e  f r o m  t h e  ma t - fo rm ing  a l g a e  
already mentioned, one o f  the most ob- 
vious algae i s  Nostoc, a genus o f  c o l o n i a l  
blue-greens t h a t f o r m s  small semi t r a n s -  
parent  b a l l s  i n  t h e  water  o f  ve rna l  
pools. They are n i t r o g e n  f i x e r s ,  pos- 
sessing the enlarged c lea r  c e l l s  known as 

h e + n - n ~ , ~ r + r  + h = t  = re  _h~! i~ \ !nd  t-n hp f_hs 
,,b%,L, " U J  " " W  " . a = . .  

s i t e  o f  f i x a t i o n  i n  the  blue-green algae. 

Microorganisms a re  v i ruses,  bac te r i a ,  
fung i ,  protozoa, and algae t h a t  range i n  
s ize  from one t o  a few cens o f  micrometers 
(Campbell 1983). Microorganisms are im- 
por tan t  i n  every aspect o f  energy and 
m a t e r i a l  t r a f i s f s r  i n  ecosystems and are 
c e r t a i n l y  key e lements  o f  v e r n a l  p o o l  
ecosystems. But l i t t l e  i s  known about t he  
microorganisms o f  vernal  pools, and t h e  
best t h a t  can be done i s  t o  suggest which 
groups o f  microorganisms m i g h t  be most  
important, and how they might a f f e c t  sys- 
tem func t ion ing .  

The a u t o t r o p h i  c microoraanisms i n -  
clude the  blue-green a lgae wh ich  were 
d iscussed w i t h  t h e  p roka ryo t i c  algae i n  
t he  previous sect ion.  Although these are 
probably t h e  most important  pr imary pro-  
ducers i n  vernal pools, t he re  are  photo- 
syn thet ic  bac te r i a  i n  other  groups (e.g., 
green and purp le  sulphur bac ter ia ,  purp le  
non-sulphur bac te r i a )  t h a t  can be impor- 
t a n t  i n  aquat ic  systems, b o t h  by  t h e i r  
c o n t r i b u t i o n  t o  p r o d u c t i v i t y  and t o  s u l -  

Table 8. Algal genera reported from vernal pools near Dixon, phur cyc l  i n g  (Wetzel 1983). 
Californie. Identifications by Norma Lang's Botany 118 class 
at University of California, Davis, 1984. Many o f  t he  organisms i n  these groups 

are f a c u l t a t i v e  a u t o t r o ~ h s  t h a t  swi tch  t o  
h e t e r o t r o p h y  i n  the  appropr iate c i r cumi  

Cyan;;$;:;; 

Nostoc 
O s c i l l a t o r i a  

Closter ium 
Cosmar ium 
kudor ina 
Aicraster i as 
Dedoaon~um 

Staurastrum 

E%F 

Char;;$;eae 

Trachelomonas 

Vaucheria 
Baci l lar iophyceae 

Melosi ra 
Synedra 

stances.  . o t h e r s  have  ' r a t h e r  e x a c t i n g  
requirements and e x i s t  i n  zones o f  steep 
gradients i n  oxygen avai l a b i  1 i ty .  Since 
such c o n d i t i o n s  m i g h t  e x i s t  i n  verna l  
pools, i t  may be t h a t  p h o t o s y n t h e t i c  
bac te r i a  other  than blue-green algae are 
important.  The pho to t roph i  c ~ r o t o z o a n s  
(e'.g., Chlam domonas) may a i s o  be i n -  + eluded i n  e i s  o p o t e n t i a l  ohotosvn- 
thesizers . The i r  r o l e  i n  vernal  ' pools- i s  
unknown. 

Chemosynthesis i s  t he  reduct ion  o f  
carbon d iox ide  through the  u t i l i z a t i o n  o f  
inorganic molecules such as hydrogen s u l -  
phide. I n  most ecosystems t h e  main source 
o f  the  appropr iate molecules i s  t he  de- 
composition o f  o rgan ic  m a t t e r ,  so  t h a t  
chemosynthesis i s  r e a l l y  a k i n d  o f  sec- 
ondary p r o d u c t i v i t y ,  and may be though t  
o f  as graz ing  on inorgan ic  molecules r e -  
leased i n  decay (Rheinheimer 1971). 



Because o f  t he  anaerobic  cond i t i ons  t h a t  
e x i s t  i n  sa tu ra ted  verna l  pool  s o i l s ,  
chemosynthet ic b a c t e r i a  may be o f  some 
importance d u r i n g  t h e  aqua t i c  stage. 

The f r e e - 1  i v i n g  p r e d a t o r s ,  decom- 
posers, and saprophytes encompass a  d i -  
verse group o f  microorganisms t h a t  consume 
l i v i n g  o r  dead p l a n t  and animal m a t e r i a l  
and e f f e c t  many b i o c h e m i c a l  t rans fo rm-  
-&;*,, ;.. tkf ""^,-^C,.  . ,  , =  , . Z f  ~rt;tcst c;:r - 
a l l  importance i s  t h e  r o l e  they p l a y  i n  
t he  r e l ease  o f  n u t r i e n t s  t o  p r imary  p ro -  
d u c e r s .  They a l s o  p rov i de  a  source o f  
food f o r  t h e  sma l le r  predaceous animals.  

Anaerobic cond i t i ons  a re  an i n d i r e c t  
e f f e c t  o f  decomposit ion by microorganisms 
i n  sa tu ra ted  s o i  1s. Oxygen d i f f u s e s  much 
more s l ow l y  i n  water than i t  does i n  a i r .  
Thus when t h e  a i r  i n  s o i l  c o n t a i n i n g  o r -  
gdn ic  tndtter- 15 r e p i d l e d  k i i h  katc?t , tlir! 
a c t i o n  o f  decay organisms augmented by t h e  
r e s p i r a t i o n  o f  h i ghe r  p l a n t  r o o t s  q u i c k l y  
depletes t h e  oxygen. Though oxygen does 
d i f f u s e  i n t o  t h e  s o i l ,  t h e  r a t e  i s  so slow 
r e l a t i v e  t o  t h e  demand t h a t ,  even when 
waters above t he  s o i l  are supersaturated 
w i t h  oxygen, t h e  aerob ic  l a y e r  a t  t h e  su r -  
face  may be o n l y  a  few m i l l i m e t e r s  t h i c k  
(Watanabe and Furusaka 1980). 

Once t h e  a n a e r o b i c  cond i t i o n s  a r e  
es tab l i shed ,  t h e r e  i s  a  s h i f t  i n  m i c r o b i a l  
f u n c t i o n  r e s u l t i n g  bo th  f rom a  change i n  
t he  species t o  anaerobic  forms and f a c u l -  
t a t i v e  changes w i t h i n  aerob ic  species t o  
a d j u s t  t o  t h e  l a c k  o f  f r e e  oxygen. I n -  
s tead o f  carbon d i o x i d e  be ing  t h e  f i n a l  
s tage i n  carbon metabolism, o rgan ic  ac ids  
and methane (swamp gas) are produced a long  
w i t h  o t he r  reduced forms such as hydrogen 
su l ph i de  t h a t  would be q u i c k l y  ox i d i zed  o r  
me tabo l  i z e d  i n  an aerob ic  environment 
(Campbell 1983). 

Because o f  t h e  importance o f  n i t r o g e n  
as a  n u t r i e n t ,  one o f  t h e  anaerobic t r ans -  
format ions o f  s p e c i a l  i n t e r e s t  i n  aqua t i c  
systems occurs when n i t r a t e s  a re  used as 
an oxygen source by some b a c t e r i a ,  r e -  
s u l t i n g  i n  t h e  r e l ease  o f  n i t r o g e n  gas. 
I n  c e r t a i n  cond i t i ons  t h i s  process, a long 
w i t h  v o l a t i l i z a t i o n  o f  amnonia, can r e s u l t  
i n  s i g n i f i c a n t  losses o f  n i t r o g e n  f rom t h e  
sys tem.  T h e r e  a r e  a l s o  a n a e r o b i c  
n i t r o g e n - f i x e r s  , however, so t h a t  de te r -  
m in i ng  the e f f e c t  o f  w a t e r - l o g g i n g  on 

n i t r ogen  balance i s  complex. There a re  
da ta  t o  suggest  t h a t  f o r  r i c e  p a d d i e s  
t h e  e f f e c t  o f  f l o o d i n g  i s  t o  inc rease  
n i t r o g e n  con ten ts  r e l a t i v e  t o  u n f l o o d e d  
s o i l s ,  Th is  i s  assumed t o  be t h e  r e s u l t  
o f  increased f i x a t i o n .  The same may be 
t r u e  f o r  ve rna l  pools .  

He te ro t r oph i c  m i c r o b i a l  s y m b i o n t s ,  
e s p e c i a l l y  pa ras i t es ,  may be assumed t o  be 
im;crt??t !n t h j r  effects  on betb p l a n t s  
and animals.  A  d e s c r i p t i o n  o f  t h e i r  i n -  
f l uence  i n  ve rna l  poo ls  must awa i t  f u r t h e r  
s t u d y .  M u t u a l i s t  symb ion ts ,  l i v i n g  i n  
assoc i a t i on  w i t h  h i ghe r  p l a n t  hos ts ,  un- 
d o u b t e d l y  c o n t r i b u t e  a  p o r t i o n  o f  t h e  
n i t r o g e n  a v a i l a b l e  i n  v e r n a l  p o o l  eco -  
s y s t e m s ,  b u t  i t  seems l i k e l y  t h a t  
f r e e - l i v i n g  n i t r o g e n  f i x e r s  may be o f  
g rea te r  importance. 

Syrn5;ct.i~ mycor rh iza !  f u n g i ,  w h i c h  
f o r m  an i n t i m a t e  a s s o c i a t i o n  w i t h  t h e  
r o o t s  o f  t h e i r  p l a n t  hosts ,  undoub ted ly  
a re  p resen t  and p l ay  a  r o l e  i n  i n c reas i ng  
t h e  abso rp t i on  o f  n u t r i e n t s .  No th ing  i s  
known about t h i s  group w i t h  re fe rence  t o  
ve rna l  poo l s  . 

4.5 INVERTEBRATES 

4.5.1 Zooplankton and Other Small Aquat ic  
Animals 

S t r i c t l y  speaking, p l ank ton  a re  o r -  
ganisms t h a t  a re  suspended i n  t h e  water 
column, so t h a t  t h e i r  movements a re  ma in l y  
dependent on water cu r ren t s .  The organ- 
isms t o  be d iscussed under t h i s  heading 
w i l l  a l s o  i nc l ude  some t h a t  spend most o f  
t h e i r  t i m e  moving across t h e  bot tom (some 
os t racods)  and o thers  t h a t  are r e l a t i v e l y  
s t r ong  s w i m e r s  ( f a i r y  shr imp).  

The smal l  an imals  o f  v e r n a l  p o o l s  
have no t  been ex tens i ve l y  s t ud i ed  i n  C a l i -  
f o r n i a ,  though temporary waters  e l  sewhere 
have  a t t r a c t e d  t h e  a t t e n t i o n  o f  l imno-  
l o g i s t s  and o thers  (e.g., Wiggins e t  a l .  
1968) .  The ma in  source o f  i n f o r m a t i o n  
used here  i s  a  t h e s i s  and subsequent work 
done f o r  t h e  C a l i f o r n i a  Depar tment  o f  
T ranspo r t a t i on  on Kearny Mesa i n  San Diego 
County by Balko (1979).  The l i s t  i n  Table 
9 i s  o f  t he  l a r g e r  zoop lank ton  ( i n t e r -  
p r e t e d  b r o a d l y )  and does n o t  i n c l u d e  



sma l le r  organisms such as protozoans o r  
l a r g e r  animals such as i nsec t  l a r v a e  and 
amphibians. 

C ladocerans . Ba l k o  iden t i  f i e d  more 
than e i g h t  species o f  c ladocerans, a sub- 
o rder  o f  crustaceans comnon i n  f reshwater  
h a b i t a t s  throughout t h e  world.  They are 
smal l  animals ( gene ra l l y  l e ss  than 3 mn) 
w i t h  a compound eye, a d i s t i n c t  head, a 
carapace cover ing  t h e  body, and i n s e c t l i k e  
j o i n t e d  appendages. They move through t h e  
water w i t h  j e r k y  motions t h a t  a long  w i t h  
t h e i r  gross morphology make t h e i r  comnon 
name, water f l e a s ,  especia 1 l y  ap t .  

A1 t hough  some cladocerans a re  p re -  
daceous, mos t  a r e  f i l t e r  f e e d e r s  t h a t  
c o l l e c t  o rgan ic  m a t e r i a l  f rom t h e  water  by 
movements o f  t h e  l egs  t h a t  pass a c u r r e n t  
o f  w a t e r  under  t h e  body (Pennak 1978).  
While i t  appears t h a t  i n g e s t i o n  i s  f a i r l y  
i n d i s c r i m i n a t e ,  much o f  t h e  ene rgy  and 
n u t r i t i o n  i s  probably  de r i ved  f rom algae, 
protozoans, b a c t e r i a ,  and o t h e r  l i v i n g  
organ i sms . 

The l i f e  c yc l e  o f  c ladocerans i s  w e l l  
s u i t e d  t o  temporary pools ,  a l t h o u g h  t h e  
species l i s t e d  (Table 9) are n o t  r e s t r i c t -  
ed t o  temporary waters  (Balko and Ebe r t  

Table 9. List of zooplankton species collected in Kearny Mesa vernal pools of San Diego County by M.L. Balko in 1978,1979, 
and 1980 taalko 1979; Belko and Ebert, MS.). Presence is based on occurrence in the 54 pools of the 1979 sampling. 

Species Presence Species 
(%)a 

Presence 
( % l a  

Class Crustacea 
Sub-c lass  Branchiopoda 

Order Anostraca ( f a i r y  shrimp) 
Branchinecta l i n d a h l i  

Order Cladocera (water f l e a s )  
Alona SD. I 
ATona sp. 2 
f i t h r i x  h i r s u t i c o r n i s  
M, rosea 
R o i G i T e r z e  ' s k i  i 
SEiZe&inosus 
&s+ 

Sub-C lass Copepoda (copepods) 
100 

2 

Sub-c lass Ostracoda (seed shr imp) 
Bradle c r i s  c f .  a f f i n i s  
&en= i e  

- - 
26 

C- r ioconcha macra h- .. .. 
6 

39 
- - 

- 54 

L. sp. n. McKenzie 
Pseudoi l  c r i s  sp. 3TaA-RT 

Phylum R o t i f e r a  I r o t i f e r s )  
Brachionus quadr iden ta ta  
Rexar thra sp. 
Lecane forrnosa 
m a  
K. 3 i i F n s i s  
t-. sp.A 
c. SD. B 
repade l la  p a t e l l a  
L. SD. A 

A. 5jr-e 
A. sp. B 

cardium l o n  icaudum 
L , + t a  
h f i e d  i l l o r i c a t e s  

a l ~ O %  = spec ies was c o l l e c t e d  a t  l e a s t  once i n  a1 1 pools .  -- = spec ies was p resen t  b u t  presence da ta  a re  n o t  a v a i l a b l e .  
bun iden t i  f ied = occurrence o f  one o r  more u n i d e n t i f i e d  species. 
'() = maximum number of u n i d e n t i f i e d  species found i n  a s i n g l e  pool .  



1984 ) .  W i t h  t h e  f i r s t  t i l l i n g  o t  t h e  
pools  females emerge f r om  r e s t i n g  eggs 
on t h e  p o o l  bo t t om .  These grow by a 
s e r i e s  of mo l t s .  Upon reach ing  a d u l t  s i ze ,  
t h e  females beg in  t h e  p roduc t i on  o f  parth-,  
enogenet i  c  eggs. These a re  r e t a i n e d  w i t h -  
i n  t h e  body u n t i l  hatch ing,  so t h a t  f u l l y  
formed young are re leased .  I n  t h e  e a r l y  
s t ages  of popu la t i on  growth these young 
w i  11 a l s o  be par thenogene t i c  females t h a t  
w i  11 i n  t u r n  produce more par thenogenet ic  
females. S ince some spec ies produce up t o  
40 eggs,  t h e  p o t e n t i a l  f o r  p o p u l a t i o n  
expansion i n  t h i s  p e r i o d  i s  enormous. I n  
most species males a re  no t  produced u n t i l  
some change i n  environmenta 1 o r  b i o l o g i  ca 1 
cond i t i ons  t h a t  presages a d e t e r i o r a t i o n  
i n  growing c o n d i t i o n s  i s  sensed. It has 
been proposed t h a t  increases i n  popu la t i on  
dens i t y ,  temperature, o r  s a l i n i t y ,  o r  a  
dec rease  i n  f o o d ,  may be t h e  t r i g g e r s  
(Pennak 1978). I n  ve rna l  pools,  e i t h e r  
d e n s i t y  o r  s a l i n i t y  would be good p re -  
d i c t o r s  o f  imminent d r y i n g ,  s i n c e  b o t h  
wou ld  i n e v i t a b l y  inc rease  as t h e  water 
evaporates. 

Wi th  t h e  appearance o f  males mat ing  
takes p l a c e  t o  p r o d u c e  s e x u a l  r e s t i n g  
eggs. It i s  appa ren t l y  a l s o  p o s s i b l e  f o r  
r e s t i n g  eggs t o  be produced asexua l l y  i n  
a t  l e a s t  some species o f  c ladocerans (S. 
H u r l b e r t ,  pe r s .  c o r n , ) ,  The r e s t i n g  eggs 
a re  encased i n  s p e c i a l  p r o t e c t i v e  s t r u c -  
t u r e s  and a r e  dormant, u n l i k e  t h e  p a r -  
thenogenet ic  eggs produced i n  t he  favor -  
a b l e  season. The r e s t i n g  eggs are a b l e  t o  
t o l e r a t e  d r y i n g  and extremes of hea t  and 
co ld ,  and p rov i de  t h e  means by which these 
a q u a t i c  o r g a n i s m s  manage t o  p e r s i s t  
through t h e  i n t e r v e n i n g  p e r i o d  o f  d e s e r t i c  
cond i t i ons  u n t i l  t h e  poo l s  f i l l  again.  

Copepods. B a l k o  f ound  o n l y  two  
spec ies o f  copepods, one of which, C c l o  s  
v e r n a l i s ,  was nea r l y  always present  %3!li 
species occur  i n  many f reshwate r  h a b i t a t s  
and a r e  n o t  r e s t r i c t e d  t o  ve rna l  poo ls .  
Copepods a r e  c r u s t a c e a n s  and  l i k e  t h e  
cladocerans a re  w ide l y  d i s t r i b u t e d ,  have 
segmented b o d i e s ,  and move through t h e  
water w i t h  s h o r t  d a r t i n g  movements. The 
two spec ies r e p o r t e d  f o r  ve rna l  poo l s  a re  
c y c l o p o i d  copepods, h a v i n g  mouth p a r t s  
s u i t a b l e  f o r  s e i z i n g  and b i t i n g  and  
f e e d i n g  on u n i c e l l u l a r  p l a n t s  and animals,  
o t h e r  zoop lank ton ,  and probably  o rgan i c  
d e b r i s  as w e l l .  The l i f e  h i s t o r y  of  cope- 

~ 0 0 s  a l f f e r s  from t h a t  o f  t h e  c ladocerans 
i n  t h a t  p a r t h e n o g e n e s i s  i s  much un- 
u s u a l ,  and  t h e  e g g s  a r e  b o r n e  o u t s i d e  
the  body i n  masses r e s e m b l  i n g  bunches of 
grapes .  However, 1  i k e  t h e  c ladocerans 
copepods a re  capab le  o f  r a p i d  p o ~ u l a t i o n  
i n c r e a s e  when a r e  favorable.  
Surv iva l  through t h e  dry s e a s o n  i s  accom- 
p l i s h e d  i n  most  s p e c i e s  by encystment  
of pos tha tch  copepods i n  the bo t t om  mud, 
though r e s t i n g  eggs may also be produced 
(Alexander 1976) . I he e n c y s t e d  copepods 
appear t o  respond v e r y  q u i c k l y  t o  mois-  
t u re .  s i nce  they a r e  a m o n g  t h e  f i r s t  o r -  
ganiims t o  app&r when  co res  from v e r n a l  
poo ls  a re  m o i s t e n e d  i n  t h e  l a b o r a t o r y  
(Alexander 1976). 

Ostracods. O s t r a c o d s  are y e t  another  
g roup  o f  c r u s t a c e a n s ,  and of  t h e  t h r e e  
groups cons idered  a r e  p r o b a b l y  t h e  mos t  
obvious i n  v e r n a l  p o o l  s . The!' a r e  sma l l  
( gene ra l l y  l e ss  t h a n  3 mn) organisms t h a t  
supe r f  i c i a  1 l y  resemb 1e m i n i a t u r e  clams, 
w i t h  bodies and s e g m e n t e d  appendages en- 
c l o s e d  w i t h i n  a  b i v a l v e  s h e l l s .  U n l i k e  
t h e  copepods and c l a d o c e r a n s ,  most o s t r a -  
cods move about on t he  b o t t o m  r a t h e r  than  
swimming o r  f l o a t i n g  i n  the open water.  
I n  ve rna l  poo ls  some o f  t h e  spec ies a r e  
very  abundant and v e r y  a c t i v e ,  f l i t t i n g  
abou t  t h e  b o t t o m  i n  n e a r l y  con t i nuous  
motion. Accord ing t o  P e n n a k  (1978), most 
o s t r a c o d s  a r e  o m n i v o r o u s  scavenge rs ,  
f eed ing  on b a c t e r i a ,  m o l d s ,  and f i n e  de- 
t r i t u s .  I t  i s  a l s o  r e p o r t e d  t h a t  t h e  
species of verna l p o n d s  have o n l y  a  s i n g l e  
genera t ion  p e r  year ,  i n  c o n t r a s t  t o  t h e  
c  ladocerans  and c o p e p o d s  . Oversumnering 
i s  accompl ished by t h e  p r o d u c t i o n  o f  sex- 
u a l  eggs t h a t  w i t h s t a n d  t he  drough t .  Some 
spec ies a r e  s a i d  t o  be a b l e  t o  s u r v i v e  as 
advanced i n s t a r s  i n  a t o r p i d  s t a t e  b u r i e d  
i n  t h e  mud (Ba lk0  a n d  E b e r t  1984). Even 
if t h i s  behav io r  does not  a l l o w  them to 
su rv i ve  th rough  t h e  summer, i t  may p e r m i t  
them t o  w i t h s t a n d  b r i e f  dry per iods w i t h i n  
a season. 

Though a p p a r e n t l y  not  cons ide red  o f  
major  impor tance i n  l a r g e r  a q u a t i c  s y s -  
tems, i n  v e r n a l  P o o l s  t he  os t r acods  may 
w e l l  ach ieve g r e a t e r  abundance and have a 
g rea te r  impact on t h e  pool food web than  
any of t h e  o t h e r  c r u s t a c e a n s .  ~ h e j r  
s p e c i a l i z a t i o n  on b o t t m  feed ing  and on 
organic  d e t r i t u s  i s  probably i d e a l  i n  
shal low pools ,  where  t h e  f i l l i n g  of t h e  



poo ls  must s t imu la te  t h e  decomposit ion o f  males a re  unknown f o r  many spec ies.  I n  
t h e  a l g a l  c r u s t  and h igher  p l a n t  biomass. some o f  these Cases t h e  animals may have 
I n  many d r y i n g  p o o l s  masses o f  w h i t e  gone c o m p l e t e l y  t o  par thenogenesis ,  i n  

ost racod s h e l l s  are conspicuous. o thers  i t  i s  probable t h a t  t h e  males ap- 
pear f o r  such b r i e f  pe r i ods  t h a t  they have 

I n  c o n t r a s t  w i t h  t h e  w i d e s p r e a d  no t  been c o l l e c t e d .  Those male r o t i f e r s  

cladocerans and copepods d iscussed above, t h a t  a re  known a re  gene ra l l y  sma l le r  than 
some o f  t h e  ost racods c o l l e c t e d  by Balko t h e  females, sho r t  l i v e d ,  and because of 
f rom the  San Diego pools  were p rev i ous l y  undeveloped d i g e s t i v e  organs and the  l ack  
undesrr ibed.  K.G.  McKenzie, an a u t h o r i t y  of a  mouth o r  anus, incapable o f  feeding.  
Q n  ~ c t r c r n ( !  c y c t ~ r n a t i c s  a t  R i v ~ r i n a  
Col lege, Aus t r a l  i a ,  has descr ibed severa l  I n  t he  o rder  t h a t  i n c l udes  most of  
new species and a  new genus from Balko 's  t h e  species l i s t e d  (Ploima) t h e  t y p i c a l  
San Diego c o l l e c t i o n s  ( B a l k o  and E b e r t  r o t i f e r  l i f e  h i s t o r y  has a  dormant s tage 
1984). These taxa may prove t o  be endemic o f  c o l d -  and d r o u g h t - r e s i s t a n t  r e s t i n g  
t o  t he  San Diego vernal  poo ls ,  b u t  s ince  eggs. The new genera t ion  i n i t i a t e d  by t h e  
vernal  pool zooplankton populat ions are so ha tch ing  of these eggs i s  e n t i r e l y  f e -  
poo r l y  s tud ied,  i t  i s  not poss i b l e  t o  say male. These females, i n  t h e i r  s h o r t  1-2 
t h i s  w i t h  c e r t a i n t y .  week l i f e s p a n  produce eggs t h a t  g i v e  r i s e  

t o  more fema les .  Th is  con t inues  f o r  a  
Many species o f  both r o t i f e r s  (Mc- 

lnugt, e n e  Lop IQPO! ?nd prnto loans (Cox 
1982) are r a r e l y  c o l l e c t e d  y e t  have very  
b road  d i s t r i b u t i o n s .  L i k e  some o f  t h e  
aqua t i c  p l an t s  discussed e a r l i e r ,  s m a l l  
aquat ic  animals have a  remarkable a b i l i t y  
t o  f i n d  s u i t a b l e  h a b i t a t s  wherever t h e y  
occur. 

R o t i f e r s ,  R o t i f e r s  a re  a  l a r g e  and 
d ive rse  group o f  smal l  (most ly  l e ss  than 
0.5 mn long)  animals. They are overwhelm- 
irir;?y a frec,hwatcr group and though they  
occur i n  la rge  lakes they a re  e s p e c i a l l y  
adept a t  f i n d i n g  and f l o u r i s h i n g  i n  even 
t he  t i n i e s t  bodies o f  water,  such as t r e e  
ho les and smal l  depressions i n  boulders .  
The i r  occurrence i n  ve rna l  poo ls  i s  the re -  
for-e n o t  s u r p r i s i n g .  A1 though  h i g h l y  
d i v c r s e  i n  morphology, many r o t i f e r s  a re  
s y m m e t r i c a l l y  c i g a r - ,  v a s e - ,  o r  
sp i t toon-shaped organisms t h a t  have c i r c u -  
l a r  rows of c i l i a  a t  t h e  a n t e r i o r  end. 
These c i l i a ,  bea t i ng  a t  h i g h  frequency and 
i n  sequence about t he  circumference, c re -  
a t e  t he  i l l u s i o n  t h a t  t h e r e  a r e  s m a l l  
wheels r o t a t i n g ,  and i t  i s  t h i s  t h a t  g i ves  
t he  animals t h e i r  name. Most r o t i f e r s ,  
and probably  most of those l i s t e d  i n  Table 
9, a r e  omn ivorous ,  i n g e s t i n g  b a c t e r i a  
a long w i t h  f i n e  d e t r i t u s ,  a l though  a lgae 
a r e  p r o b a b l y  t h e  m a j o r  f o o d  o f  m o s t  
species. Some r o t i f e r s  (T r i chocerca)  a re  
carn ivorous and' feed on o ther  r o t i f e r s  and 
sma 11 metazoans. 

As w i t h  some cladocerans, males a re  
r a r e  i n  r o t i f e r  popu la t ions .  I n  fac t ,  

number o f  genera t ions  u n t i l  an e n v i r o n -  
mental  o r  popu la t i on  change t r i g g e r s  t h e  
p roduc t ion  o f  males, copu la t i on ,  and t h e  
f o r m a t i o n  o f  t h e  r e s t i n g  eggs (Pennak 
1978). According t o  Pennak (1978), some 
r o t i f e r s  can a l s o  s u r v i v e  d r o u g h t  by  
d r y i n g  down and s h r i n k i n g  i n t o  a  c y s t l i k e  
form. This  would be a  va luab le  adap ta t ion  
f o r  ve rna l  pool  r o t i f e r s  s i nce  i t  would 
p reven t  t he  un t ime l y  disappearance o f  a 
pool  f rom w ip i ng  o u t  popu la t i ons  i n  which 
r e s t i n g  eggs had n o t  been formed. 

Trochos haera s o l s t i t i a l i s ,  a  r a r e  
s ~ e c i e s  A ound 1n e m ~ o r a r v  ~ o n d s  i n  Texas, 
suggests some o f  t h e  d i s cove r i es  t h a t  may 
awa i t  d e t a i l e d  s tudy o f  ve rna l  pool  an- 
imals.  I n  t h i s  species females hatch f rom 
r e s t i n g  eggs and g i v e  r i s e  t o  more females 
by parthenogenet ic ovov i v i pa r y  ( ha t ch i ng  of 
eggs w i t h i n  t h e  body o f  t h e  pa ren t )  e a r l y  
i n  the season. L a t e r  males b e g i n  t o  ap- 
pea r ,  h a t c h i n g  f r o m  eggs  w i t h i n  t h e  
female's body. These males remain w i t h i n  
t h e  female's body and re lease  t h e i r  sperm 
t o  e f fec t  i n t e r n a l  f e r t i l  i z a t i o n .  It 
i s  be l i e ved  t h a t  t h i s  leads t o  t h e  f o r -  
mat ion of r e s t i n g  eggs (McCol lough  and Lee 
1980). 

The a1  t e r n a t  i o n  o f  pa r thenogene t i c  
and sexual systems of r ep roduc t i on  i s  a  
p r o m i n e n t  f e a t u r e  o f  r o t i f e r  l i f e  
h i s t o r i e s ,  and as we have seen, i s  a l s o  
p r e s e n t  i n  o t h e r  zooplankton. Whi le a  
f u l l  e vo l u t i ona ry  exp lana t i on  o f  t h e  p a t -  
t e rns  of r ep roduc t i on  i s  s t i l l  l a ck i ng ,  i t  
i s  gene ra l l y  agreed t h a t  i n  organisms t h a t  



possess Docn moaes o r  r e p r o a u c t ~ o n  sexua l  
r e p r o d u c t i o n  genera  1 l y  o c c c r s  J u s t  b e f o r e  
t h e  o n s e t  o f  c o n d i t i o n s  o f  t h e  g r e a t e s t  
r i s k  o r  u n c e r t a i n t y  ( U i l l i a m s  1972 ) .  The 
v a r i a b i l i t y  t h u s  i n s u r e d  may be i m p o r t a n t  
t o  o rgan i sms  o f  t e m p o r a r y  p o o l s ,  where t h e  
o n s e t  o f  r a i n s  and d u r a t i o n  o f  s t a n d i n g  
w a t e r  a r e  b o t h  u n p r e d i c t a b l e .  A  p u r e l y  
a s e x u a l  s p e c i e s  m i g h t  l o s e  o u t  c o m p l e t e l y  
i n  unusua l  y e a r s ,  whereas an e x c l u s i v e l y  
s e x u a l  s p e c i e s  wou ld  p r o b a b l y  have a  l o w e r  
r a t e  UT p o p u l a t i o n  expdns lon  I n  Tavordl3 le 
c o n d i t i o n s .  T h i s  wou ld  be an e s p e c i a l l y  
s e v e r e  d i s a d v a n t a g e  f o r  o r g a n i s m s  t h a t  
depend on i n v a s i o n  i n t o  new h a b i t a t s  ( J a i n  
1976b) .  

F a i r y  shr imp.  Most  o f  t h e  z o o p l a n k -  
t o n i c  organ isms d i s c u s s e d  t o  t h i s  p o i n t  
a r e  o b v i o u s l y  w e l l  s u i t e d  t o  l i f e  i n  v e r -  
n a l  p o o l s ,  b u t  a r e  n o t  n e c e s s a r i l y  spe- 
c i a l i s t s  f o r  t empora ry  w a t e r s .  B u t  t h e  
d i v i s i o n  Eubranch iopoda o f  t h e  Crus tacea  

, , 

a r e  i a r g e i y  r e s ~ r  i ciecl L U  Lt?i l iPUl.dl 'Y puu; b ,  
and c l e a r l y  have had a  i o n g  e v o l u t i o n a r y  
h i s t o r y  i n  such s ' t u a t i o n s .  None occu r  i n  
r u n n i n g  w a t e r s ,  and a l t h o u g h  some s p e c i e s  
a r e  t o l e r a n t  o f  ex t reme s a l i n i t i e s ,  none 
a r e  t r u e  m a r i n e  organ isms (Pennak 1978). 
The d i v i s i o n  i s  b roken  i n . t ~  t h r e e  d i s t i n c t  
o r d e r s ,  t h e  N o t o s t r a c a  ( t a d p o l e  s h r i m p s ) ,  
t h e  C o n c h r o s t r a c a  ( c l a m  shr imps ) , and t h e  
Anost raca ( f a i r y  s h r i m p s ) .  A l l  t h r e e  a r e  
w e l l  r e p r e s e n t e d  i n  temporary  w a t e r s  i n  
~d i i r o r r i  i d  j A  l c x h r ~ a s r  iYib j . FGI- t?~i i i<~pit?,  
T r i o p s ,  a  t a d p o l e  sh r imp ,  has been r e -  - as a  p e s t  i n  r i c e  f i e l d s  where i t  
e a t s  t h e  young r i c e  shoo ts  ( G r i g a r i c k  e t  
a l .  1985). A l t h o u g h  b o t h  c lam sh r imp  and 
t a d p o l e  s h r i m p  p r o b a b l y  o c c u r  i n  t h e  
c o a s t a l  v e r n a l  p o o l s ,  n e i t h e r  was d e t e c t e d  
i n  t h e  samples i n  San Oiego County,  and I 
w i l l  c o n f i n e  d i s c u s s i o n  t o  t h e  f a i r y  
shr ima.  and t h e  s i n a l e  s p e c i e s  wh ich  seems 
t o  be' h o s t  common, - 8 r a n c h i n e c t a  1 i n d a h l  ii 
( F i g u r e  44 ) .  A ~ e x a n d e r  ( 19 /b )  dlsCUSSeS 

Figure 44. Brachinecta, probably lindahiii (smaller organism) with egg case, and the carnivorous larvae of a dytiscid water 
beetle. Photo by Andy Olson, Biology Dep., San Diego State University. 



aspects o f  t h e  ecology o f  Cen t ra l  Val ley 
species. 

Branchinecta l i n d a h l i i  was c o l l e c t e d  
i n  about h a l f  of  t he  ve rna l  pools  surveyed 
by Balko (Table 9 ) ,  which i n  view o f  t h e i r  
s h o r t  pe r s i s t ence ,  may be an underes t i - 
mate. I t  emerges from r e s t i n g  eggs, and 
l i k e  o the r  crustaceans, undergoes a  se r i es  
of mo l ts  be fo re  reaching a d u l t  s i ze .  I t 
has 20 body segments, 11 o f  which bear  
legs .  A d i s t i n c t i v e  behavior ,  makinq i t  
a lmost  imposs ib le  t o  confuse i t  w i t h  any 
o the r  ver'nal pool  animal,  i s  i t s  t y p i c a l  
h a b i t  o f  swimning s l ow l y  and g r a c e f u l l y  on 
i t s  back by a  rhythmic bea t i ng  o f  i t ,s 
legs.  Whi le i n  mot ion i t  i s  f i l t e r i n g  
bacteria, algae, r o t  i f e r s ,  protozodns, and 
f i n e  d e t r i t u s .  L i k e  many o ther  zooplank- 
ton, males are o f t e n  r a r e  i n  f a i r y  shrimp, 
and p a r t h e n o g e n e t i c  egg p r o d u c t i o n  i s  
common. I n  A r t e m i a  sa l i na ,  t h e  common 
b r i n e  shrimp, which h a s F T i G r l d - w i d e  d i s -  
t r i b u t i o n ,  the m a j o r i t y  o t  populat ions i n  
Europe a re  e x c l u s i v e l y  p a r t h e n o g e n e t i c .  
I n t e r e s t i n g l y ,  the  few sexual popu la t ions  
are i n  more o r  less n a t u r a l  h a b i t a t s  wh i l e  
the  par thenogenet ic  ones occupy a r t i f i c i a l  
h a b i t a t s  such as s a l t  evapora t ion  ponds 
(Browne and Macdonald 1982).  This sup- 
p o r t s  t he  view t h a t  parthenogenesis i s  an 
ddvantage i n  c o l o n i z i n g  new h a b i t a t s ,  

L i k e  many o t  he r  a n o s t r a c a n s ,  B. 
l i n d a h l i i  dppears t o  have on ly  a  s i ng i e  
generat i on  per year,  emerging e a r l y ,  p ro -  
d u c i n g  r e s t i n g  e g g s ,  a n d  t h e n  
d isappear ing.  Dormant eggs o f  a  r e l a t e d  
d e s e r t  s p e c i e s ,  B. m a c k i n i ,  have been 
repo r t ed  t o  ha tch  G t h i n 2 4 t o  36 hours o f  
be ing thoroughly  wet ted (Brown and Carpe- 
lan  1971).  No doubt, ha tch ing  i n  vernal 
p o o l s  i s  e q u a l l y  r a p i d .  Accord ing  t o  
Broch (1965 c i t e d  i n  Dondld 1983), some 
anostracan eggs r e q u i r e  h i gh  oxygen l e v e l s  
i n  order  fo r  development t o  proceed t o  the 
p o i n t  where ha tch ing  i s  poss i b l e .  I f  t h i s  
i s  t r u e  fo r  0. 1  i n d a h l i i ,  t he  eggs may be 
prevented from hatch ing  w h i l e  covered w i t h  
water and may r e q u i r e  exposure i n  a  d r y  
pond t o  complete development. T h i s  may 
exp la i n  t he  s i n g l e  genera t ion  o f  8. l i n d -  - - 
a h l i i  i n  ve rna l  pools .  The suppression o f  
KZ'€?Fing of newly produced eggs may have 
a r i s e n  because o f  h i gh  r a t e s  o f  l oss  of 
second and subsequent generat ions t o  p re -  
da to r s .  Ample food may be a v a i l a b l e  l a t e r  
i n  t he  aqua t i c  phase of a  pool bu t  t he re  

i s  a l s o  a  gradual i nc rease  i n  t h e  n u m e r s  
and s i z e  o f  predaceous i nsec t s  such as 
d r a g o n f l i e s  and d y t i s c i d  b e e t l e s  t h a t  
would probably  t ake  a  heavy t o l l  o f  t he  
slow-moving f a i r y  shr imp. Aberrant  i n d i -  
v i dua l s  t h a t  hatched be fo re  exper ienc ing  
p r o l o n g e d  d r y i n g  wou ld  emerge i n t o  a  
h a b i t a t  where they would have a  h i gh  prob- 
a b i l i t y  o f  be ing  eaten be fo re  reproduc t ion  
would be poss i b l e .  

4.5.2 Insec ts  

Insec ts  are impor tan t  i n  both t e r r e s -  
t r i a l  and aqua t i c  h a b i t a t s .  There have 
been no comprehensive surveys o f  ve rna l  
pool i n sec t s ,  b u t  i t  i s  sa fe  t o  a s s e r t  
t h a t  t h e i r  impact on ve rna l  pool func-  
t i o n i n g  i s  cons iderab le  i n  t h e i r  r o l e s  as 
herb ivores , preda to rs ,  p a r a s i t e s  , and po l  - 
l i n a t o r s .  I n  t he  d ry  s tages o f  v e r n a l  
poo:5 t k l e  < - - - - A  

I l l b e L ~  5 a i E  p r z s ~ m a b l ~  drawn 
f rom t h e  s u r r o u n d i n g  v e g e t a t i o n  Bu t  
i n s e c t s  o f t e n  have  d i s t i n c t  species o r  
races assoc ia ted w i t h  p a r t i c u l a r  p l a n t  
species, and i t  i s  poss i b l e  t h a t  some o f  
t h e  endemic p l a n t s  suppor t  a  unique i n s e c t  
fauna. 

Aquat ic  i n sec t s .  A l though t he  i n f o r -  
m a t i o n  on a q u a t i c  i n s e c t s  s p e c i f i c  t o  
vernal  pools  i s  scanty,  t h e r e  i s  l i t t l e  
doubt t h a t  they  a re  o f  major  importance i n  
s t r u c t u r i n g  t h e  ecosystem o f  t h e  aqua t i c  
phase as grazers and e s p e c i a l l y  as pred- 
a t o r s .  They i n  t u r n  a re  preyed upon by 
b i r d s ,  mammals, and amphibians. 

I n f o rma t i on  on verna l  pool  i n sec t s  i s  
spa r se ,  b u t  Dehoney and LaVigne (1984) 
c o l l e c t e d  aqua t i c  i n s e c t s  from p o o l s  on 
Otay Mesa, and David Faulkner o f  t h e  San 
Diego Natu ra l  H i s t o r y  Museum has compiled 
a  1  i s t  o f  ve rna l  pool species f rom t h e  
Museum's c o l l e c t i o n .  These two sources o f  
i n fo rmat ion  have been combined (Table 10) 
t o  g i v e  a  minimal l i s t  o f  aqua t i c  i n s e c t s  
f o r  a t  l e a s t  one area o f  pools .  The t o t a l  
l i s t  f o r  a l l  poo ls  would c e r t a i n l y  be many 
times 1  onger . 

A l l  of t h e  i nsec t s  o f  Table 10 d i s -  
perse by f l i g h t ,  and because o f  this, i t  
i s  n o t  poss i b l e  t o  know t o  what e x t e n t  
t h e i r  popu la t ions  a re  permanent  i n  t h e  
ve rna l  pools .  Wiggins e t  a l .  (1980) found 



t h a t  i n  tempordry waters  i n  eastern Nor th  
Amer ica  some i n s e c t s  go t h r o u g h  t h e i r  
e n t i r e  l i f e  c yc l es  i n  t h e  pools ,  a e s t i -  
v a t i n g  as l a r vae  o r  eggs. Others d isperse 
t o  temporary pools  where they l a y  eggs and 
i n  some cases a l s o  feed. Any adu l t s  o f  
these spec ies t h a t  emerge f rom the  pools  
d i s p e r s e  b e f o r e  t h e  poo ls  d ry ,  seeking 
summer and w i n t e r  h a b i t a t s  i n  more perma- 

nent bodies of water .  Such spec ies  a r e  
oppo r t un i s t s ,  u s i n g  t h e  p o o l s  when t h e y  
a r e  a v a i l a b l e  and  abandoning them when 
they become unsu i t ab l e .  S ince t hey  l ack  
t h e  behav io r  and phys i o l ogy  which would 
a l l o w  them t o  a e s t i v a t e  i n  a  d r y  h a b i t a t ,  
they cannot depend e x c l u s i v e l y  on v e r n a l  
pools .  Most o f  t h e  i n s e c t s  o f  C a l i f o r n i a  
ve rna l  poo ls  probably  a r e  o f  t h i s  t ype .  

Table 10. Aquatic insects collected from or known to bk associated wi th  vernal pools 
based on specimens at the San Diego Natural History Museum or the 1984 published 
list of Dehoney and LaVigne (single asterisk). Species or other taxa based on both 
sources are indicated bv double asterisks. 

Order Odonata ( d r a g o n f l i e s )  
Fami ly  Aeshnidae 

Anax - junius  (green darner )  

Order Coleoptera ( bee t l es )  
Fami ly  Oy t i s c i dae  

**kgabus sp. (predaceous 
Cope7-dtus c h e v r o l a t i  

*Deronectes s t r i a t e l T u s  
Hal i ~ l  idae  

water b e e t l e )  

(Lec. ) 

*pe l tody tes  sp. ( c raw l  i n g  water  bee t les  ) 
Hydrophi 1  idae 
*Berosus punc ta t i ss imus  (water  scavenger b e e t l e )  

-ernus l a t e r a l  i s  

Order D i p t e r a  
Fami ly  Anthomyiidae 
Fami ly  Chironomidae 
Fami l y  Cul i c i  dae 

Chaoborus 
*Cul i s e t a  so. fmosauitoes l , . 
*Culex sp. (mosquitoes) ' 

Fami l y  T i p u l i d a e  
**T ipu la  sp. (crane f l i e s )  

Order Ephemeroptera 
Fami ly  Baet idae 

C a l l i b a t u s  sp. ( sma l l  may f l y )  

Order Hemiptera 
Fami l y  Belostomat idae 

*Abedus inden ta tus  (Hald. ) ( g i a n t  water bug) 
Fami ly  Co r i x i dae  

*T r i choco r i xa  sp. (water  boatman) 

Fami l y  G e r r i  =F=- ae 
*Ger r i s  sp. (water  s t r i d e r s )  

Fami l y  Nbtonect idae 
*Notonecta sp. (back swimmers) 



Uragonf ly  nymphs (Order:  Odonata) a re  
among t h e  l a r g e s t  i n sec t s  t o  be found i n  
ve rna l  poo l s .  Mature d r a g o n f  1 i e s  a r e  
a e r i a l  p r e d a t o r s  feed ing  on f l y i n g  i n -  
sects ,  w h i l e  t h e  nymphal stages a re  aquat- 
i c  and p r e y  on a q u a t i c  i n s e c t s ,  smal l  
c r us tdcedns ,  and o t h e r  s m a l l  a n i m a l s .  
Dragon f l y  nymphs are known f o r  t h e i r  vora-  
c iousness, and no doubt they  e x e r t  a  s i g -  
n i f i c a n t  i n f l u e n c e  i n  the  ponds where they 
---..," rr...,,,, 
- - - d  . ., & ?, I ! ? Q ! \  i ~ c ! s d ~ +  them 3s 
p r e d a t o r s  on t;opicadl H l a  o f  temporary 
pools ,  and they probabl&ake - H. r e g i l l a  
i n  vcrnd 1  pools .  

Because o f  the r e l a t i v e l y  long  pe r i od  
t.hdt drdgonf I i e s  nymphs r e q u i r e  t o  mature, 
t h e r e  i s  same q u e s t i o n  as t o  how many 
d c t ~ d l l y  nidnagc t o  su r v i ve  t o  t h e  a d u l t  
s t d g ~  I n  v e r n a l  p o o l s .  Co rbe t  (1983) 
gave t imes t o  m a t u r i t y  f o r  a  number o f  
a -  .,,cL -..,- xk;ch = ; ' ~ s c z t  t h a t  i n  k:srm w a t c r  

(ca.  29 deyrces C) t he  t ime from ha tch ing  
t o  emergence may be as shor t  as 40-60 
ddy5. Ldryet. verna l  pools  have du ra t i ons  
t h i s  long i n  most years, bu t  water tem- 
pcrdt  ures would be cons iderab ly  below t h e  
optimuin f o r  much o f  t h i s  t i m e .  Un less  
drdyonf 1 i p s  found i n  ve rna l  pool s  have an 
unu rud l l y  r d p i t l  development ,  i t  may be 
tloubti3d if many nymphs su r v i ve  t o  matur-  
i t y .  the s l n q l c  species f o r  which t he re  
T 2 - 2 I i!t i f  i ~ d l  ; ~ i i  (De!~or:ey arid 

LdVlgnt) 1984) I 5 cosmopol i tan  and u n l i k e l y  
t o  hdvc d s p e c i a l i r e d  l o c a l  race.  The 
nymphs obscrvc.d i n  verndl  pools  may la rge-  
ly bC thf l  o f f s p r i n g  o f  drdgonf l i e s  t h a t  
~~rnc rgc~d  froin l a rge r ,  more permanent bodies 
o f  w a t e r .  D ragon f l i e s  a r e  ab le  t o  f l y  
c o n s i d c r n b l e  d l s t d n c e s  f rom wa te r  ( i t  
i s  n o t  U n u s u a l  t o  s e e  t h e m  i n  
c r c * o l c t c - b u s h  d c 5 e r t  m i l e s  f r o m  t h e  
ncd r ( l s t  w a t e r )  S O  t h a t  t h e  d ragon f l i e s  
t h d t  lc~y ( V J ~ S  i n  t he  pools  may come from 
ot hc r  f rclshwdt.or- habi t a t s .  

ltrtl hon lp tc rans ,  o r  t r u e  bugs (Order: 
b{c>nr~pt t 'rd) i n c  ludc a  cons iderable n u d e r  
of spc>c i th \  dddp ted  t o  1  i f e  i n  o r  on  
water .  A t  l e a s t  two groups commonly occur 
I n  vcrnd 1 p o o l s .  The n o t o n e c t i d s ,  o r  
back swimrncrs, a r e  o f t e n  abundant and 
e a s i l y  i d e n t i f i e d  by t h e i r  h a b i t  o f  swim- 
m ing  on t h e i r  back, moving through t h e  
w a t e r  by  means o f  p o w e r f u l  " o a r l i k e  
s t rokes"  (Pennak 1978). Though they feed 
e n t i r e l y  i n  water ,  w i t h  t h e  proper  s t im-  
u l us  they w i l l  r e a d i l y  f l y  i n  search of 

new h a b i t a t .  A1 t hough  a q u a t i  c ,  t h e y  
b r e a t h e  a i r ,  r i s i n g  t o  t h e  su r face  t o  
capture a  bubb le  w i t h  s p e c i a l  rows o f  
h a i r s .  When t h e  oxygen i s  exhausted, they 
are fo rced  t o  r e t u r n  t o  t h e  su r face .  They 
a r e  c a r n i v o r o u s ,  f eed ing  on zooplankton 
when i n  t h e  nymphal stages, and on i nsec t s  
and t a d p o l e s  (Crump 1981) when l a r g e r .  
Very p robab ly  they  a l s o  prey upon f a i r y  
shrimp when these a r e  present .  

The c o r i x i d s ,  o r  water  boatmen, are 
s i m i l a r  t o  t h e  no tonec t ids  bu t  do not  swim 
on t h e i r  backs. They breathe a i r ,  b u t  are 
able t o  s tay  submerged f o r  long  per iods  i n  
we1 1 oxygenated water  (Pennak 1978). They 
feed on d e t r i t u s ,  very  smal l  animals such 
as P ro tozoans ,  and a l g a e .  L i k e  t h e  
back-swimners , water  boatmen are s t r ong  
f l i e r s  and a re  a b l e  t o  d isperse  cons id-  
e r a b l e  d i s t a n c e s  t o  l o c a t e  s u i t a b l e  
pools .  The i r  Fresence i n  vernal pools  may 
n o t  mean t h a t  l a r g e  numbers o f  a d u l t s  
emerge from t h e  poo ls ,  though i n  a t  l e a s t  
t he  l a rge r ,  l onge r -du ra t i on  poo l s  t h i s  i s  
undoubtedly t h e  case. 

Predaceous d i v i n g  bee t les  (Fami ly :  
Dy t i sc idae)  are comnon i n  many k i nds  o f  
aqua t i c  h a b i t a t s  and a re  a l s o  c h a r a c t e r i s -  
t i c  o f  ve rna l  pools ,  probably  o c c u r r i n g  i n  
most  t h a t  have reasonably  l ong  d u r a t i o n  
(F igures 44, 4 5 ) .  They a re  b l ack  bee t les  
abou t  1 cm l o n g  and w i t h  an ova l  body 
out1 i ne .  L i k e  t h e  no tonec t ids ,  t h e  a d u l t s  
are a i r  breathers  t h a t  en t rap  a i r  bubbles, 
bu t  s t o r e  t h e  bubble i n  a  chamber t h a t  

Figure 45. A predacious diving beetle at the surface of the 
Water. 



l i e s  b e l o w  t h e  w i n g  c o v e r s  ( e l y t r a ) ,  
though a  sma l l  bubble can u s u a l l y  be seen 
p r o t r u d i n g  from t h e  p o s t e r i o r .  The l a r -  
vae, however ,  a r e  c o m p l e t e l y  a q u a t i c ,  
c r a w l  i n g  a b o u t  t h e  vege ta t i on  and pool 
bot tom i n  search o f  prey.  Both t h e  l a r vae  
and a d u l t s  o f  t h e  f a m i l y  a r e  p reda to rs ,  
and a l ong  w i t h  t h e  d r a g o n f l y  nymphs and 
no tonec t i ds  they  c o n s t i t u t e  t h e  t o p  o f  t h e  
food cha in  i n  t h e  a q u a t i c  phase o f  t h e  
y e r n z l  p c ~ ! .  Thn ?dn!tr  2 r g  c t r n n n  f l i e r s  
t h a t  can move many m i l e s  f r om  water  and 
a r e  o f t e n  a t t r a c t e d  t o  l i g h t s  (Pennak 
1978). As w i t h  t h e  d r a g o n f l i e s  and no to -  
n e c t i d s  i t  i s  no t  c l e a r  t o  what e x t e n t  t h e  
immature a re  t h e  o f f s p r i n g  o f  a d u l t s  t h a t  
matured i n  more permanent waters and d i s -  
persed t o  t h e  ve rna l  poo l s  t o  lay  eggs, as 
o p p o s e d  t o  b e i n g  t h e  descendan t s  o f  
r e s i d e n t  popu la t i ons .  

The c r d e r  D i p t e r a  ic, v?s t  ?t?d !'I?- 

c l u d e s  m o s q u i t o e s ,  c r a n e  f 1 i e s ,  a n d  
midges ,  a l l  g r o u p s  w i t h  many a q u a t i c  
spec ies.  Represen ta t i ves  o f  these groups 
a re  c e r t a i n l y  a t  l e a s t  a c c i d e n t a l  i n  ve r -  
n a l  poo ls .  D e f i n i t e  records  a re  known f o r  
crane f l i e s  and mosquitoes (Table 10) .  

That d i p t e r a n s  a r e  capable o f  adap- 
t a t i o n  t o  temporary poo l s  i s  shown by t h e  
t h e  A u s t r a l i a n  c h i r o n o m i d  Polypedel ium 
va:iLier~idnk i i .  Th i s  ilzidys : i ~ e s  i n  t-ccl- 
poo ls ,  and t h e  l a r v a e  a re  capable o f  r e -  
cove r i ng  f r o m  complete dehydra t ion .  Wh i le  
dehydrated, t h e  l a r v a e  have been shown t o  
w i t hs tand  immersion i n  l i q u i d  he l i um  and 
hea t  over 100 deg rees  C ( H i n t o n  1960, 
c i t e d  i n  Bay ly  and W i l l i ams  1973). Per- 
haps spec ies w i t h  s i m i l a r  l i f e  h i s t o r i e s  
e x i s t  i n  C a l i f o r n i a  v e r n a l  poo ls .  

T e r r e s t r i a l  i n s e c t s .  There can be no 
doubt t h a t  nonaquat ic  i n s e c t s  a l s o  p l ay  a  
r o l e  i n  v e r n a l  poo ls  as p l a n t  he rb i vo res  
and p a r a s i t e s ,  as p o l l i n a t o r s ,  and i n  
t h e i r  i n t e r a c t  i ons  w i t h  o t he r  i n s e c t s  and 
an imals .  T h e i r  r o l e  as p o l l i n a t o r s  has  
been s t u d i e d  bv T h o r ~  (19761.  He observed 
p o l  l i n a t o r s  o f  ~ l i n n b s p e h a ,  Las then ia ,  
Limnanthes, and Downin i a  i n  v e r n a l  poo l s  

r f o u n d  t h a t  o f  So lana  Countv  
host -spec i  f i c  (01 Ygo1ect i c ) '  n a t i v e  bees of 
t he  Adrenidae f a m i l y  were p a r t i c u l a r y  im- 
p o r t a n t  as p o l i i n a t o r s ,  though he a l s o  
observed v i s i t s  by g e n e r a l i s t s  -- o t h e r  
n a t i v e  bees, s y r p h i d  f l i e s ,  bee f l i e s ,  and 
bee t l es .  Thorp 's  observa t ions  r a i s e  j n -  

t e r e s t i n g  ques t ions  about t he  p o t e n t i a l  
importance o f  p o l l i n a t o r s  i n  t h e  ma in -  
t enance  o f  p o p u l a t i o n s  o f  v e r n a l  pool 
p l a n t s ,  e s p e c i a l l y  t h e  r a r e  endemics. O f  
g r ea tes t  concern i s  t h e  p o s s i b i l i t y  t h a t  a  
r a r e  p l a n t  1  i k e  Po o  ne abramsi i depends 
on a  p o l l i n a t o r  -he9y- t a t  i n  t u r n  depends on 
some environmenta 1  f e a t u r e  t h a t  1  i e s  o u t -  
s i d e  t h e  immed ia te  v i c i n i t y  o f  v e r n a l  
poo ls .  For example, a  bee may nes t  p re -  
Ce*entizll\! rrn c ~ n n y  5 9 1 1 t h - f a ~ i  n r ~  z l n n p q .  

I n  such case ,  p rese rva t i on  o f  ve rna l  
pool  p l a n t s  may r e q u i r e  p r e s e r v a t i o n  o f  
non-pool h a b i t a t  essen t i a  1  t o  p l a n t  p o l -  
l i n a t o r s .  I t  i s  by  no means c e r t a i n ,  
however, t h a t  t h e  p l a n t s  r e q u i r e  s p e c i f i c  
p o l l  i n a t o r s  t o  se t  seed. 

P r e l i m i n a r y  s t u d i e s  by J i m  M i l l s  
(Department o f  B io logy ,  San Oiego S t a t e  
U n i v e r s i t y ,  C a l i f . ;  u n p u b l .  r e p . )  on 
p n ? l i n a t i n i  nf Po00 vnp abrams i i  ' a t  f o u r  
s i t e s  i n  San D i e h t v  have shown t h a t  
t h e  in t roduced  honeybee A p i s  me1 1  i f e r a  i s  
now the  most impo r t an t  p m n a t o r  o f  t h i s  
species. There was a l s o  a  l a r g e  s u i t e  o f  
n a t i v e  p o l l i n a t o r s  o f  which two spec ies o f  
an t h o p h o r i d  bees were most f r equen t  and 
h a l i c _ t i d  bees, megach i l i d  bees, and sy r -  
p h i d  f l i e s  common. A t  one s i t e - - t h e r e  were 
a  l a rge  number o f  v i s i t s  by bombyl i i d  
f l i e s ,  bu t  M i l l s  has evidence t h a t  these 
a re  i n e f f e c t i v e  DO! 1 inatsrs  t+?t r "?y  ha 
more o f  a  d r a i n  ' than  a  b e n e f i t  t o  pogo- 
avne. 

C o m p e t i t i o n  f o r  p o l l i n a t o r  v i s i t s  
among p l a n t s ,  which has been we17 docu- 
mented i n  some s i t u a t i o n s  (Rathcke 1983), 
cou ld  perhaps a l s o  cause a d e c l i n e  i n  seed 
s e t  o f  n a t i v e  spec ies i n  c e r t a i n  c i rcum- 
stances. I f  a ve rna l  pool  p reserve  were 
ve ry  smal l  and i f  t h e r e  were near t o  i t  
l a r g e  p l a n t i n g s  o f  a b u n d a n t  
nec ta r -p roduc ing  p l a n t s  t h a t  f l owe red  a t  
t h e  same t ime  as n a t i v e  spec ies,  t h e  p o l -  
l i n a t o r  popu la t ions  m igh t  be drawn f rom 
t h e  r e l a t i v e l y  scant  n a t i v e  popu la t i ons  t o  
t h e  dense r  more p r o d u c t i v e  a r t i f i c i a l  
p l a n t i n g s .  However, one would n o t  expect 
compe t i t i on  t o  a b s o l u t e l y  p reven t  p o l l i n -  
a t i o n ,  no r  would i t s  e f f e c t  be ve ry  s t r ong  
if preserves were l a r g e  o r  f a r  f rom l a r g e  
p l a n t i n g s .  

T e r r e s t r i a l  i n s e c t s  may a l s o  be very  
impo r t an t  i n  t h e i r  r o l e  as h e r b i v o r e s ,  
f e e d i n g  on t h e  h i g h e r  p l a n t s  o f  t h e  



poo l s .  I t  would be i n t e r e s t i n g  t o  know if 
the insec t  faunas associated w i t h  t he  r a r e  
and r e s t r i c t e d  p lan ts  of the  verna l  pools, 
such as Eryngium and Pogogyne, are equa l l y  
unusual. 

4.5.3 Other Inver tebra tes  

I n  a d d i t i o n  t o  t h e  groups discussed 
above, we rrray be ~ f r t h j l i  tha t  there are 
many other species of i nve r teb ra tes  asso- 
c ia ted  w i t h  vernal  pools even though the re  
i s  l i t t l e  publ ished about them. I n  and 
around verna 1  pool s, t he  f o l  1  owing groups 
are c e r t a i n l y  p r e s e n t :  nematodes ( h a i r  
worms or  round worms), a n n e l i d  worms ( a t  
l eas t  i n  t h e  t e r r e s t r i a l  areas) ,  spiders,  
and mites (Scot t  1971). Other groups such 
as sponges and isopods may a l s o  be pre-  
sent. No doubt, ca re fu l  s tudy would r e -  
veal t h a t  these groups and o t h e r s  n o t  
l i s t e d  p lay  a  s i g n i f i c a n t  r o l e  i n  vernal  
pool landscapes. 

Mo l l usks .  Though s n a i l s  are not  
usua l l y  thought o f  as organisms o f  a r i d  
regions, many species occur there .  Sur -  
v i v a l  i n  vernal  pools, desp i te  t he  pro-  
longed dry season, i s  t h e r e f o r e  w e l l  w i t h -  
i n  t h e  range  o f  a d a p t a b i l i t y  o f  t h e  
group. I have c o l l e c t e d  t h e  genus L mnaea 
i n  San Diego County v e r n a l  pool% 
Taylor 11981) repor ted  t h a t  another genus, , . 

i s  very des i cca t i on  t o l e r a n t  
e  oresent i n  ve rna l  pools no r th  

The genus Lymnaea i s  widespread i n  
many aquat ic  hab i ta t s .  The vernal  p o o l  
species are  small ,  l ess  than  1 cm long, 
and l i g h t  t o  da rk  brown. L i k e  o t h e r  
sna i l s  they feed by scrap ing  the  sur face 
o f  p l a n t s  and t h e  s u b s t r a t e .  When t h e  
p o o l s  d r y  t h e  s n a i l s  sea l  t h e i r  s h e l l s  
w i t h  a  muci laginous substance t h a t  p r o -  
t e c t s  them from des iccat ion .  On Kearny 
Mesa s n a i l s  seem t o  oversummer beneath  
cobbles i n  the pool bottoms. 

T a y l o r  (1981) i n d i c a t e d  t h a t  two  
-peciese o f  clams i n  the  f a m i l y  Sphaeridae 
,Muscul ium r a  mondi and ~ i s i d i u m  caser- 
t 3 X X J T F Z  iG$XET from seasonal- 
X n d s .  and t h i s  may i n c l u d e  some verna l  
3001s. i n  eastern ~ & t h  America the re  are 
.;lams t h a t  occur i n  temporary pools and 
"ppear t o  possess a  h igh  degree of adap- 

t a t i o n  t~ t h i s  e ~ v i r o n m e n t  fMcKee ana 
Mackie 1981). 

A f latworn--Bothromosostoma. F l a t -  
worms are w ide l y  d i s t r i b u t e d  i n  n a t u r e .  
both as pa ras i t es  and f r e e - l i v i n g  forms. 
The free-1 i v i n g  flatworms are u s u a l l y  w e l l  
hidden beneath rocks o r  debr is .  Bothrome- 
sostoma, a  genus of Rkabdocoel f7atworms. - 
1s an i n t e r e s t i n g  except ion  t o  t h i s  gen- 
e i d j i t y ,  s j n c c  s;?ecies i n  t h i c  group are 
conspicuous on the  sur face o f  verna l  pools 
(F igure 26 ) .  According t o  W .  Hazen (SDSU 
Biology Department; pers . comn. ) t he re  are 
two species i n  ve rna l  pools, B. personatum 
and B. americanum. Other-species are 
f o u n d  i n  woodland poo ls  of t h e  eastern 
U n i t e d  S t a t e s ,  and t h e r e  a r e  spec ies  
w i d e l y  d i s t r i b u t e d  e l sewhere  i n  t h e  
wor ld.  

Bothromesostoma i n d i v i d u a l s  appear t o  
be f l o a t i n g ,  bu t  t hey  are  a c t u a l l y  moving 
i n  the sur face f i l m  o f  water. This makes 
them, i n  t he  terminology a p p l i e d  t o  small 
aquat ic  organisms, hyponeus ton i c .  They 
are incapable o f  swimming, b u t  they  are 
occas iona l l y  found on p l a n t s  o r  t he  pool' 
bottom (W. Hazen, pers.  comn.) L i k e  f i s h  
and many o the r  aquat ic  animals, they are 
c o u n t e r - c o l o r e d  ( l i g h t  on t h e  bottom, 
darker  on the top )  t o  reduce t h e i r  v i s i -  
b i l i t y  f rom above and below. The c r y p t i c  
system breaks down i n  d i s t u r b e d  pools made 
cloudy w i t h  suspended c lay ,  when Bothrome- 
sostoma a re  very obvious aga ins t  the  l i g h t  
background (F igure  26). This may not  be 
t o o  s e r i o u s ,  however, s i n c e  f l a t w o r m s  
g e n e r a l l y  a r e  n o t  h i g h l y  f a v o r e d  prey 
items, probably because o f  t h e  presence of 
chemi ca 1  de fenses.  Bothromesostoma are 
s t r i c t l y  carn ivorous  and seem t o  feed on 
insec ts  and o ther  smal l  c rea tures  t h a t  get 
trapped on t h e  water sur face.  I n  small 
a q u a t i c  h a b i t a t s  w h i c h  would n a t u r a l l y  
have a  l a rge  shore-to-water sur face r a t i o ,  
t h i s  i n p u t  o f  t e r r e s t r i a l  i nsec ts  may be 
q u i t e  s i g n i f i c a n t  and represent  a major  
sou rce  o f  h i g h - p r o t e i n  d e t r i t u s .  Some- 
t imes smal l  groups o f  Bothromesostoma w i l l  
e n c i r c l e  a s i n g l e  i n s e c t  1  i k e  hyaenas 
gorging on a  water b u f f a l o .  

The l i f e  cyc le  o f  Bothromesostoma i s  
s i m i l a r  t o  t h a t  o f  o ther  ve rna l  poo l  ani -  
mals. They s u r v i v e  the  d r y  season as eggs 
t h a t  are s t i m u l a t e d  t o  h a t c h  when the  



poo ls  fill. The i n d i v i d u a l s  a r e  hermaph- 
r o d i t i c  w i t h  we ' l l - deve loped  c o p u l a t o r q  
organ systems, So i t  i s  reasonable t o  sup- 
pose t h a t  egg p roduc t i on  i s  s t r i c t l y  sex- 
u a l .  I n  any case, two k i nds  o f  eggs a re  
produced. One t y p e  develops imned ia te l y  
and hatches w i t h i n  t h e  ov i duc t  ( o v o v i v i -  
p a r y ) .  I t  i s  p robab ly  o n l y  l a t e r  i n  t h e  
s e a s o n  t h a t  t h e  d o r m a n t  " d a u e r e i e r "  
( r e s t i n g  eggs )  a r e  p r o d u c e d .  T h e s e  
over-summer and p rov i de  t h e  s t a r t  o f  t h e  
nex t  w i n t e r ' s  popu la t i on .  

4.6 VERTEBRATES 

T h e r e  a r e  n o  v e r t e b r a t e  s p e c i e s  
r e s t r i c t e d  t o  ve rna l  poo l s .  But  t h e r e  are 
v e r t e b r a t e s  t h a t  a r e  c h a r a c t e r i s t i c  o f  
ve rna l  poo l s  and impo r t an t  i n  ve rna l  pool  
ecosystems. 

4 .6 .1  hphib ' ians--Frogs,  Toads, and 
Salamanders 

Frogs and toads a r e  by f a r  t h e  most 
obv ious and t y p i c a l  v e r n a l  p o o l  v e r t e -  
b r a t e s .  Two s p e c i e s  a r e  p r e d o m i n a n t :  
H  l a  r e  i l l a ,  t h e  P a c i f i c  t r e e  f r og ;  and h+ cap iopus ammondi, t h e  western spadefoot 
t o a d .  Bo th  o f  these  a re  sma l l  anurans 
t h a t  have developed t h e  behav io r  necessary 
t o  cope w i t h  a  l o n g  d r y  season. 

The P a c i f i c  t r e e  f r o g  i s  t h e  more 
conmon o f  t h e  two spec ies.  It probab ly  

i s  one o f  t h e  c h a r a c t e r i s t i c  sounds o f  
southern C a l i f o r n i a  evenings near ve rna l  
poo ls .  The choruses a re  made up o f  males 
t h a t  move t o  water  and c a l l  t o  a t t r a c t  
f ema les ,  I n  t h e  compe t i t i on  among males 
f o r  f e m a l e s  t h e  " f  i r s t - c a l  l e r s "  a n d  
" s o l o - c a l l e r s "  have t h e  h i ghes t  proba- 
b i l i t y  o f  success fu l  ma t i ng  (Moore 1979). 
A f t e r  m a t i n g  takes p lace ,  t h e  eggs a r e  
l a i d  i n  g e l a t i n o u s  masses i n  t h e  p o o l  
(F i au re  47 ) .  I t  i s  thouqht  t h a t  t he  f e -  
male leaves t h e  v i c i n i t y  o f  t h e  poo l  a f t e r  
egg l a y i n g  (Jarneson 1956).  A f t e r  hatch-  
i ng ,  t h e  t adpo les  feed  on a l gae  and d e t r i -  
t u s  (F i gu re  48). When they  grow l egs  and 

occurs i n  every  a rea  o f  ve rna l  pools ,  and 
in a major i  ty of t h e  larger pool s w i t h i n  a  Figure 46. The Pacific tree frog (Hyla regillal. Photo by Ellen 

g i ven  se t .  The spec ies  i s  widespread i n  
t he  Far  West f r om  B r i t i s h  Columbia t o  Baja 
C a l i f o r n i a ,  Mexico, and eas t  t o  Idaho and 
Nevada (Stebbins 1966). Desp i te  i t s  name, 
i t  i s  p r i m a r i l y  t o  be found i n  grass and 
low vege ta t i on  and i s  assoc i a t ed  w i t h  a l l  
s o r t s  o f  bod ies  o f  w a t e r ,  n a t u r a l  and 
a r t i f i c i a l .  Adu l t s  a r e  about 1.5 t o  5 cm 
long,  w i t h  a  d i s t i n c t i v e  b l ack  eye s t r i p e  
(F i gu re  46).  Two c o l o r  morphs are known, 
a  more o r  l e s s  un i fo rm b r i g h t  green and a  
m o t t l e d  brown, w i t h  cons iderab le  v a r i a t i o n  
i n  d e t a i l s  of  t h e  p a t t e r n .  A l though t h e  
t w o - c o l o r  morphs a re  g e n e t i c a l l y  d e t e r -  
mined, bo th  have t h e  a b i l i t y  t o  l i g h t e n  o r  
darken w i t h i n  minutes t o  a d j u s t  t o  t h e i r  
background (S tebb i  ns 1966). 

The P a c i f i c  t r e e  f rog,  i n  comnon w i t h  
o t h e r  members of i t s  f a m i l y  (Hy l idae)  , i s  
a  chorus f r o g ,  and i t s  comnunal "kreck-ek"  Figure 47. Egg mass of the Pacific tree frog 



Figure 48. Pacific tree frog tadpoles on the bottom of a vernal pool with Callitriche longipedunculata and Lilaea scilloides. 
The tadpoles have stirred up the bottom sediments. 

are ab le  t o  move on the  land, they d i s -  
perse away f rom t h e  pool ,  some apparent ly  
for hundreds o f  meters, and w i t h  t h e  onset 
o f  t h e  summer drought  aes t i va te  i n  o l d  
logs, meadow mouse burrows, crevices be- 
tween rocks, and o the r  s i m i l a r  places t h a t  
w i l l  p r o t e c t  them aga ins t  heat and dryness 
(Bra t ts t rom and Warren 1955). The a d u l t s  
feed above water, e a t i n g  beet les,  midges, 
f l i e s ,  l e a f  hoppers ,  and other i nsec ts  
(Bra t ts t rom and Warren 1955). 

The P a c i f i c  t r e e  f rog has a  remark- 
able homing a b i  1  i t y .  Jameson (1956, 1957) 
conducted experiments i n  Oregon i n  which 
he removed males f rom ponds, marked them, 
and p laced them i n  other  ponds a t  some 
distance.  He found t h a t  t he  t ransp lan ted 
frogs q u i c k l y  l e f t  the  new ponds t o  r e t u r n  
t o  t h e i r  former h a b i t a t .  I n  one exper i -  
ment he moved 83 f rogs 300 yd, and, i n  
another, 414 f r o g s  1000 yd. I n  t h e  f i r s t  
case 56 f rogs were recovered, 43 from t h e  
o r i g i n a l  pond. I n  t h e  second case, after 
1 month, none was present i n  the t r a n s -  
p l a n t  pond, and f i v e  had managed t o  make 
t h e i r  way back t o  t h e  o r i g i n a l  pond. 

Tadpoles o f  t he  P a c i f i c  t r e e  f r o g  can 
reach very h igh  dens i t i es ,  50 o r  100 per 
square meter o f  poo l  bot tom be ing  comon. 
Since they are r e l a t i v e l y  l a r g e  and q u i t e  
ac t i ve ,  they must have a  subs tan t i a l  i m -  
pact on the  l imnology o f  t he  pools,  pro- 
bably p r i m a r i l y  by t u r n i n g  over t he  sur- 
face  a l g a l - d e t r i t a l  l a y e r  o f  t he  pool 
bottom bo th  by i n g e s t i n g  m a t e r i a l  and by 
t h e  p h y s i c a l  d is tu rbance o f  t h e i r  swim- 
ming. Both tadpoles and a d u l t s  are impor- 
t a n t  i t e m s  i n  t h e  d i e t  o f  some o f  the  
ver tebra tes  o f  vernal  pool  landscapes. 

The spadef oot toad, Scaph iopus ham- 
mondi.  b e l o n a s  t o  a  w ide l v  d i s t r i b u t e d  
group.. A matupe western soa ie foo t  toad i s  
3-6 .cm long, m o t t l e d  green,  g rey ,  and 
o l i v e  w i t h  orange spots. The i r  name comes 
from a  smal l  b lack  appendage on the  h ind  
legs which i s  used i n  d i g g i n g  (Stebbins 
1966) (F igure  49). The i r  l i f e  h i s t o r y  i s  
s i m i l a r  t o  t h e  P a c i f i c  t r e e  f rog .  Adul ts  
become a c t i v e  w i t h  w i n t e r  r a i n s  and the  
males c a l l  from pools w i t h  a vo ice  "resem- 
b l i n g  t h e  sound made by s t r o k i n g  t h e  tee th  
of a  pocket comb" (Stebbins 1966). Eggs 
a r e  l a i d  i n  g e l a t i n o u s  masses. Food 



Figure 49. Spade-foot toad iscaphiopus hammondil. The 
toads may over-summer in cracks in the heavy clay soils. 
Photo by Ellen Bauder. 

h a b i t s  a r e  p robab ly  s i m i l a r  t o  those of 
t h e  P a c i f i c  t r e e  f r o g ,  w i t h  t h e  tadpoles 
f e e d i n g  on a l g a e  and o rgan ic  d e t r i t u s .  
Tadpoles a re  a b l e  t o  metamorphose i n t o  
a d u l t s  i n  as l i t t l e  as a  month, t h i s  r a p i d  
development be i ng  an excel  l e n t  adap ta t i on  
t o  l i f e  i n  v e r n a l  poo l s  (Stebbins 1966).  

The P a c i f i c  coas t  popu la t ions  o f  S. 
hamond i  a re  d i s j u n c t  by seve ra l  hundrgd 
k i l o m e t e r s  f rom t h e  most c l o s e l y  r e l a t e d  
popu la t i ons  t o  t h e  eas t  which were f o r -  
m e r l  y i n c l u d e d  i n  t h e  same s p e c i e s .  
~ e p r o d u c t i o n  i n  t h e  C a l i f o r n i a  S. hamond i  
i s  keved t o  w i n t e r  r a i n s .  whereas t h e  more 
e a s t i r n  Scaph i o p u s  typi ca 1  ly b r e e d  i n  
response t o  surmer storms. Brown (1976) 
r epo r t ed  t h a t  t h e  range  o f  t e m p e r a t u r e  
t o l e r a n c e  f o r  e m b r y o n i c  development i s  
s i g n i f i c a n t l y  l o w e r  i n  t h e  C a l i f o r n i a  
p o p u l a t i o n s ,  s u g g e s t i n g  t h a t  t h e r e  has 
been s e l e c t i o n  i n  t h e  Med i te r ranean  en-  
vironment f o r  coo l  -season development. 

The a b i l i t y  o f  spadefoot  toads  t o  d i g  
i s  an impor tan t  aspect o f  t h e i r  adap ta t i on  
t o  a  d r y  c l ima te .  Related popu la t i ons  i n  
Ar izona s u r v i v e  d r y  pe r i ods  by excava t i ng  
burrows as deep as 90 cm. Whi le  i n  t h e  
burrows t hey  a r e  p r o t e c t e d  from extremes 
of temperature and m a i n t a i n  body water by 
absorb ing water  f rom t h e  s o i l  (Ru iba l  e t  
a l .  1969). These observa t ions  were made 
i n  sandy s o i l s ,  where d i g g i n g  would be 
r e l a t i v e l y  easy .  I t  i s  d i f f i c u l t  t o  
i m a g i n e  t h a t  t h e  toads c o u l d  burrow t o  

g rea t  depth i n  t h e  rocky  c l a y - r i c h  s o i l s  
o f  t h e  c o a s t a l  mesas, b u t  perhaps they  
seek ou t  spec i a l  m ic rohab i  t a t s  where t h i s  
i s  poss i b l e .  I have seen newly metamor- 
phosed spadefoot toads  i n  t he  deep cracks 
t h a t  fo rm a t  the  su r face  on Kearny Mesa. 
By moving down such cracks and excava t ing  
a  sho r t  d i s tance  deeper they  may be ab le  
t o  f i n d  s u f f i c i e n t  p r o t e c t i o n  w i t h o u t  the  
need t o  burrow through h a l f  a  meter o f  
dense c l a y .  

Ar.nold and Wassersug (1978) s t ud i ed  
t h e  p reda t i on  of g a r t e r  snakes (Thamnophis 
e l e  ans and T. s i r t a l i s )  on anurans i n -  
Ti&Kg H y l a  r e g i l l ?  i n  Lassen County, 
c a 1 i f o r n i a . B ~  e x a m i n i n g  s tomach con -  
t en t s ,  they e s t a b l i s h e d  t h a t  g a r t e r  snakes 
ma in ly  preyed upon new l y  metamorphosed 
anurans, and on l y  r a r e l y  on tadpoles,  even 
though t h e  snakes foraged i n  t h e  wa te r  as 
w e l l  a s  on l a n d .  They argue t h a t  t h e  
newly metamorphosed anima 1  s  a re  l ess  ab l e  
t o  evade t h e  g a r t e r  snakes than e i t h e r  
t a d p o l e s  o r  t h e  01 de r  pos tme tamorph i c  
forms. They reason t h a t  t h e  vu 1  nerab i  1 i t y  
o f  t h e  metamorphosing anurans may account 
f o r  t h e  a g g r e g a t i o n s  o b s e r v e d  i n  some 
genera, i n c l u d i n g  spadefoot  toads.  They 
b e l i e v e  t h a t  t h e  aggregat ions may rep re -  
s e n t  " s e l f i s h  h e r d s "  f o r m e d  b e c a u s e  
i n d i v i d u a l s  have a  b e t t e r  chance o f  su r -  
v i v i n g  when t hey  a r e  i n  a  group. 

Some sa lamanders  have  an a q u a t i c  
s tage i n  t h e i r  l i f e  c y c l e  w h i l e  o t he r s  do 
not ,  and bo th  k i nds  are found w i t h i n  t he  
range o f  t h e  coas ta l  ve rna l  pools .  O f  t he  
pool and pond breeders, t h e  t i g e r  s a l a -  
mander (Ambystoma t i g r i n u m )  i s  r e p o r t e d  
f rom l a r g e  r a i n  p o o l ~ e r e f o r e  occurs 
i n  some ve rna l  poo ls  i n  Santa Cruz County 
(Luckenbach 1973). They are l a rge  (8-16 
cm) sa lamanders  w i t h  a  s t r i k i n g  b lack  
background c o l o r  w i t h  c ream o r  y e l l o w  
b l o t ches .  Adu l t s  spend most o f  t h e i r  t ime  
underground and a r e  a c t i v e  on t h e  su r f ace  
o n l y  a f t e r  heavy r a i n s ,  when they  move 
about t o  l o c a t e  b reed ing  s i t e s .  Kap lan  
(1984) proposed t h a t  random v a r i a b i  1  i ty  i n  
egg s i z e  i n  salamanders may be an adap- 
t a t i o n  t o  t h e  h i g h  v a r i a b i l i t y  i n  tempo- 
r a r y  poo l  and stream h a b i t a t s .  

4.6.2. Rep t i l e s  

No r e p t i l e s  a r e  thought  t o  be l i m i t e d  
t o  o r  p a r t i c u l a r l y  c h a r a c t e r i s t i c  o f  ver -  
n a l  poo l s  o r  v e r n a l  pool landscapes. The 



usud l assemblage of g rass land ,  woodland, 
and chapa r ra l  spec ies  i s  present ,  and many 
of these must a t  l e a s t  o c c a s i o n a l l y  u t i -  
l i z e  t he  resources  o f  v e r n d l  poo ls .  The 
case of g a r t e r  snake p r e d a t i o n  on tadpoles 
i s  d i s c u s s e d  above .  On t h e  anecdo ta l  
l e v e l  t h e r e  i s  t h e  f e e l i n g  among workers 
i n  San Diego County t h a t  snakes o f  a l l  
k inds,  i n c l u d i n g  r a t t l e s n a k e s ,  a r e  unusu- 
a l l y  abundant around v e r n a l  poo l s .  Pos- 
- , ;b?y  t h i s  i s  h e c a l ~ s ~  of the e x t r a  food 
p r o v i d e d  b y  t h e  amphib ians,  s i nce  many 
snakes w i l l  p r ey  on them when a v a i l a b l e .  

4.6.3 B i r d s  

As f o r  r e p t i l e s ,  t h e r e  a re  no b i r d s  
t h a t  are r e s t r i c t e d  t o  ve rna l  poo l  hab i -  
t a t s .  However, t h e  impact o f  b i r d s  on 
poo ls  i s  p robab l y  s u b s t a n t i a l  i n  b o t h  t h e  
a q u a t i c  and t e r r e s t r i a :  s tages.  Whi le  
f i l l e d ,  v e r n a l  p o o l s  a r e  v i s i t e d  by a  
v a r i e t y  o f  s p e c i e s  t h a t  fo rage  i n  t h e  
water and a l ong  t h e  poo l  margins, p robab ly  
e a t i n g  i n s e c t s ,  t a d p o l e s ,  and perhaps  
aqua t i c  p l a n t s .  Some o f  t h e  spec ies t h a t  
are b e l i e v e d  t o  occur  comnonly i n  t h e  San 
Diego poo ls  a re  l i s t e d  i n  Table 11. The 
ducks and coo ts  would obv ious ly  be most 
f requen t  i n  t h e  l a r g e r  and deeper ve rna l  
pools .  Ma l l a rds  have become r e s i d e n t  i n  
dn d r t i f - i c i a l l y  en la rged  pool  t h a t  per -  
s i s t s  i n t o  t h e  summer on Kearny Mesa. The 
o the r  spec ies a r e  common i n  t h e  r e g i o n  
and must o c c a s i o n a l l y  s top  t o  f e e d  when 
poo ls  a re  f i l l e d .  One of t h e  comnonest 
species t h a t  fo rages  a l ong  poo l  margins i s  
t he  k i l l d e e r ,  whose p i e r c i n g  c r y  lends a  
note o f  w i ldness  even i n  areas surrounded 
by highways and b u i l d i n g s .  Quai l  a re  a l s o  
o f t e n  seen. 

As d iscussed  i n  t h i s  chapter ,  b i r d s  
are p robab ly  a  ma jo r  means by which propa- 
gu les t o o  l a r g e  t o  move by wind a re  c a r -  
r i e d  l ong  d i s t ances .  I n  t h e  case o f  sma l l  
i s o l a t e d  h a b i t a t s  l i k e  v e r n a l  poo l s  t h e  
t r a n s f e r  can be even more e f f e c t i v e  if t h e  
b i r d s ,  on l e a v i n g  a  pa t ch  of h a b i t a t ,  f l y  
i n  search o f  s i m i l a r  h a b i t a t ,  thus maxi -  
m i z i ng  t h e  p r o b a b i l i t y  t h a t  any propagules 
be ing  t r a n s f e r r e d  wi  11 e s t a b l  i sh. Whi le 
i t  i s  d i f f i c u l t  t o  es t ima te  a c t u a l  r a t e s  
of t r a n s f e r ,  t h e  widespread occurrence i n  
i s o l a t e d  h a b i t a t s  o f  species w i t h  propa- 
gu les  t o o  l a r g e  t o  d i s p e r s e  f a r  w i t h  w ind  
i s  i n d i r e c t  ev idence o f  b i r d  d i s p e r s a l .  

I f  i t  1s t r u e  Zhat  bir .uh ericeit a c ~ n -  
t i n u a l  s t ream o f  c r o s s  i n t r o d u c t i o n s  among 
poo ls ,  t hey  would be a s i g n i f i c a n t  i n f l u -  
ence on bo th  g e n e t i c  and spec ies  d i v e r -  
s i t y .  

I n  accordance w i t h  t h e  b a s i c  t e n e t  o f  
q u a n t i t a t i v e  i s l a n d  biogeography, a  h i g h e r  
r a t e  o f  d i s p e r s a l  o f  spec ies  among p o o l s  
would, on t h e  assumption t h a t  e x t i n c t i o n s  
f o r  a t  l e a s t  some spec ies  a r e  f r equen t ,  
l e a d  t o  a  g r e a t e r  a v e r a g e  n u m b e r  o f  
s p e c i e s  pe r  p o o l .  For popu la t i ons  t h a t  
p e r s i s t  f o r  l o n g  pe r i ods ,  f r e q u e n t  i n t r o -  
duc t  ions  would reduce g e n e t i c  d ive rgence  
between ve rna l  p o o l s .  Changes i n  b i r d  
abundance, spec ies,  l o c a l  movements, and 
m i g r a t i o n  p a t t e r n s  m i g h t  t h e r e f o r e  have  
p ro found  l ong  te rm e f f e c t s  on v e r n a l  pool  
b i  o tas.  

4.6.4 Mamnals 

No m a m a l s  a r e  r e s t r i c t e d  t o  v e r n a l  
poo ls ,  b u t  many mammals a r e  e v i d e n t  i n  
ve rna l  poo l  areas, e s p e c i a l l y  t hose  t h a t  
a r e  g rass l and  dominated. One s tudy  spe- 
c i f i c  t o  v e r n a l  p o o l s  was conducted by 
W i n f i e l d  e t  a l -  (1984) on Otay Mesa i n  
sou thern  San Diego County. They e s t a b -  
l i s h e d  a  15-m g r i d  of  152 smal l -mama1 
l i v e  t r a p s  cen te red  on a  l a r g e  (0 .91 ha) 
v e r n a l  pcol,  t r a p p i n g  i n  5-day b locks  s i x  
t imes  i n  1980 f rom March, when t h e  pool  
was f u l l ,  t o  October .  Ou ts ide  t h e  pool  
t h e  area i n c l u d e d  open c o a s t a l  sage sc rub  
and c h a p a r r a l  vege ta t i on .  Smal l  mammals 
1  i ve - t r apped  i nc l uded :  

Audubon c o t t o n t a i  1  
San Diego pocke t  mouse 
P a c i f i c  kangaroo r a t  
Deer mouse 
Western h a r v e s t  mouse 
Dusky- footed wood r a t  
C a l i f o r n i a  meadow mouse 

Common names f o l l o w  B u r t  and Grossenheider 
(1964) . 

Desp i te  t h e  f a c t  t h a t  ove r  h a l f  o f  
t h e  t r a p s  were i n  t h e  c o a s t a l  sage scrub, 
t hey  made few cap tu res  t h e r e ,  most o f  t h e  
anima 1 s  be i ng  recovered  f r o m  t h e  chapa r ra l  
o r  t h e  v e r n a l  pool  bas i n .  O f  t h e  spec ies 
captured,  o n l y  t h e  wes te rn  h a r v e s t  mouse 
seemed t o  show a  p re fe rence  f o r  t h e  v e r n a l  
poo l  h a b i t a t ,  and t hen  o n l y  i n  t h e  l a t e r  



Table 11. Partial list of birds known or expected to feed in or be common in the vicinity 
of vernal pools. A complete list of birds found near vernal pools would probably be 
a majority of the species of non-marine birds of coastal California. The San Diego 
County list was provided by J. Zimmer (Department of Biology, SDSUI with additions 
by G.  Cox and P. Garrett (Department of Biology, SDSU) and the personal observations 
of the author. Robert Holland provided the list of birds seen in other vernal pool areas. 
Names follow A Field Guide to the Western Birds (Peterson 19611. 

San Diego County Other ve rna l  poo l  areas 

Ducks o r  shore b i r d s :  

American coot 
B u f f  lehead 
Cinnamon t e a l  
Common sn i pe  
Greater  y e l l o w l e g s  
Green-winged t e a l  
K i l l d e e r  
L o n g - b i l l e d  dowi tcher  
M a l l a r d  
Ruddy duck 
Shoveler 
Spot ted sandpiper 

Avocets 
B l ack -be l l  i e d  p l o v e r  
Black-necked s t i  l t  
C a l i f o r n i a  g u l l  
Canada goose 
Comon eg re t  
Great b l u e  heron 
Green heron 
Lesser ye1 lowleys 
Peeps ( a  v a r i e t y )  
P ied-b i  1  l e d  grebe 
P i  n t a i  1  
Ross ' g u l l  
Sandhi 11 crane 
W h i s t l i n g  swan 
W i  1  l e t  
Wood duck 

Species o f  grass land,  marsh o r  open areas: 

C a l i f o r n i a  q u a i l  Bank swal low 
Grasshopper sparrow Barn swal low 
Horned l a r k  Black phoebe 
Lark  sparrow Rough-winged swal low 
Mourning dove Water p i p e t  
Red-winged b l a c k b i r d  
Western meadowlark 

Species o f  brushlands:  

Bewi c  k  ' s  wren 
Brown towhee 
B u s h t i t  
C a l i f o r n i a  t h rashe r  
Roadrunner 
Sage sparrow 
Scrub j a y  
W r e n t i t  



sp r i t i g  and sulmer months. W i n f i e i d  e t  a l ,  
spccu;ated t h a t  t h e  harves t  mouse may have 
been a t t r a c t e d  t o  t h e  ve rna l  pool because 
o f  h i ghe r  popu la t i ons  of i n s e c t s ,  on which 
i t  i s  known t o  feed .  

The conc l us i on  o f  t h e  W i n f i e l d  e t  a l .  
(1984) s tudy i s  t h a t  ve rna l  poo l s  a re  no t  
h e a v i l y  u t i l i z e d  by smal l  mdma l s .  Th is  
i s  s u r p r i s i n g ,  c o n s i d e r i n g  t h a t  v e r n a l  
n n n l c  V - -  n f t ~ n  h a v e  green herbaae l a t e r  i n  
t h e  season and c o n t a i n  a t  l e a s t  some suc- 
c u l e n t  p l a n t s .  Rabb i t  droppings a r e  ce r -  
t a i n l y  a  conspicuous f ea tu re  o f  many ver -  
n a l  poo ls ,  suggest ing r a t h e r  heav i e r  use 
than t h a t  r e p o r t e d  by  W i n f i e l d  e t  a l .  
( F i gu re  50 ) .  As t hey  p o i n t  out ,  more work 
i s  needed b e f o r e  f i r m  c o n c l u s i o n s  a r e  
poss i b l e .  

The t r a p p i n g  techniques used by Win- 
C L , l A  
I l L  ," c t  2 : .  x3Ad ~ t ,  cf  C C ' J ~ : D ,  h a v ~  
captured t h e  l a r g e r  mammals, nor t h e  bur -  
row ing  species no t  a t t r a c t e d  t o  an above 

ground t r a p .  borne o r  cnese s p e ~  i c s ,  w i r i i ; ,  

may a l s o  i m p i n g e  on  v e r n a l  p o o l s  a r e  
l i s t e d  i n  Tab le  12. 

If t h e  h y p o t h e s i s  o f  Dalquest  and 
She f f e r  ( 1 9 4 2 )  i s  c o r r e c t ,  t h e  p o c k e t  
gopher must be ranked  as t h e  most impor-  
t a n t  mammal i n  t h e  v e r n a l  poo l  ecosystem. 
As exp la i ned  i n  Chapter 2, t h i s  hypo thes i s  
h o l d s  t h a t  Mima mound topography i s  t h e  
l o n a - t e r m  r e s u l t  o f  t h e  t u n n e l l i n g  be- 
h a v i o r  o f  pocket  gophers. in v i e w  o f  i t s  
p o t e n t i a l  importance, t h e  n a t u r a l  h i s t o r y  
o f  pocket  gophers m e r i t s  some d i s c u s s i o n .  

V a l l e y  p o c k e t  g o p h e r s  (Thomomys 
b o t t a e )  a r e  sma l l  r oden t s  16 t o  29 cm i n  
t o t a 7 l e n g t h  w i t h  t i n y  ears ,  a  s h o r t  t a i l ,  
l a r g e  exposed i n c i s o r  t e e t h ,  and e x t e r n a l  
f u r - 1  i n e d  cheek  pouches  ( I n g l e s  1965). 
They spend n e a r l y  t h e i r  e n t i r e  l i v e s  below 
ground, and a r e  r a r e l y  seen on t h e  s u r -  
f ace .  They d i g  t u n n e l s  th rough  t h e  s o i l ,  
f eed ing  on t h e  r o o t s ,  bu lbs ,  and rhizomes 

Figure 50. Small mammal use of vernal pools. Note rabbit droppings. Rabbit grazing may be an important influence on pools. 
The most obvious plant is Psilocarphus brevissimus. A dried algal crust is evident just above and to the left of the droppings. 
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Table 12. Partial list of other mammals common in  the vicinity of vernal pools and 
which might be expected to exploit plants and animals found in vernal pool basins. 
An even wider range of animals might use vernal pools as watering holes. Names 
according to  Burt and Grossenheider (1964). Possible organisms fed upon are based 
on Burt and Grossenheider (1964) and Ingies (1965). 

Species Possible food items 

Opossum ( in t roduced t o  C a l i f o r n i a )  Insects,  tadpoles 

Raccoon Small animals 

S t r i p e d  skunk, spot ted skunk Insects? 

Badger (probably l o c a l l y  e x t i n c t  i n  
many places)  Pocket gophers 

C a l i f o r n i a  ground s q u i r r e l  Bulbs, seeds 

Va l ley  pocket gopher Roots, bulbs, her- 
bage 

B lack- ta i  l e d  j ack rabb i t  Herbage 

Audubon c o t t o n t a i l  Herbage 

Brush r a b b i t  Herbage 

E lk  ? ( e x t i n c t  i n  reg ion  o f  
coasta 1 ve rna l  pools)  Shrubs, herbage 

Mule deer Shrubs, herbage 

Pronghorn ? ( e x t i n c t  i n  reg ion  
of coas ta l  vernal pools bu t  
f o rmer l y  abundant) Shrubs, herbage 

Grey fox  Insects,  rodents, 
other  small an i -  
mal s  

Coyote S im i l a r  t o  fox 



they encounter .  They w i l l  a l s o  pul l  green 
p l an t s  down i n t o  t h e i r  burrows, Food i s  
sometimes s t o r e d  in  s p e c i a l  c h a m b e r s  
within t he  tunnel  complex ( G .  Cox, pers .  
corn.  j Males a r e  t e r r i t o r i a l ,  an impor- 
t a n t  element in t h e  theory of mound f o r -  
mation by gophers ,  s i n c e  i t  exp l a in s  why 
mounds should be evenly spaced. 

The t u n n e l  sys tem c o n s i s t s  o f  a  
nesr; rr~y c f i sm~er  r ' r  UIII ;;:I: :t: f 3 ; - - ; - "  \*> ., fun-  - - .  

nels  r a d i a t e  outward. The gophers c l e a r  
t h e  t unne l  system from time t o  t ime by 
pushing small mounds of s o i l  t o  t h e  sur -  
f a c e ,  s i m i l a r  t o  mo leh i l l s  except  t h a t  
gopher mounds a r e  thrown up by t he  gopher 
by pushing t h e  d i r t  from an opening t o  t h e  
s u r f a c e  (F igure  51 ) .  Af te r  t h e  c l e a r i n g  
opera t ion  is  completed, a  plug i s  placed 
in  t h e  tunnel  opening, presumably t o  d i s -  
courage preda tors  ( Ing l e s  1965). 

Like o ther  roden t s ,  pocke t  gophe r s  
have a  p o t e n t i a l l y  high r a t e  of populat ion 
growth. L i t t e r  s i z e  i s  u sua l l y  f i v e  o r  
s i x ,  and t h e r e  may be mu l t i p l e  l i t t e r s  per  
yea r .  I f  pocket gophers a r e  s i m i l a r  t o  
some o the r  t e r r i t o r i a l  r oden t s ,  they  may 
be e s p e c i a l l y  vu lnerab le  t o  preda t ion  a s  
young a d u l t s ,  when they a r e  most l i k e l y  t o  
be d i s p e r s i n g  i n  s e a r c h  o f  unoccup ied  
h a b i t a t .  

Figure 51. A soil heap pushed to the surface by a pocket 
gopher. The entrance to the tunnel is always carefully closed 
unless the animal is actively working. 



CHAPTER 5. VERNAL POOLS AS ECOSYSTEMS 

5.1 ECOSYSTEM FUNCTION 

An ecosys tem i s  a  p i e c e  o f  t h e  
b iosphere d e l i m i t e d  f o r  s tudy.  To p r e d i c t  
how an ecosystem w i l l  change, i t  i s  ne- 
cessary t o  understand no t  o n l y  i t s  i n t e r -  
na l  i n t e r a c t i o n s  and f u n c t i o n i n g ,  b u t  a l s o  
t o  cons ider  the  e x t e r n a l  i n f l uences  a c t i n g  
on i t .  Therefore,  a l though  t h e  verna l  pool  
e c o s y s t e m  c a n  be s a i d  t o  end a t  o r  
s l i g h t l y  above t h e  h igh-wate r  mark o f  a  
b a s i n ,  i t  i s  n e c e s s a r y  t o  look  beyond 
these boundaries t o  t h e  l a r g e r  system o f  
which t he  pool  i s  a  p a r t .  

Many of t h e  o rgan jsms lrnpor-tan: I n  
v e r n a l  p o o l s  a r e  w ide  r a n g i n g ,  bnd 1nt r . r -  
a c t  ions among p o o l s  and between pool , ,  e n d  
t h e  s u r r o u n d i n g  v e g e t a t i o n  can b e  s i  y n i  f i - 
c a n t  ( F i g u r e  5 2 ) .  Fo r  exdrnplr , d ~ - ~ j g o n  - 
f 1  i e s  may d i s p e r s e  f r o m  nearby perindnc-n t 
wa te r ;  some p l a n t  and anlcnal  ytrcic3\ m y  
r e g u l a r l y  d i s a p p e a r  f ro in  d poo l  afid t)c 
r e i n t r o d u c e d  f r o m  nearby  p o o l s  wherc' t t . ~ c > l r .  

p o p u l a t i o n s  a r e  m o r e  per rna~ ien t .  Pools  
i s o l a t e d  by r o a d s  o r  h o u s i n g  d e v ~  lojxritbrl!i 

may l a c k  p o t  1  i n a t o r s  e 5 s e n t i a l  t o  i t )rt ( !  

p r o d u c t  i o n  o f  some s p e c i e s .  T h i ~  I < i r ~ d -  

scapes i n  wh ich  p o o l s  a r e  found  <j l s l )  

raptorial birds 

succulent 

roots 
herbage 

Figure 52. Some of the interactions between a vernal 
and its terrestrial su"oundingS 
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changed b j  t he  presence  o f  t h e  p l a n t  species taKen uy i i~r  duvcs WE;-; fron 
Vernal pools are  not  m e r e l y  i s o l a t e d  eco- vernal  pools.  Inc luded among the 8 was 
systems but  elernents i n  complex Plagiobothrys (A l l oca rya )  s t i p i t a t a ,  whose 
t h a t  inc lude humans. seeds were among t h e  11 most i m p o r t a n t  

food i t e m s  f o r  t h e  doves. Equa l ly  de- 
t a i l e d  study of o the r  species o f  animals 
would probably revea l  t h a t  ve rna l  pools 
represent  a  s i g n i f i c a n t  source o f  energy 

5.1.1 The Vernal Pool i n  1 t s  T e r r e s t r i a l  t o  many o ther  b i rd ,  small  mamnal, and rep- 
Context t i l e  popu la t ions .  

I n  an a r i d  reg ion ,  the  presence o f  
standing water f o r  even a b r i e f  p e r i o d  
represents a  drarnat i c  change i n  resources 
ava i l ab le  t o  animal p o p u l a t i o n s .  F o r  
some b i r d s  and l a r g e r  mamnals t h e  loca-  
t i o n  of water i s  a  major  determinant of 
the pat te rns  of movement. An increase i n  
the  supply of su r face  water means an i n -  
crease i n  the  freedom and range of move- 
ment. Vernal poo l  areas should s u p p o r t  
more rnamrna 1s and b i r d s  t h a n  comparable 
areas w i thout  verna l  pools.  

Because of t h e  b r i e f  per iods of h i g h  
p r o d u c t i v i t y  o f  t h e  aquat ic  and amphi b ious 
p lan ts  and animals, t h e  vernal  pools pro-  
bably a l s o  are  a  s i g n i f i c a n t  s o u r c e  o f  
forage and prey. The dense aggregations 
o f  f r o g  and toad  tadpoles must be impor- 
t a n t  i n  t h e  d i e t  o f  a  wide v a r i e t y  o f  
animals such as snakes and small  mamnals 
which i n  t u r n  p r o v i d e  prey f o r  l a r g e r ,  
more widely rang ing  predators  1  i ke coyotes 
and r a p t o r i a l  b i r d s .  A f te r  amphibians 
mature, they d i spe rse  away from t h e  pools, 
feeding on i nsec ts  and other  small animals 
i n  other  vegeta t ion  areas, p rov id ing  food 
f o r  predators a t  some distance from the  
pool s  . 

There are few s tud ies  of ve r teb ra te  
o r  nonaquatic i n v e r t e b r a t e  u t i l  i z a t i o n  of 
vernal pools. A s tudy  of mammal use o f  a  
vernal pool ( W i n f i e l d  e t  a l .  1984) was 
discussed i n  Chapter 4.  Some idea o f  the  
impor tance  o f  p o o l s  t o  b i r d s  may be 
gleaned from a  study by Browning (1959) o f  
t h e  food h a b i t s  o f  t h e  mourn ing  dove 
(Ze . l a idu ra  m a c r o u r a ) ,  one o f  t he  most 
abundant species i n  coasta l  Cal i f o r n i a  and 
an i m p o r t a n t  game spec ies .  Browning1 
study s i t e  was about 15 km east o f  Sac- 
ramento and c o n s i s t e d  most ly  of annual 
grassland and abandoned orchard, w i  t h  a 
small area of ve rna l  pools. Despite the 
f a c t  t h a t  vernal  poo l s  were not  t he  most 
abundant h a b i t a t ,  a t  l eas t  8 out  of 74 

F i r e  i s  comnon i n  C a i i f o r n f a  shrub- 
lands and grasslands, and v e r n a l  poo l  
landscapes have c e r t a i n l y  burned repeat-  
ed l y  over t h e  p a s t  thousands o f  yea rs .  
The e f fec t  o f  f i r e  on ve rna l  pools has 
never been c a r e f u l l y  s tudied.  But C o l l i n s  
and Uno (1983) repo r ted  s i g n i f i c a n t  f i r e  
e f fec ts  on t h e  v e g e t a t i o n  o f  b u f f a l o -  
wallow pools i n  Oklahoma, and i t  i s  rea- 
sonable t o  suppose t h a t  f i r e  has i n f l u -  
enced C a l i f o r n i a  p o o l s  as w e l l .  Many 
pools have enough dead vege ta t i on  t o  car ry  
a  f i r e ,  and f o r  these t h e  e f f e c t s  o f  f i r e  
may be d i r e c t .  For  example, t h e  l a r g e  
pools on the  Santa Rosa Plateau have areas 
o f  dense E l e o c h a r i s  t h a t  c o u l d  e a s i l y  
ca r r y  f i r e .  Pools t h a t  d i d  b u r n  c o u l d  
l o s e  much o f  t h e  prev ious  y e a r ' s  
seed product i o n  o f  genera 1  i k e  Po o  yne + and E r  n  i u m  t h a t  r e t a i n  seeds on t e 
d r i e *  I f  loss  o f  seed c rop  were 
coupled w i t h  a  d r y  y e a r ,  a  p o p u l a t i o n  
crash, though probably no t  l o c a l  ex t i nc -  
t i o n ,  could r e s u l t .  

For a l l  pools t he re  would be i n d i r e c t  
e f f e c t s  o f  f i r e ,  c h i e f l y  t h e  f e r t i l i z i n g  
e f f e c t  o f  ash. A f t e r  a  f i r e ,  ash moves 
r e a d i l y  by wind and water and genera l ly  
accumulates i n  depressions. P lan t  ash i s  
h igh  i n  potassium and ca lc ium s a l t s  and i s  
s t r o n g l y  a l k a l i n e .  Phosphorus may be 
present i n  small  amounts i f  t h e  f i r e  i s  of 
low i n t e n s i t y ,  though n i t r o g e n  i s  almost 
completely v o l a t i l i z e d .  The a d d i t i o n  of 
ash t o  pool basins should r a i s e  the  pH and 
increase t h e  supply o f  a v a i l a b l e  phos- 
phorous. I n  pools such as those on Kearny 
Mesa t h a t  tend t o  be a c i d i c ,  t h e  ash may 
t h u s  s t i m u l a t e  n i t r o g e n  f i x a t i o n  and 
n i t rogen  c y c l i n g .  Increased r u n o f f  may 
a l so  b r i n g  n u t r i e n t s  t o  the  basins along 
w i t h  s o i l  and p l a n t  l i t t e r .  

I n  v e r n a l - p o o l  landscapes i n  which 
shrubs are dominant, such as Kearny Mesa 
i n  San Diego County and Surton Mesa i n  



changed by the  presence o f  t h e  poo ls .  p l a n t  species taken by the  doves were from 
Vernal pools are not  merely i s o l a t e d  eco- vernal  pools. Inc luded among the 8 was 
systems but  elements i n  complex systems Plagiobothrys (A1 locarya)  s t i p i  t a t a ,  whose 
tha t  inc lude humans. seeds were amona the 11 most i m o o r t a n t  

f ood  i t ems  f o r -  the doves. ~ ~ u a . 1 1 ~  de- 
t a i l e d  study o f  other  species o f  animals 
would probably revea l  t h a t  verna l  pools 
represent a s i g n i f i c a n t  source o f  energy 

5.1.1 The Vernal Pool i n  I t s  T e r r e s t r i a l  t o  many o ther  b i r d ,  small mamnal , and rep- 
Context t i l e  populat ions.  

I n  an a r i d  region, the  presence o f  
standing water f o r  even a b r i e f  p e r i o d  
represents a dramatic change i n  resources 
ava i l ab le  t o  animal p o p u l a t i o n s .  For  
some b i r d s  and l a rge r  mamals the  loca- 
t i o n  o f  water i s  a major determinant o f  
the  pat te rns  o f  movement. An increase i n  
t he  supply o f  surface water means an i n -  
crease i n  t he  freedom and range o f  move- 
ment. Vernal pool areas should suppor t  
more mammals and b i r d s  than comparable 
areas w i thout  vernal pools. 

Because of t h e  b r i e f  periods o f  h igh 
p r o d u c t i v i t y  o f  t h e  aquatic and amphibious 
p lan ts  and animals, the vernal pools pro- 
bably a l so  are a s i g n i f i c a n t  source  o f  
forage and prey. The dense aggregations 
o f  f r o g  and toad tadpoles must be irnpor- 
t a n t  i n  t h e  d i e t  o f  a wide v a r i e t y  o f  
animals such as snakes and small mamnals 
which i n  t u r n  provide prey f o r  l a rge r ,  
more widely ranging predators 1 i ke coyotes 
and r a p t o r i a l  b i r d s .  A f t e r  amphibians 
mature, they d isperse away from the pools, 
feeding on insects and other  small animals 
i n  o ther  vegetat ion areas, p rov id ing  food 
f o r  predators a t  some distance from the 
pool s . 

There are few studies of ver tebra te  
o r  nonaquatic inver tebra te  u t i l i z a t i o n  o f  
vernal pools. A study o f  mamnal use o f  a 
vernal pool (Win f ie ld  e t  a l .  1984) was 
discussed i n  Chapter 4. Some idea o f  the 
impor tance o f  p o o l s  t o  b i r d s  may be 
gleaned from a study by Browning (1959) o f  
t h e  f o o d  h a b i t s  o f  t h e  mourn ing  dove 
( Z e i a i d u r a  macroura) ,  one o f  the most 
abundant species i n  coastal C a l i f o r n i a  and 
an i m p o r t a n t  game species.  Browning's 
study s i t e  was about 15 km east o f  Sac- 
ramento and cons i s ted  most ly  o f  annual 
grassland and abandoned orchard, n i t h  a 
small area o f  verna l  pools. Despite the 
f a c t  t h a t  vernal pools were not  the most 
abundant hab i ta t ,  a t  l eas t  8 ou t  o f  74 

F i r e  i s  comon i n  California shrub- 
lands and grasslands, and v e r n a l  poo l  
landscapes have c e r t a i n l y  burned repeat- 
e d l y  over t he  pas t  thousands o f  yea rs .  
The e f f e c t  o f  f i r e  on verna l  pools has 
never been c a r e f u l l y  s tudied.  But Co l l i ns  
and Uno (1983) repor ted  s i g n i f i c a n t  f i r e  
e f fec ts  on t h e  v e g e t a t i o n  o f  b u f f a l o -  
wallow pools i n  Oklahoma, and i t  i s  rea- 
sonable t o  suppose t h a t  f i r e  has i n f l u -  
enced C a l i f o r n i a  p o o l s  as w e l l .  Many 
pools have enough dead vegeta t ion  t o  carry 
a f i r e ,  and for  these the  e f f e c t s  o f  f i r e  
may be d i r e c t .  For example, t h e  l a r g e  
pools on the  Santa Rosa Plateau have areas 
o f  dense E l e o c h a r i s  t h a t  c o u l d  eas i l y  
c a r r y  f i r e .  Pools t h a t  d i d  b u r n  cou ld  
l o s e  much of the previous yea r ' s  
seed product ion  o f  genera 1 i k e  Po o * and Er n ium t h a t  r e t a i n  seeds on t e 
d r i e *  I f  loss o f  seed crop were 
coupled w i t h  a d r y  y e a r ,  a p o p u l a t i o n  
crash, though probably not l o c a l  ex t inc-  
t i o n ,  could r e s u l t .  

For a l l  pools t he re  would be i n d i r e c t  
e f f e c t s  o f  f i r e ,  c h i e f l y  t he  f e r t i l i z i n g  
e f f e c t  o f  ash. A f t e r  a f i r e ,  ash moves 
r e a d i l y  by wind and water and genera l ly  
accumulates i n  depressions. P lan t  ash i s  
h igh  i n  potassium and calc ium s a l t s  and i s  
s t r o n g l y  a l k a l i n e .  Phosphorus may be 
present i n  small  amounts i f  t h e  f i r e  i s  of 
low i n t e n s i t y ,  though n i t rogen  i s  almost 
completely v o l a t i l i z e d .  The a d d i t i o n  o f  
ash t o  pool basins should r a i s e  the pH and 
increase t h e  supply o f  a v a i  l a b 1  e phos- 
phorous. I n  pools such as those on Kearny 
Mesa t h a t  tend t o  be a c i d i c ,  t he  ash may 
t h u s  s t i m u l a t e  n i t r o g e n  f i x a t i o n  and 
n i t rogen  c y c l i n g .  Increased r u n o f f  may 
a l so  b r i n g  n u t r i e n t s  t o  the  basins along 
w i th  s o i l  and p l a n t  l i t t e r .  

I n  ve rna  1-pool  landscapes i n  which 
shrubs are dominant, such as Kearny Mesa 
i n  San Diego County and Burton Mesa i n  



Santa Barbara County, t h e  removal o f  brush 
cover by f i r e  may have seve ra l  i n d i r e c t  
e f f e c t s .  The water use by t h e  shrub can- 
o p i e s  may f a l l  s i g n i f i c a n t l y ,  and t h i s  
p l us  t h e  inc reased  r u n o f f  f r o m  reduced  
crown i n t e r c e p t i o n  and l i t t e r  cover may 
mean t h a t  ve rna l  poo ls  i n  a  burned area 
r e c e i v e  more  w a t e r  and  h o l d  i t  longer  
a f t e r  a  burn than  be fo re .  Because p l a n t  
cover i s  l i k e l y  t o  be g r e a t e r  i n  t h e  pools  
than  t h o  s u r r n ~ ~ n d i n g  vegetat jor?,  h e r b i v c r  Y  
may be more i n t ense  i n  t h e  pools  i n  t h e  
f i r s t  y e a r  o r  t w o  a f t e r  t h e  f i r e .  A 
sma l le r  s ca l e  e f f e c t ,  b u t  one t h a t  m igh t  
have  an even  g r e a t e r  i m p a c t  on s m a l l  
pools ,  m igh t  r e s u l t  f rom t h e  e l i m i n a t i o n  
o f  shading. I n  t h e  d r y  w i n t e r  o f  1983-84 
i n  San Diego E l l e n  Bauder no ted  t h a t  t h e  
vege ta t i on  o f  t h e  s o u t h  s i d e  o f  p o o l s  
su r rounded  by heavy brush s tayed green 
lonqer  and was l e s s  a f f e c t e d  by drouqht  
than t h a t  on t he  n o r t h  s ide ,  prestlmably 
because i t  b e n e f i t t e d  f rom t h e  shade p ro -  
v ided  by shrubs. I f  t h i s  e f f e c t  i s  gen- 
e r a l ,  removal o f  p r o t e c t i v e  canopies m igh t  
cause a t  l e a s t  temporary r e s h u f f l i n g  o f  
spec ies.  

Some o f  these  expected f i r e  e f f e c t s  
were noted on Bur ton Mesa i n  Santa Barbara 
County, where poo ls  i n  an area o f  dense 
coas ta l  chapa r ra l  burned i n  a  f a i r l y  i n -  
tense c o n t r o l l e d  f i r e  i n  1983. Though no 
measurements were made, t h e  poo l  b a s i n s  
seemed t o  be p a r t i c u l a r l y  l u sh  i n  t h e  
w i n t e r  f o l l o w i n g  t h e  burn, i n d i c a t i n g  bo th  
m i n i m a l  harm from t h e  f i r e  and a  f e r t -  
i l i z e r  e f f e c t .  Since t h e  s o i l s  o f  t h i s  
mesa ?re ~ r e . l o n r ; c ~ ~ t I y  n c t r  i en t -de f  i c j e n t  
P le is tocene  sands, t h e  e f f e c t  of  n u t r i e n t  
a d d i t i o n  may have been p a r t i c u l a r l y  p ro -  
nounced. 

5.1.2 The Vernal Pool as an Aqua t i c  System 

While poo l  bas i ns  a r e  f i l l e d  w i t h  
w a t e r ,  t h e y  f u n c t i o n  as m i n i a t u r e  l a k e  
ecosystems. A verna l  pool  may e x i s t  f o r  
o n l y  a b r i e f  t ime ,  b u t  t h e  s t r u c t u r e  o f  
comnunity i t  suppor ts  i s  s t i l l  ve ry  com- 
p l e x  (F igure  53) .  I n  f a c t ,  t h e  number o f  
spec ies and t h e i r  popu la t i on  d e n s i t i e s ,  on 
a pe r -un i  t - v o l  ume bas i s ,  p robab ly  g r e a t l y  
exceed those of most lakes. 

Figure 53. A simplified aquatic food web for a vernal pool in the late aquatic stage. 
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T h e  r i c h n e s s  of aqua t i c  l i f e  i n  a  
ve rna l  P o 0 1  may be a t t r i b u t e d  t o  t h r e e  
P r I m a r Y  c a u s e s  : t h e  f avo rab le  tempera- 
t u r e s ,  1 OW t o  moderate s a l i n i t y  and a l k a -  
l i n i t y ,  and t h e  l a r g e  amounts of energy 
a v a i l a b l e  t o  t h e  poo l  ecosystem. Jus t  how 
l a r g e  t h e s e  amounts a re  cannot be spec i -  
f i e d ,  b e c a u s e  t h e r e  have been no s tud ies  
o f  v e r n a  1  p o o l  p r i m a r y  p r o d u c t i v i t y  o r  
energy f l o w .  Bu t  i t  i s  p o s s i b l e  t o  ou t -  
? i e  55.. r?a;a~ ~ 3 t h w ~ y ~  e r  ortpr9y a ~ d  
m a t e r i a  1 t r a n s f e r s ,  and s p e c u l a t e  how 
i m p o r t a n t  e a c h  o f  these migh t  be. 

D u r i n g  t h e  l a t e  summer and autumn t he  
v e r n a l  p o o l  ecosys tem i s  almost complete ly  
dormant. T h e r e  may be some f o r a g i n g  f o r  
seeds b y  b i  r d s  , 1  i m i t e d  g raz i ng  by r a b b i t s  
o r  o t h e r  h e r b i v o r e s ,  and a  few sca t t e red  
p l a n t s  o f  l a t e  -deve lop ing  species such as 
dove weed t h a t  a r e  s t i l l  pho tosyn the t i c -  
a l l y  a c t i v e .  Ycs t  cf t h c  d r i e d  remains o f  
t h e  p r e v i o u s  season 's  p l a n t s  have broken 
up and f a l l e n ,  b u t  many a l s o  remain more 
o r  l e s s  i n t a c t .  Organic d e b r i s  f rom the  
s u r r o u n d i n g  g r a s s l a n d s  and s h r u b l a n d s  
tends t o  c o l  l e c t  i n  t h e  pool  depressions. 
The few summer showers and t he  f i r s t  f a l l  
r a i n s  b e a t  down  and hasten the  b reak ing  up 
o f  t h e  o l d  p l a n t  s t a l k s ,  and r unn ing  water 
may t r a n s p o r t  a d d i t i o n a l  amounts o f  deb r i s  
i n t o  t h e  b a s i n s  . 

When t h e  p o o l s  f i r s t  f i  11, they con- 
t a i n  decomposing vege ta t i on  seasoned w i t h  
a c c u m u l a t e d  an i n l a  1 d r o p p i n g s .  I f  t he  
water s t a n d s  f o r  severa l  days,  a  r a p i d  
p r o 1  i f e r a t  i o n  o f  m ic roscop ic  decomposers 
must f o l l o w ,  p r o v i d i n g  a  food source f o r  
m i c r o s c o p i  c  p reda to rs - -p ro tozoans ,  r o t i -  
f e r s ,  a n d  o t h e r s .  I n  t h i s  e a r l y  stage of 
t h e  a q u a t i c  phase  a  ve rna l  pool i s  a  de- 
t r i t u s - b 6 s e d  system, d r i v e n  p r i m a r i l y  by 
t h e  e n e r g y  o f  decoinposi t i o n .  Hutchinson e t  
a ] .  (1932) a t t r i b u t e d  t h e  e a r l y  peak i n  
abundance o f  t h e  aqua t i c  fauna i n  South 
A f r i c a n  t e m p o r a r y  wdters  t o  t h e  i n i t i a l  
bloom o f  b a c t e r i a  and saprophy t i c  f l a g e l -  
l a t e s .  T h e y  specu la ted  t h a t  t he  species 
r i c h n e s s  o f  t e m p o r a r y  waters gene ra l l y  may 
be due t o  t h e  "sudden i n f l u x  o f  n u t r i t i v e  
m a t t e r  a s  5 0 0 "  a s  t h e  b a s i n s  ( a r e )  
f i l l e d . "  

The r e s t i n g  stages of the  green and 
b l u e - g r e e n  a l g a e  respond q u i c k l y  t o  

p r o b a b l y  even t o  t h e  e a r l  i e s t  r a i n s  
t h a t  m e r e l y  w e t  t h e  s o i l .  Bare s o i l s  

o f t e n  t u r n  d i s t i n c t l y  green w i t h  a  coa t i ng  
o f  a lgae .  The r a p i d  m o b i l i z a t i o n  o f  t h e  
a lgae and t he  growth o f  t h e  inunda t ion -  
t o l e r a n t  h i ghe r  p l a n t s  make t h e  p u r e l y  de- 
t r i t a l  phase o f  ve rna l  poo ls  s h o r t .  

The response o f  t h e  h i g h e r  p l a n t s  
w i l l  depend t o  a  l a r g e  degree on t h e  seed 
reserve  p resen t  and t h e  p a t t e r n  o f  r a i n  
p r i o r  t o  f i l l i n g .  I n  most years germin- 
at-c~ kc ; t ; ~ ~ l ~ f r ~ ~  h w  f_hn n ? r l i q c f _  

"J 

r a i n s ,  so t h a t  t he re  w i l l  be some green 
he rbage  p r e s e n t  i n  t h e  p o o l  when i t  
f i l l s .  But i f  r a i n s  have been scanty,  t h e  
cover w i l l  be sparse,  and many o f  t h e  
seedl ings w i l l  be o f  nonpool spec ies t h a t  
have d ispersed  i n t o  t h e  pool  bas ins.  On 
the  average, t h e  e f f e c t  o f  i nunda t i on  i s  
probably  mos t l y  n e g a t i v e  on t h e  p l a n t s  
t h a t  have grown be fo re  i nunda t i on .  How- 
ever,  f i l l i n g  t h e  pool  seems t o  s t i m u l a t e  
some spec ies  s u c h  ds E ' id t ine s p p . ,  t o  
germinate, thus a d d i n g m e  t o t a l  poo l  
pr imary product i v  i t y  . 

I f  t h e  pool  s t ays  con t i nuous l y  wet 
fo r  seve ra l  weeks, t h e  a q u a t i c  s ys tem 
matures. While t h e  d e t r i t a l  energy path-  
ways w i l l  always be impor tan t ,  a l g a l  pro-  
d u c t i v i t y  i n  ve rna l  poo ls  i s  h i gh ,  and 
many o f  t h e  animal popu la t i ons  must d e r i v e  
t h e i r  ene rqy  f rom i t . Froqs and toads 
move t o  the-ponds, and tadpol-es ha t ch  and 
b e g i n  t o  f o r a g e  a c r o s s  t h e  b o t t o m  o f  
poo ls ,  p robab ly  a i d i n g  decomposi t ion by 
s t i r r i n g  t h e  bot tom sediments and t hus  
i nc reas i ng  oxygenat ion. Tadpoles p robab ly  
have  a t  l e a s t  as much impact on v e r n a l  
poo ls  as t hey  do on t h e  much l a r g e r  ponds 
s t ud i ed  by Seale (1980) .  She found t h a t  
tadpoles s i g n i f i c a n t l y  reduced t h e  biomass 
o f  suspended a lgae,  and t h a t  they  a l s o  had 
a  pronounced e f f e c t  on t h e  c y c l i n g  o f  n i t -  
rogen and phosphorus w i t h i n  t h e  pond. 

The s o i l  a l s o  r e s p o n d s  t o  p o o l  
f i l l i n g .  The oxygen i s  dep le ted  i n  t h e  
deeper l a y e r s  as b a c t e r i a  break down t h e  
o rgan ic  m a t e r i a l  f rom t h e  p rev i ous  sea-  
son. A steep oxygenat ion g r a d i e n t  from 
supersaturated a t  t imes  a t  t h e  su r f ace  t o  
anaerobic a  few mi  11 imeters  o r  cen t imete rs  
down may be p resen t  and should produce a 
c o r r e s p o n d i n g  s e r i e s  o f  m i c r o b i a l  com- 
mun i t i e s .  The g r o w t h  o f  r o o t s  o f  t h e  
l a r g e  p l a n t s  changes t h e  s o i  1  environment;  
aquat ic-adapted spec ies w i t h  p r o v i s i o n  f o r  



oxygen o l f f u s i o n  th rough  t h e  p l a n t  probab-  poo l  ( m o s t l y  d i a t o m s )  a r e  p r o b a b l y  n i t r o -  
l y  habe a n e t  a e r a t i n g  e f f e c t ,  w h i l e  0 th -  gen r d t h e r  than phosphorus 1  i m i t e d .  I t  
e rs  d e p l e t e  oxygen l e v e l s .  remains t o  be seen how g e n e r d l  t h i s  con- 

c l u s i o n  i s ,  b u t  t h e  f a c t  t h a t  most of t h e  

As i n  other. a q u a t i c  s y s t e m s ,  t h e  
p r o d u c t i v i t y  o f  v e r n a l  p o o l s  rrlust be 
1  i m i  t e d  by resources .  The h i g h  b i o l o g i c a l  
demand f o r  phosphorus, i t s  r e l a t i v e l y  low 
abundance i n  t h e  l i t h o s p h e r e ,  and i t ' s  low 
r a t e  o f  movement f rom i t s  main r e s e r v o i r s  
2 -  L L -  - 2  ? - ? - -  7 - - 4 ;  -.-- L -  - - 2 l -  : - a , -  . . L,;ic ;;; l;iL-r = >t"(> j;i;c;:L> a;;.d >b: ; > - - -  - -  

i i : i , i i  

t h e  wa te r  column o f t e n  1  i m i t  p r o d u c t i v i t y  
(Wetzel  1983) .  Verna l  p o o l s ,  because o f  
t h e i r  sma l l  s i z e ,  have a  much h i g h e r  r a t i o  
o f  m i n e r a l  s u b s t r a t e  t o  water  volume and 
s h o u l d  have more phosphorus moving f rom 
t h e  s o i l  i n t o  t h e  wa te r .  But t h e  s o i l s  
a s s o c i a t e d  w i t h  most v e r n a l  p o o l s  a r e  n o t  
e s p e c i a l l y  r i c h  i n  n u t r i e n t s ,  and some a r e  
n o t a b l y  d e f i c i e n t ;  i t  would n o t  be s u r p r i -  
s i n g  i f  v e r n a l  p o o l  p r o d u c t i v i t y  were  
p h ~ > ~ l ~ " i u ~  i i t~  ;Led. 

N i t r o g e n ,  needed by organisms i n  even 
l a r g e r  amounts t h a n  phosphorus,  i s  l e s s  
o f t e n  t h e  ma jo r  l i m i t i n g  f a c t o r  because o f  
s i g n i f i c a n t  a tmospher ic  i n p u t s  and b i o -  
l o g i c a l  n i t r o g e n  f i x a t i o n .  N i t r o g e n  f i x -  
i n g  a l g a e  and b a c t e r i a  and t h e  feces  o f  
t e r r e s t r i a l  a n i m a l s  a r e  p r o b a b l y  a l s o  
s i g n i f i c a n t  i n p u t s .  Thus one would expect  
t h a t  n i t r o g e n  would s t i m u l a t e  p r o d u c t i v i t y  
o t  v e r n a l  p o o l s  l e s s  t h a n  a d d i t ~ o n  o f  
phosphorus.  But s a t u r a t e d  s o i  1  s,  because 
o f  t h e i r  l ow  oxygen c o n t e n t ,  a l s o  f a v o r  
d e n i t r i f i c a t i o n ,  i n  which n i t r o g e n  escapes 
f r o m  t h e  b i o l o g i c a l  c y c l e  i n  gaseous  
fo rm.  T h i s  l o s s  may be i m p o r t a n t  i n  
v e r n a l  poo ls  . 

Barc lay  and K n i g h t  (1984) s t u d i e d  t h e  
p h y s i c a l  and chemica l  f e a t u r e s  and a l g a l  
c o m p o s i t i o n  and p r o d u c t i v i t y  i n  O l c o t t  
Pond i n  t h e  Jepson P r a i r i e  Preserve near 
D ixon i n  t h e  C e n t r a l  V a l l e y .  Th i s  poo l  i s  
h i g h l y  t u r b i d  because o f  suspended c l a y  
and  t h e r e f o r e  somewhat a t y p i c a l .  The 
l i g h t  d i m i n i s h e s  so r a p i d l y  w i t h  d e p t h  
t h a t  no p h o t o s y n t h e s i s  i s  p o s s i b l e  be low 2 
cm f rom t h e  s u r f a c e .  The c o n c e n t r a t i o n  o f  
d i s s o l v e d  phosphorus i s  h i g h  r e l a t i v e  t o  
t h a t  o f  d i s s o l v e d  n i t r a t e  and  ammonium 
n i t r o g e n .  The h i g h e s t  n i t rogen :phosphorus  
r a t j o  they observed was Z : ! .  Since o p t i -  
mum r a t i o s  f o r  p h y t o p l a n k t o n  p r o d u c t i v i t y  
a r e  c o n s i d e r e d  t o  range f r o m  !6:1 t o  30:1, 
t h e  au tho rs  b e l i e v e  t h a t  t h e  a lgae  i n  t h i s  

c o a s t a l  v e r n a l  p o o l s  a r e  n e i t h e r  a1  k a l  i n e  
n o r  e x t r e m e l y  t u r b i d  suggests t h a t  t h e y  
have r a t h e r  d i f f e r e n t  p r o p e r t i e s  t h a n  t h i s  
r e l a t i v e l y  l a r g e  C e n t r a l  V a l l e y  p o o l .  

D e s p i t e  t h e  l a r g e  i n p u t  o f  d e t r i t u s ,  
++,, - . C . . ,  I+ ; *  r . l . . C + C  - 7 . .  -1.-^ - _ iiL.LLi - r r  t. . .  , , . T U J  , , ,, '.c rcr5c:: 
l i m i t e d .  Th i s  i s  t h e  b a s i s  o f  K e e l e y ' s  
hypo thek i s  (see Chapter 4 )  f o r  t h e  advan- 
t a g e  o f  CAM ~ i l e t a b o l i s m  i n  I s o e t e s .  Rapid- 
l y  growing a l g a e  i n  t h e  b r i g h t l y 1  i t  p o o l s  
may t a k e  up carbon d i o x i d e  f a s t e r  t h a n  i t  
i s  produced by t h e  r e s p i r a t i o n  o f  decom- 
p o s i n g  b a c t e r i a  and o t h e r  organisms. 

Whatever t h e  c o n t r o l s  on poo l  produc-  
t i v i t y ,  i t  seems u n l i k e l y  t h a t  t h e  v e r n a l  
poo l  a q u a t i c  sysLem c o u i a  e v e r  e q u i i i -  
b r a t e .  N e i t h e r  t h e  p h y s i c a l  nor  t h e  b i o t -  
i c  env i ronment  ceases chang ing  d u r i n g  t h e  
c o u r s e  o f  i t s  e x i s t e n c e .  A poo l  forms 
i n i t  i d 1  l y  because r a i n f a l l  exceeds evap- 
o r a t  i o n ,  b u t  e v e n t u a l l y  day l e n g t h  and 
tempera tu re  i nc rease ,  f a v o r i n g  i n c r e a s e d  
p h o t o s y n t h e s i s  . But t h e s e  changes, a l o n g  
w i t h  dec reas ing  r a i n f a l l ,  a l s o  make wa te r  
l e v e l s  more u n s t a b l e .  S t a b i l i t y  i s  a l s o  
d i r e c t l y  r e l a t e d  t o  s i z e .  Sma l le r  p o o l s  
y e n e r d l l y  f 7 11 and d r y  one o r  more t imes  
d u r i n g  t h e  cou rse  o f  a  s i n g l e  season, and 
the  marq ins  o t  t h e  l a r g e s t  p o o l s  a r e  r e -  
p e a t e d l y  inundated.  P a r t i c u l a r  poo l  s, and 
a l l  p o o l s  i n  u n u s u a l  y e a r s ,  w i l l  g o  
th rough  t h i s  c y c l e  many t i m e s .  Ba lko  and 
E b e r t  (1984) specu la ted  on t h e  sma 11 - s c a l e  
b i o g e o g r a p h i c  consequences o f  t h i s  p a t -  
t e r n ,  and d i scussed  t h e  l i f e  h i s t o r i e s  o f  
organisms adapted t o  i t .  

Pools  va ry  f rom p l a c e  t o  p l a c e  and 
f rom t i m e  t o  t ime ,  b u t  t h e  b a s i c  e c o l o g i -  
c a l  g roup ings  and t h e i r  r o l e s  i n  a q u a t i c  
e c o s y s t e m  f u n c t i o n  a r e  p r o b a b l y  f a i r l y  
c o n s i s t e n t ,  and c a u t i o u s  g e n e r a l i z a t i o n  i s  
p o s s i b l e .  The food  web o f  F i g u r e  53 i s  
f o r  a  sma l l  v e r n a l  p o o l  a t  t h e  s tage  where 
i t  has  h e l d  w a t e r  f o r  some weeks. I h  
sou the rn  Cal i f o r n i a  t h i s  would u s u a l l y  be  
f r o m  e a r l y  F e b r u a r y  t o  mid-March. The 
poo l  s t  t h i s  s t a g e  has a  ~ o o d  development 
o f  t h e  i n u n d a t i o n - t o l e r a n t  a q u a t i c  p l a n t s ,  
as w e l l  as l a r g e  p o p u l a t i o n s  o f  t h e  o t h e r  
i m p o r t a n t  a q u a t i  c groups.  



Figure 53 emphasizes t he  energy f l o w  
among t he  va r i ous  elements o f  t he  aqua t i c  
systern i n  a s i m p l i f i e d  way. k i t h  t h e  
except ions o f  t h e  f a i r y  shrimp, tadpoles,  
and s n a i l s ,  each f u n c t i o n a l  group cons i s t s  
c f  seve ra l  t o  many d i s t i n c t  spec ies,  each 
w i t h  t h e i r  own s p e c i a l i z a t i o n s  and p a t -  
t e r n s  of p o p u l a t i o n  growth and resource 
use. Much of t h e  s t r u c t u r e  o f  such i n -  
t e r a c t i n g  networks of spec ies i s  a  r e s u l t  
zf the  Sz?arce hetween oredators a ~ d  t h e i r  
prey, and smal l  a q u a t i c  systems a r e  p ro -  
bab l y  e s p e c i a l l y  s e n s i t i v e  t o  such i n t e r -  
a c t i o n s .  The d i s t r i b u t i o n  and t ime  o f  
a r r i v a l  of l a r g e r  aqua t i c  p reda to r s  such 
as c o r i x i d  bee t l es  and d r a g o n f l y  nymphs 
may be impor tan t  f a c t a r s  a f f e c t i n g  s p a t i a l  
and tempora l  v a r i a b i l i t y  o f  ve rna l  pool  
organisms. I t  i s  apparent t h a t  many o r -  
ganisms,  f o r  example f a i r y  shrimp, a r e  
p resen t  i n  verna 1 poo ls  p r e c i s e l y  because 
i t  i s  a  h a b i t a t  f ree  of l a rge  p reda to r s .  

Work w i t h  exper imenta l  microcosms and 
observa t ions  i n  spec ia  1 na tu ra  1 s i t u a t i o n s  
suggest what would happen i f  t h e  p reda to r y  
i n s e c t s  we re  e x c l u d e d  f rom poo ls .  The 
l a r g e r  p reda to r s  tend t o  remove organisms 
t h a t  a re  feeding on t h e  o rgan i c  d e b r i s  o r  
t h e  mi c rop lank ton .  When t h e y  a r e  abun- 
dant  they can reduce t h e  he rb i vo res  t o  
such l o w  l e v e l s  t h a t  a lgae,  p r e v i o u s l y  
removed a t  h i gh  r a t e s ,  accumulate i n  t h e  
water column, t u r n i n g  t h e  water  conspicuo- 
u s l y  green. Exc lud ing  p r e d a t o r s  a1  l o w s  
t h e  herb ivo res  t o  reach maximum p o p u l a t i o n  
s i ze ,  which reduces t h e  a l g a l  s t a n d i n g  
c rop  so t h a t  t h e  water c l e a r s .  Because 
t h e r e  i s  a  s i g n i f i c a n t  l a g  be tween t h e  
appearance  o f  p o o l s  and t h e  d i s p e r s a l  
o f  t h e  l a r g e r  p reda to r s  i n t o  poo ls ,  sea- 
sona l  succession o f  t h e  community may be 
i n f l u e n c e d  as much by  changes i n  t h e  
s t r u c t u r e  o f  t h e  food web as by changes i n  
temperature and day leng th .  

I n  c o n t r a s t ,  t h e  f i lamentous algae, 
once we1 1 es tab l i shed ,  cannot e f f e c t i v e l y  
be c o n t r o l l e d  by t h e  organisms f i l t e r i n g  
t h e  water  column. A l ga l  blooms a re  thus  
p o s s i b l e  even  w i t h o u t  t h e  r e l ease  f rom 
p r e d a t i o n  a f f o r d e d  by low p reda to r  popu- 
l a t i o n s .  S i n c e  f i l a m e n t o u s  a l g a e  can 
f l o u r i s h  even i n  t h e  p resence  o f  l a r g e  
popu la t i ons  of f i l t e r  feeders,  one migh t  
expect  f i l amen tous  blooms t o  be u n i v e r s a l  
i n  poo ls .  As t h i s  i s  not  t h e  case, some 
o t h e r  f a c t o r ,  most l i k e l y  m a c r o n u t r i e n t  

l e v e l s ,  m g h t  e x p r a l n  m e  Gir'ier-ei~~es i n  
abundance o f  f i lamenious a lgae .  Tadpole 
g r a z i n g  may a l s o  p l a y  a r o l e  i n  changing 
a l g a l  compos i t i on .  

5.1.3 The Vernal  Pool System i n  t h e  
D r v i n a  and Drouaht Phases 

Before f i l l i n g ,  between f i l l i n g s ,  and 
a f t e r  d r y i n g ,  v e r n a l  poo l s  a re  t e r r e s t r i a l  
systems, s u b j e c t  t o  t h e  i n f l u e n c e s  o f  
organisms f r o m  n e i g h b o r i n g  p l a n t  comnun- 
i t i e s .  They a r e  grazed by he rb i vo res  f rom 
t h e  s u r r o u n d i n g  v e g e t a t i o n ,  and  seeds 
and o t h e r  p l a n t  and  a n i m a l  p r o p a g u l e s  
d i spe rse  i n t o  them. Forag ing  columns o f  
a n t s  ex tend  o v e r  t h e  p o o l s  and t h e  seeds 
o f  some of t h e  v e r n a l  poo l  spec ies a re  
c o l l e c t e d  i n  g r e a t  numbers. Pocket  go- 
phers ex tend  t h e i r  f o r a g i n g  t u n n e l s  i n t o  
t h e  poo ls .  

I n  t h e  g i v e  and  t a k e  between t e r -  
r e s t i a l  and a q u a t i c  organisms t h a t  char- 
a c t e r i z e s  v e r n a l  poo ls ,  t h e  l o n g  d r y  sea- 
son be longs t o  t h e  organisms o f  d r y  land. 
Wi th  t h e  r e t u r n  o f  t h e  w i n t e r  r a i n s ,  these 
i n c u r s i o n s  w i l l  m o s t l y  be repu lsed .  But 
i n  e x t e n d e d  d r o u g h t s  t h e  p o o l s  may be 
h e a v i l y  i n v a d e d  a n d  s u b s t a n t i a l l y  
changed. Th i s  process w i l l  be examined i n  
more d e t a i l  f o r  t h e  p l a n t s  i n  t h e  n e x t  
sec t  i on .  

5.2 VEGETATION STRUCTURE AND 
DYNAMICS 

When viewed on a l a r g e r  sca le ,  as i n  
F i g u r e  15, a  v e r n a l  poo l  landscape i s  a  
c o n t i n u o u s l y  v a r y i n g  complex o f  s o i l s  and 
v e g e t a t i o n ,  i n  w h i c h  v e r n a l  p o o l s  a re  
pa tches  o f  h a b i t a t  approaching an extreme 
a l o n g  t h e  s o i l - m o i s t u r e  g r a d i e n t .  The 
d i s t r i b u t i o n  o f  t h e  p l a n t s  i n  t h i s  land- 
scape i s  fundamenta l l y  c o n t r o l l e d  by t h e  
p h y s i c a l  env i ronment ,  b u t  t h e  i n t e r a c t i o n s  
among t h e  spec ies a r e  a l s o  impo r t an t  i n  
shaping v e g e t a t i o n  p a t t e r n s .  

These v e g e t a t i o n  p a t t e r n s  a r e  no t  
s t a t i c .  The p h y s i c a l  env i ronment  v a r i e s  
f r om  yea r  t o  year ,  l a r g e l y  i n  response t o  
changing c l i m a t e ,  which i n  t u r n  s e t s  i n  
m o t i o n  s h i f t s  i n  s p e c i e s  d i s t r i b u t i o n s  
ac ross  t h e  l a n d s c a p e .  I n  t h e  case  o f  
extreme events ,  such as f i r e ,  f l o o d ,  se- 
ve re  drought ,  earthquakes, o r  human d i s -  
turbance,  t hese  changes can be v e r y  g rea t ,  



and i t  may take decades o r  even l onge r  f o r  
t h e  landscape t o  s e t t l e  back t o  a c o n -  
d i t i o n  i n  which y e a r - t o - y e a r  change  i s  
m i n o r  and r e s p o n s i v e  mos t l y  t o  v a r y i n g  
c l ima te .  There has p robab ly  never been a 
t r u e  e q u i l i b r i u m  i n  ve rna l  pool v e g e t a -  
t i o n ,  bu t  a t  bes t  a  q u a s i - e q u i l i b r i u m  i n  
w h i c h  t h e  c o m p o s i t i o n  o f  p o o l  b i o t a 5  
d r i f t e d  around a  long- term average. 

BDC;)LISD ~ e r ~ a l  poo l s  owe t h e i r  r ~ n i o u ~  
f e a t u r e s  t o  s tand ing  water and t h e  h i g h  
l e v e l s  of s o i l  mo i s t u re  t h a t  occur b e f o r e  
and a f t e r  inunda t ion ,  they a r e  e s p e c i a l l y  
s e n s i t i v e  t o  va r y i ng  r a i n f a l l .  Over m i t -  
l e n i a ,  extended d r i e r  and we t t e r  p e r i o d s  
cause con t r ac t  i o n  and expansion o f  v e r n a  1 
poo l s  and p robab ly  some poo l  " m o r t a l i t y "  
and " r e b i r t h . "  Over  t h e  s h o r t e r  t i m e  
p e r i o d s  t h a t  humans experience, p o o l s  a r c  
un l  i k e l y  t o  appear o r  disappear,  b u t  t h e i  r 
r n a r ~ i n s  en l a r se  and sh r i nk  f rom onp y p a r  
t o  t h e  nex t .  I n  d r y  years many poo l s  may 
n o t  form a t  a l l ,  and i n  wet years smdl l e r  
p o o l  s  m e r g e  t o  f o r m  i n t e r c o n n e c t i n g  
cha ins .  

Obviously t h e  change i n  t he  b i o t a  o f  
verna l  poo l s  a t  a11 sca les i n  t i m e  and 
space i s  complex, and e x i s t i n g  know ledge  
i s  inadequa te  t o  u n d e r s t a n d  i t  f u l  l y .  
Here an at tempt  w i l l  be made t o  s i m p l i f y  
t h e  comp lex i t y  by f i r s t  aqsuming t h a t  the 
pool landscape can be d i v i d e d  i n t o  p 0 0 7 5  
and nonpools. I n  t h e  f o l l o w i n g  s e c t i o n  
t h e  s t r u c t u r e  o f  vege ta t i on  found w i t h i n  
poo l s  f rom p o o l  m a r g i n  t o  t h e  d e e p e s t  
p o i n t  w i l l  be d iscussed.  Next,  t h e  e f f e c t  
o f  c l i m a t i c  v a r i a b i l i t y  on poo ls  w i l l  be 
considered. I n  a  t h i r d  sec t i on  l a r g e r  
s ca l e  pa t t e rns ,  and e s p e c i a l l y  t h e  r o l e  of 
p o o l  - t o - p o o l  d i s p e r s a l  o f  organisms a n d  
how t h i s  r e l a t e s  t o  t he  p e r s i s t e n c e  o f  
pool  s  i n  human-dominated landscapes, w i  1 1 
be discussed. 

5.2.1 Wi th in-Pool  Gradients  

Jus t  as a t  t h e  landscape l e v e l  t h e r e  
a re  h a b i t a t s  t h a t  a r e  i n t e rmed ia te  b e t w e e n  
verna l  poo l s  and up land areas never  a f -  
fec ted  by ponded water ,  so w i t h i n  a  pool 
t h e r e  i s  a  more o r  l e ss  cont inuous g r a -  
d a t i o n  from t h e  deepest p a r t s  o f  t h e  pool  
w i t h  l o n g  d u r a t i c n s  t o  t h e  s u r r o u n d i n g  
n o n p o o l  v e g e t a t i o n  (Ho l  l a n d  and  J a  i n 
1977). The p h y s i c a l  environment c h a n g e s  
over  t h i s  d is tance  (La th rop  1976; ~ o s a r i o  

l g / 9 ) ,  d n d  p l a n t  species composi t ion and 
re  dbundance change w i t h  i t  (Table 
l j ) .  ~h~ distribution of spec ies a l o n g  
itlTs g r a d i e n t  i s  c o n t r o l  l e d  u l t i m a t e l y  by 
t h e  p h y s ~ c a l  env i ronment ,  b u t  t h i s  i n  t u r n  
c a u s e i  changes i n  t he  b i o l o g i c a l  compo- 
nen t s  and l n  t h e  b i o l o g i c a l  i n t e r a c t i o n s  
among spec ies  (Tab le  13 ) .  The change i n  
species abundances i s  a  consequence o f  t he  
comt,~ned e f f e c t  i p h y s i c a l  and b i o l o g i c a l  
i n i l ucnces .  

The response  u f  p l a n t s  t o  t h e  va r y i ng  
e n v i r o n m e n t a l  c o n d i t i o n s  a l o n g  t h e  
c(..ntc,r-to-edge g r a d i e n t  i s  most ev i den t  a t  
the t i m e  o f  f l o w e r i n g ,  when success ive 
bdnds o f  c o l o r  show t he  replacement of one 
species by a n o t h e r  t rom t h e  edge t o  t h e  
poo l  bot tom.  It i s  no t  s u r p r i s i n g  then 
t hat, s e v e r a  1  workers have cha rac te r i zed  
poo ls  as c o n s i s t i n g  o f  concen t r i c  zones 
f e . o . .  L i n  1970;  Kopecko and  L a t h r o p  
1 9 7 5 ) .  H o l l a n d  and Ja i n  (1977)  d iscussea 
s e v e r a l  o f  t h e s e  zonal c l a s s i f i c a t i o n s .  
Though t hey  d i f f e r  i n  d e t a i l ,  a l l  recog- 
n i z e  t h e  e x i s t e n c e  o f  h i ghe r  zones domi- 
na ted  by annua l  g rass l and  s p e c i e s  such 
as  s o f t  c h e s s  (Bromus m o l l i s ) ,  fescue 
( Vu lp id  mega l u r a )  , a n d - t a r ~ ( H e m i z o n i a  
spp . ) ;  an i n t e r m e d i a t e  zone or  zones domi- 
na ted  by s p e c i e s  t o l e r a n t  o f  o r  r e q u i r i n g  
some i n u n d a t i o n - - t o a d  r u s h .  ( J u n c u s  
bu fon ius  l , v e r o n i c a ,  ( ve ron ica  t r i g r i n a ) ,  
a a h a i r  g rass  ( ~ e s c h a m i n t  on io l  es)  ; 
a n d  a  d e e o  z o n e  w i t h  t h e  m o s t  
w a t e r - t o l e r a n ' t  o r -  w a t e r - r e q u i r i n g  species 
1  i k e  q u i l  l w o r t  ( I soe tes  spp.), bownin i a  
spp.. and c o y o t e  f h iSFTe  ( ( E r y n g i i i i  

The p r o b l e m  w i t h  a  zonal approach i s  
t h a t  spec ies d i s t r i b u t i o n s  over lap  and t he  
peaks of abundance i n  genera l  do no t  co i n -  
c i d e .  O e t a i  l e d  study of a  s i n g l e  pool 
shows t h a t  w h i l e  t h e r e  i s  a  tendency fo r  
each spec ies  t o  have a  more o r  l e ss  c l e a r  
pedk i n  abundance  a l o n g  t h e  g r a d i e n t ,  
every  spec i es  i s  a l s o  patchy i n  i t s  occur-  
rence w i t h i n  e l e v a t i o n a l  bands. Species 
a r e  u s u a l l y  p r e s e n t  we l l  ou t s i de  t h e  zone 
i n  which t h e y  a r e  most apparent t o  casual 
o b s e r v a t i o n .  A f u r t h e r  comp l i ca t i on  i s  
t h a t  sma l l  spec i es  (e.g., P i l u l a r i a  amer i -  

a r e  most  obvious i n  p laces whe- 
c o v e r  o f  o t h e r  s p e c i e s  i s  sparse even 
th9ugh t hey  may be e q u a l l y  abundant e l se -  
where. F i n a l l y ,  t he re  i s  no good reason 
t o  suppose t h a t  t h e  p h y s i c a l  - chem ica l  
gradient f rom pool  bottom t o  d r y  mound top  



nas shdrp d i s c o ? t i n u i i i e s  thaz w o ~ l d  p ro -  Both t n e  tenaency i u  L U I I ~ I  ; U I I  011: t h ~  
ouce e i s t i n c t  zones. Everi t h e  l e v e l  o f  cons i de rab le  o v e r l a p  of s p e c i e s  d i  s t r i  - 
h i g h e s t  water ,  though o f t e n  c l e a r l y  e v i -  bu t i ons  were demonstrated i n  a s t udy  con- 
dent  by a change i n  v e g e t a t i o n  h e i g h t  o r  ducted i n  1979 on t h e  v e r n a l  p o o l s  o f  
d e n s i t y ,  i s  r a r e l y  t h e  a t j s o l u t e  upper  Kearny Mesa (Zed le r  e t  a l .  1979) i n  which 
l i m i t  o f  pool  species o r  t h e  lower  1  i m i t  t h e  occurrence o f  spec ies  f r o m  poo l  b o t -  
o f  nonpool spec ies.  toms t o  su r round ing  nonpool v e g e t a t i o n  was 

Table 13. Factors important to plant growth that differ from the center to the margin of pools. 

Fac to r  Center Marg in  

Water d u r a t i o n  Long ( >  30 days) None 

S o i l  t e x t u r e  Usua l l y  f i n e r  ( c l a y ,  c l a y  loam) U s u a l l y  coarse 

So i  1  s t r u c t u r e  

S o i l  su r f ace  
c h a r a c t e r i s t i c s  

Usua 1 l y  puddled when wet, So i  1  aggregates pre- 
massive when d r y  sen t .  more v o i d s  f o r  

a i r ,  wa te r  movement 

Genera l l y  more complex, e.g. More un i fo rm,  b u t  
l a y e r  o f  cobbles, l a r g e  shrubs, p l a n t s  
d r y i n g  cracks,  m i c ro r i dges  caus ing  he te ro -  
and depressions genei  t y  

S o i l  mo i s t u re  s u f f i c i e n t  f o r  E a r l i e r  i n  t h e  season 
germina t ion  

L a t e r  i n  season 

S o i l  mo i s t u re  d u r i n g  More r e 1  i a b l e ,  deep m o i s t u r e  Less r e 1  i a b l e ,  s h o r t  
growing season through g row ing  season, p e r i o d s  o f  d rough t  

concen t ra t i on  o f  r u n o f f  f r o m  d u r i n g  g row ing  
smal l  r a i n s  season 

S o i l  mo i s t u re  d e p l e t i o n  t o  Occurs l a t e r  
permanent w i  1  t i n g  

Occurs e a r l  i e r  

Mac ronu t r i en t s  Higher  because o f  runon, a l g a l  Lower? 
N - f i x a t i o n ,  1  i t t e r ?  

S a l i n i t y ,  a l k a l i n i t y  Higher  (much h i ghe r  i n  some Lower, b u t  may be 
v e r n a l  poo l s )  because o f  m i m ~ m a l  i n  poo l s  
evapo ra t i ve  c o n c e n t r a t i o n  o f  w i t h  subsur face  
s a l t s  d ra i nage  

S o i l  oxygen 

Herb i  vory  

E s s e n t i a l l y  none 
f o r  extended pe r i ods  

Usua 1  l y  h i g h  

May be more i n t e n s e  e a r l y  I n t e n s e  a t  t imes  
because of e a r l y  greening,  espec ia  1  l y  when 
germina t ion ,  then  p robab ly  g razed  by 1  i ves tock  
lower,  t hen  h i g h e r  aga in  
because o f  extended g row ing  
season 



recorded  i n  1-dm2 quadra ts  p laced  a long  
t r a n s e c t s  i n  26 poo ls .  The water  l e v e l s  
i n  t h e  poo l s  were mon i to red  and t h e  e leva-  
t i o n  o f  each quadra t  a l ong  t h e  t r a n s e c t  
measured. Wi th  these  da ta  i t  was poss i b l e  
t o  express t h e  occurrence o f  spec ies r e l a -  
t i v e  t o  t h e  depth o f  t h e  poo l ,  and more 
impor tan t ,  t o  t h e  l e n g t h  o f  t ime  t h a t  a  
quadra t  was under water  d u r i n g  t h e  s tudy 
yea r .  S ince  t h e  l e n g t h  o f  t i m e  unde r  
#a t=r  xaf f e l t  t o  kc 2 b e t t e r  n r ~ b i ~ t y  
than  depth i n  t h e  poo l ,  t h e  occurrence o f  
s p e c i e s  a t  each  w a t e r  d u r a t i o n  i n  t h e  
combined s e t  o f  da ta  was ca l cu l a t ed ,  a l -  
l o w i n g  graphs o f  percentage o f  occurrence 
as f u n c t i o n  o f  l e n g t h  o f  t ime  water  s tood 
t o  be p l o t t e d  ( F i g u r e  54) .  Zedler  (1984) 
may be consu l t ed  f o r  a  more complete d i s -  
c u s s i o n  o f  h o w  t h e s e  g r a p h s  w e r e  
ob ta ined .  

Examinat i o n  o f  graphs f o r  represen-  
t a t i v e  spec ies  o f  t h e  t h r e e  zones d i s -  
cussed above shows t h a t  a l l  occur over a  
b r o a d  r a n g e  o f  i n u n d a t i o n  c o n d i t i o n s .  
Peaks a re  e v i d e n t  i n  some o f  t h e  a r a ~ h s  
( e . g . ,  Ana a l l  i s )  b u t  r a t h e r  obscure '  i n  + others  ( e  g., ogogyne), and combining t h e  
a r a ~ h s  f o r  a l l  sDecies ~ r o d u c e s  an a lmost  
Eont inuous s e r i e s  o f  peaks i n  accord w i t h  
t h e  cont inuum concept o f  spec ies d i s t r i -  
b u t i o n .  The spec ies o f  v e r n a l  poo ls  d i f f e r  
s i g n i f i c a n t l y  i n  t r a i t s  t h a t  a l l o w  them t o  
e x p l o i t  t h e  verna 1 poo l  h a b i t a t ,  bu t  do 
n o t  fo rm d i s t i n c t  groupings corresponding 
t o  zones. 

T h i s  p o i n t  can be made i n  another  
way, by c a l c u l a t i n g  t h e  weighted average 
w a t e r  d u r a t i o n  c l a s s  ( Z e d l e r  e t  a l .  
1979).  P l o t t i n g  t h e  r e s u l t s  f o r  t h e  more 
abundan t  s p e c i e s  shows t h a t  t h e  mean 
va lues o f  wa te r  d u r a t i o n  c l a s s  f o r  t h e  
s p e c i e s  a r e  w e l l  d i s t r i b u t e d  a long  t h e  
e n t i r e  g r a d i e n t  ( F i g u r e  55). 

H o l l a n d  a n d  J a i n  ( 1 9 8 4 )  gave  t h e  
r e s u l t s  o f  a  s i m i l a r  o r d i n a t i o n  o f  spec ies 
a long  a ma rg i n - t o - cen te r  g r a d i e n t  f o r  da ta  
f rom poo l s  i n  t h e  Cen t ra l  V a l l e y .  The 
tendency apparent  i n  F i g u r e  55 f o r  more 
spec ies  t o  have t h e i r  average peak occur- 
rence a t  t h e  d r i e r  end o f  t h e  g r a d i e n t  i s  
a l s o  t r u e  f o r  t h e i r  data.  They a rgued  
t h a t  t h i s  may be because t h e  geometry o f  
poo l s  i n su res  t h a t  more a rea  i s  a v a i l a b l e  
a t  t h e  h i g h e r  e l e v a t i o n s ,  s t a t i n g  t h a t  
" t h e  number o f  t a x a  s p e c i a l i z e d  f o r  a  

g i v e n  d e p t h  ( i s )  p r o p o r t i o n a l  t o  t h e  
a v a i l a b i l i t y  o f  h a b i t a t  a t  t h i s  depth."  

The evidence f rom these two s t ud i es  
i s  c o n s i s t e n t  w i t h  t h e  idea t h a t  the  f l o r a  
o f  ve rna l  poo l s  i s  made up o f  spec ies t h a t  
c o l l e c t i v e l y  e x p l o i t  t h e  f u l l  range o f  
w a t e r  a n d  s o i l  c o n d i t i o n s  a l o n g  t h e  
bottom-to-edge g rad ien t .  Whi le t h e r e  i s  
s u b s t a n t i a l  ove r l ap  i n  d i s t r i b u t i o n s ,  t h e  
d a t a  S I J ~ I ] P S ~ .  t h a t  each s p e c i e s  d i f f e r s  
enough f rom o thers  t o  have some p a r t  o f  
t h e  ve rna l  poo l  bas i n  i n  which i t  i s  a b l e  
t o  outper form o the r  spec ies.  

Such an arrangement o f  s p e c i e s  i s  
u n l i k e l y  t o  a r i s e  by chance. I t i s  prob- 
a b l e  t h a t  i n  und is tu rbed  poo ls  t h e  c o l -  
l e c t i o n  of p l a n t s  i s  t he  end product  o f  a  
l ong  p e r i o d  o f  s e l e c t i o n  o f  s p e c i e s  o r  
geno t ypes .  The spec i es  are f i t t e d  t o -  
ge ther  t o  m a k ~  a work ing whole--a dynarnir 
mosa i c .  A m o s a i c  can be assembled by 
search ing  through a s t o c k p i l e  o f  p i e c e s  
u n t i l  one t h a t  f i t s  i s  found, o r  each 
p i ece  may be s p e c i a l l y  shaped t o  f i t .  I n  
t h e  same way, a t  t h e  extremes, v e r n a l  pool 
ecosystems may have been c o n s t r u c t e d  o f  
t a x a  t h a t  evo l ved  i n  o t h e r  systems, o r  
t hey  may be made up o f  popu la t i ons  t h a t  
have been s p e c i a l l y  molded t o  t h e  ve rna l  
pool  h a b i t a t .  

Vernal pool  b i o t a s  have p robab ly  been 
b u i l t  up by b o t h  p r o c e s s e s .  Even t h e  
cursory  survey o f  a  few o f  t he  ve rna l  pool 
p l a n t s  (Chapter 4 )  showed t h a t  some are 
h i g h l y  r e s t r i c t e d  and occur o n l y  i n  poo l s  
w h i l e  o t he r s  a re  found i n  many o t h e r  hab i -  
t a t s .  But i t  i s  a l s o  t r u e  a m a j o r i t y  o f  
ve rna l  pool  spec ies a re  n o t  pool  r e s t r i c t -  
ed. Thus a t  t h e  l e v e l  o f  spec ies we may 
conclude t h a t  a  few p ieces  i n  t h e  ve rna l  
pool  e c o l o g i c a l  mosaic have been s p e c i a l l y  
shaped b u t  most have probably  been i n c o r -  
po ra ted  more-or- less as found. 

But t h e  a n a l y s i s  must go below t h e  
l e v e l  o f  s p e c i e s .  Research  on g e n e t i c  
d i v e r s i t y  o f  p l a n t  popu la t ions  i n  n a t u r a l  
h a b i t a t s  has shown t h a t  t h e r e  are l a r g e  
amounts o f  w i t h i n - s p e c i e s  v a r i a b i l i t y .  
P l an t s  o f t e n  show a d a p t a t i o n  t o  l o c a l  
e n v i r o n m e n t a l  c o n d i t i o n s .  Since even 
nearby ve rna l  poo l s  can d i f f e r  dramat ic-  
a l l y  i n  s o i l ,  hydro logy,  and o the r  impor- 
t a n t  fea tu res ,  we may expect g e n e t i c  d i f -  
f e r e n t i a t i o n  among p o o l  p o p u l a t i o n s .  
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Figure 54. The relative occurrence ot species across the water duration gradient for pools on Kearny Mesa, San Diego County. 
The data are combined from many pools. Although there is very broad overlap, the peaks in abundance are fairly well 
distributed. 
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Figure 55. The average water duration class common 

vernal pool species for Kearny Mesa. 

] h i s  e x p e c r a i i o n  i s  c o n f i r m e d  by  t h e  
s t u d i e s  o f  J a i n  and h i s  s tuden ts  on t h e  
genus L i m n a n t h e s ,  common i n  t h e  ve rna l  
poo ls  O n h T T e n t r a l  V a l l e y  (Ja in  1978, 
1984). They found  c o n s i d e r a b l e  g e n e t i c  
d i v e r s i t y  w i t h i n  s p e c i e s ,  b u t  Usua l l y  sub- 
s t a n t i a l l y  l e s s  ~i t h i  n  l o c a l  popu la t i ons  
than i n  t h e  taxon  as  a whole. Loca l  POpU- 
l a t i o n s  d i f f e r ,  a n d  some p a r t  o f  t h i s  
v a r i a t i o n  i s  D r o b a b l ~  a  r e s u l t  of l o c a l  

~ h k  presence o f  g e n e t i c  d i f f e rences  
i s  not  i n  i t s e l f  p r o o f  t h a t  ve rna l  poo l  
species have been s h a p e d  by unique pool  
cond i t i ons .  D i f fe rences  may r e s u l t  f rom 
random v a r i a t i o n .  Work by L i n h a r t  (1972, 
1974, i n  p r e s s )  on Veronica pe reg r i na  
o r o v i d e d  e v i d e n c e  t h a t  t h e r e  1 s  
" f i n e - t u n i n g N  of p l a n t s  t o  t h e  v e r n a l  pool 
h a b i t a t .  He has b e e n  a b l e  t o  show t h a t  
pupu;al;~rt, uT itlis s p e c i e s  t hac  occur a t  
t h e  deepest p a r t  o f  p o o l s  a r e  g e n e t i c a l l y  
d i f f e r e n t  f rom t h o s e  n e a r  t h e  edge. Fur-  
thermore he has a r g u e d  t h a t  t h e  d i f f e r -  
ences i n  t h e  p o p u l a t i o n s  a r e  a t t r i b u t a b l e  
t o  g rad ien ts  i n  n u t r i e n t s  and compe t i t i on  
( L i n h a r t ,  i n  p r e s s ) .  I n  t h e  deeper p a r t s  
o f  t he  pool  a  V e r o n i c a  p l a n t  t y p i c a l l y  i s  
s u b j e c t e d  t o  c o m p e t i t i o n  f r o m  a n o t h e r  
Veronica p l a n t ,  w h i l e  near  t h e  edge i t  i s  
more l i k e l y  t o  be s u r r o u n d e d  by grasses. 
P l d i ~ l s  Y ~ O W ~ I  froin s e e d  c o l l e c t e d  from t h e  
margin and cen te r s  o f  p o o l s  d i f f e r e d  i n  
t he  manner expec ted  when t h e y  were grown 
exper imenta l l y  i n  t h e  t w o  s i t u a t i o n s .  The 
c e n t r a l  popu la t i ons  w e r e  l e s s  s e n s i t i v e  t o  
i n t r a s p e c i f i c  c o m p e t i t i o n  t han  t h e  marg i -  
n a l  popu la t ions  ( L i n h a r t ,  i n  p ress ) .  

L i n h a r t  ' s  o b s e r v a t i o n s  suppor t  t h e  
idea t h a t  the  v e r n a l  p o o l  f l o r a  i s  more 
than a  jumble o f  c h a n c e  imn ig ran t s .  If 
p o p u l a t i o n s  o f  p l a n t s  c a n  be n a r r o w l y  
adap ted  t o  s p e c i f i c  p a r t s  of  a  s i n g l e  
poo l ,  then i t  would be  s u r p r i s i n g  i f  t hey  
were not a l so  e v o l v e d  t o  p a r t i c u l a r  poo ls  
and c l i m a t i c  r e g i o n s .  AS L i n h a r t ' s  r e -  
s u l t s  show, o t h e r  s p e c i e s  a r e  an impor tan t  
p a r t  of a  p l a n t ' s  h a b i t a t .  Thus t n e  as-  
semblage o f  p l a n t s  i n  a  p a r t i c u l a r  pool  
may be c o e v o l v e d  to some ex ten t .  The 
hypothes is  t h a t  v e r n a  1 p o o l  p l a n t  con-  
mun i t i e s  a re  a s s e n b l e d  a t  l e a s t  i n  p a r t  by 
t h e  shaping of s p e c i e s  t o  f i t  t h e  un ique 
aspects o f  poo l s  a n d  1 oca1 h a b i t a t s  seems 
l i k e l y  t o  prove t r u e ,  



Another way t o  view t ne  w1r:nin-pool 
g rad i en t  i s  t o  nieasure t h e  change in the  
nuinber of spec i e s  wit11 increas ing  inun- 
da t ion .  For t h e  s e t  of da t a  from the  1979 
Kearny Mesa s tudy (Zedler  1983), spec ies  
r ichness  (expressed  as  t h e  average number 
of spec ies  pe r  square  decimeter in  each 
water -dura t ion  c l a s s )  peaks in t he  higher 
e l eva t ions  of t he  pool and then dec l ines  
s t e a d i l y  toward t h e  dee e r  p a r t s  of the  l? pool (F igure  5 6 ) .  A dm quadrat  deep in 
a  pool w i l l  u s u a i i y  have t w o  t o  t i l ree  
fewer  s p e c i e s  t h a t  one place near the 
edge. 

This p a t t e r n  may simply be a  r e f l e c -  
t i o n  of t h e  tendency,  noted a b o v e ,  f o r  
more s p e c i e s  t o  have  peak occurrences  
higher  i n  t h e  p o o l s  (Ho l l and  and J a i n  
1984).  Arguing a g a i n s t  t h i s  i s  t h e  f a c t ,  
e v i d e n t  i n  F i g u r e  5 6 ,  t h a t  most  pool 
p l an t s  occur over  nea r ly  t h e  e n t i r e  gra-  
d i e n t ,  ana t n a t  t h e  d i v e r s i t y  o t  nonpool 
p l an t s  a t  t h e  "H" p o s i t i o n  i s  lower than 
t h a t  of t h e  pool p l a n t s ,  even though t h e r e  
i s  much more a r ea  a t  t h i s  pos i t i on .  More 
probably t he  s t rong  d i v e r s i t y  g rad i en t  i s  
because t h e  margins of t h e  pool a r e  a  zone 
of intermixing o f  nonpool and pool e l e -  
ments where s p e c i e s  of e i t h e r  t ype  p lus  a  
few s p e c i a l i s t s  can e x i s t .  C o m p e t i t i v e  
exclusion may f a i l  i n  t h i s  zone because of 
yea r  t o  yea r  v a r i a b i  1 i t y .  

E f f ec t s  of  Cl imat ic  Var i ab i l i t y  

The h igh ly  v a r i a b l e  r a i n f a l l  charac-  
t e r i s t i c  of southern  Ca l i fo rn i a  (Chapter 
2 )  must be a  major f a c t o r  a f f e c t i n g  p lan t  

Figure 56. The average number of species per square 
decimeter at various points along the  water duration 
gradient. Data for Kearny Mesa. 
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of water .  Though c l o s e  s tudy o f  many 
poo l s  ( and  r e l a t e d  h a b i t a t s )  over  many 
years  would be needed t o  understand a l l  
t h e  e f f e c t s  o f  c1 i m a t i c  v a r i a b i  1 i  t y ,  
enough i s  known t o  o f f e r  some pre l iminary  
ideas . 

A f i r s t  p o i n t ,  d i s cus sed  above, i s  
t h a t  t h e  number of bas ins  hold ing  water 
f o r  a  given amount of time must vary over 
t i m e .  i n  y e a r s  o f  e x t r e m e  r a i n f a l l  
s t a n d i n g  water  i s  perhaps almost every-  
where on mesas with impermeable s o i l s ,  
while in  t h e  d r i e s t  yea r s  only t he  deepes t  
and l a r g e s t  bas ins  hold w a t e r  f o r  more 
than a  few hours o r  days.  Where s o i l s  do 
not s a t u r a t e  in  most y e a r s  one would not 
expect vernal  pool p l a n t s  (Zedler  1984). 
Vernal pools should occur only where t h e  
perched water t a b l e  forms i n  a l l  bu t  t h e  
d r i e s t  y e a r s ,  I n  very wet y e a r s  t h e r e  
should be evidence of morta 1 i t y  of nonpool 
p l an t s  in bas ins  t h a t  normally do not  hold 
water f o r  extended pe r iods .  No d a t a  can 
be produced t o  suppor t  t h e s e  content ions .  

However, t h e r e  a r e  d a t a  on change i n  
t he  d i s t r i b u t i o n  of v e r n a l  pool p l a n t s  
ove r  s e v e r a l  y e a r s .  Ho l l and  and Ja in  
(1984) repor ted  t h e  c h a n g e s  i n  s p e c i e s  
r ichness  f o r  Cent ra l  Valley . p o o l s  i n  fou r  
a reas  over  3 y e a r s  dur ing  which t h e  d r i e s t  
and we t t e s t  yea r s  had r a i n f a l l  d i f f e r i n g  
by a  f a c t o r  of two. For t h r e e  of  t h e  four  
a reas  t h e  average number of  spec i e s  per 
pool was g r e a t e s t  i n  t h e  w e t t e s t  y e a r .  
The except ion ,  P ix ley ,  i s  an a r ea  o f  a lka-  
l i n e  s o i l s  and r e l a t i v e l y  low s p e c i e s  
d i v e r s i t y .  

Zedler and h i s  s tuden t s  resampled a  
small number of t r a n s e c t s  e s t a b l i s h e d  i n  
t he  1978-79 growing season 2 years  l a t e r .  
The r a i n f a l l  f o r  t h e  3 y e a r s  was above  
ave rage  in t h e  f i r s t  2 years  (39.5 and 
39.9 cm) but only 21 cm in 1980-81. De- 
s p i t e  t h i s ,  t h e  changes in t h e  abundance 
and d i s t r i b u t i o n  o f  t h e  s p e c i e s  were 
g e n e r a l l y  s m a l l .  One of  t h e  c l e a r e s t  
p a t t e r n s  was an inc rease  in nonpool, mar- 
g ina l  spec i e s  such a s  tarweed (Hemizonia 
spp . )  and t h e i r  occurrence deeper i n  t h e  
pool bas in .  This  i s  reasonable  because 
t h e  reduct ion  in s t a n d i n g  w a t e r  s h o u l d  
have allowed nonadapted p l a n t s  whose seeds 
could d i s p e r s e  i n t o  t h e  pool t o  do b e t t e r  



I n  t h e  dry year .  Less eas i  i y  exp ia lned  o t  prolonyea inunaaElOn, was excluae0 from 
were increases noted i n  some vernal  pool  t h e  deeper p a r t s  o f  poo l s  i n  t h e  we t t es t  
p l a n t s  (Po o  yne  abrams i i ,  Psi locarphus 
b r e v i s s i m u s )  _Pf t - m o t h e s i z e d  t h a t  
t h e  l a r g e r  popu la t ions  were present  be- 
cause o f  h i g h  seed p roduc t i on  i n  t he  p re -  
v i o u s  2 y e a r s .  Th is  suggests t h a t  t h e  
sequence o f  wet and d r y  years  may be im- 
p o r t a n t .  Three  wet  y e a r s  f o l l o w e d  by 
t h r e e  d r y  years  would have a  ve ry  d i f -  
f e r e n t  impact on popu la t ions  than 6 years 
o f  a1 t e r n a t i n g  wet and d r y  years.  

E l l e n  Bauder has cont inued t h e  moni- 
t o r i n g  o f  t h e  1979 t r a n s e c t s  on Kearny 
Mesa, and now has data f o r  4 years on some 
poo ls .  Her r e s u l t s  t o  da te  show a  su r -  
p r i s i n g  degree o f  s t a b i l i t y  i n  t he  d i s t r i -  
b u t i o n  o f  ve rna l  pool p l an t s ,  e f f e c t i v e l y  
r e f u t i n g  Z e d l e r ' s  con ten t i on  (1984) t h a t  
t h e  popu la t i ons  o f  a t  l e a s t  t h e  annual  
p l a n t s  should show major  s h i f t s  a long t he  
bottom-to-edge g r a d i e n t  i n  response  t o  
va r y i ng  r a i n f a l l .  Two examples i l l u s t r a t e  
t h i s  (F i gu re  5 7 ) .  Ps i  locarphus b r e v i s s i  - 
nus, t h e  d i m i n u t i v e  composite, v a r i e d  i n  
abundance i n  t h e  4 years,  bu t  i t s  d i s t r i -  
b u t i o n  a l ona  t h e  a rad i en t  d i f f e r e d  o n l v  
s l i g h t l y .  &omus m o l l i s ,  an annual gras; 
comnon a r o u ~ p o o l ~ n s  bu t  i n t o l e r a n t  

years .  

Our c u r r e n t  unde rs tand ing  o f  change 
i n  ve rna l  pool  p l a n t  popu la t i ons ,  based 
l a r g e l y  o n  B a u d e r ' s  w o r k ,  c a n  be 
s u m a r i z e d  (F i gu re  58) f o r  a  
hypo the t i ca l  annual  n o n ~ o o l  p l a n t  (e.g. ,  
Bromus mo l l  i s ,  ~ e m i z o n i a  f a s c i  c u l a t a )  and 
a t h e t i c a l  poo l  p l a n t  (e.g., Pogogyne 
a b r a m s i  i , P s i  i o c a r p n u s  b r e v i s s i m u s )  , 
s t a r t i n g  i n  a  wet y e a r  occurring a f f e r  
severa l  prev ious wet yea rs .  I n  t he  f o l -  
l ow ing  d r y  year  ( y e a r  2 )  seed r e s e r v e s  
o f  the pool p l a n t  a r e  p resen t  a long  t h e  
e n t i r e  g r a d i e n t ,  w h e r e a s  t h e  seeds o f  
t h e  nonpool p l a n t  have t o  d i spe rse  i n t o  
t h e  pool bas in .  The poo l  p l a n t s  are ab l e  
t o  grow and s u r v i v e  i n  t h e  d r y e r  upper 
margins o f  t he  p o o l  as l o n g  as  compe t i t i on  
i s  n o t  t o o  s e v e r e  f r o m  t h e  nonpoo l  
spec ies.  Since t h i s  w i l l  be t h e  case i n  
t h e  f i r s t  d r y  y e a r ,  t h e  r e s u l t  i s  seed 
p roduc t i on  by t h e  p o o l  p l a n t  a l o n g  t h e  
e n t i r e  g rad i en t ,  b u t  a t  reduced l e v e l s .  
I n  the second d r y  y e a r  (year  3 )  t h e  upper 
margin o f  t he  pool  has l a r g e r  popu la t ions  
o f  nonpool p l an t s ,  and  t h e  seed p roduc t ion  
o f  pool p l a n t s  i n  t he  upper edges o f  t he  

E L E V A T I O N  C L A S S  E L E V A T I O N  C L A S S  

Figure 57. The occurrence of Psilocarphus brevissimus and Bromus mollis along the Water duration gradient for several 
years. Despite considerable variation in rainfall from year to year. the distributions are relatively stable. Unpublished data 
of Ellen Bauder from Kearny Mesa. 
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Figure 58. Hypothesized shift in species along the pool-nonpool boundary. As the pool retreats, nonpool species increase 
in abundance. As the pool expands, pool species will again dominate the boundary. 

bas in  i s  g r e a t l y  reduced, though perhaps 
not. reduced t o  zero. Tf a  wet year  f o l -  
lows (year  4 ) .  t h e  nonpool p l a n t  i s  exc lud-  
ed because  o f  h i g h  m o r t a l i t y  caused by 
i nunda t i on  and s a t u r a t e d  s o i l ,  b u t  t h e  
pool p l a n t  does not  r ecap tu re  a l l  o f  t h e  
upper pool  h a b i t a t  immediately because o f  
low seed reserves a t  these h i ghe r  l e v e l s .  
I f  a  second wet year  f o l l o w s ,  t he  o r i g i n a l  
p a t t e r n  can be r ees tab l i shed .  

V a r i a b i l i t y  f rom season t o  season and 
t h e  dynami c  t e n s i o n  between i nunda t i on  
t o l e r a n t  and i n t o l e r a n t  p l a n t s  may be t h e  
exp lana t i on  f o r  the p a t t e r n  o f  decreas ing 
d i v e r s i t y  i n  F i g u r e  56.  A c o m p l e t e l y  
cons i s t en t  p a t t e r n  of r a i n f a l l  and inun-  

d a t i o n  shou ld  lead  t o  t h e  g radua l  exc ru -  
s i o n  o f  i n t o l e r a n t  s p e c i e s  w i t h i n  t h e  
poo l  bas in .  I n  t h i s  case, a  more o r  less  
f l a t  cu rve  o f  d i v e r s i t y  m igh t  be expec t -  
ed. But a  s h i f t i n g  p o o l  boundary may 
p r e v e n t  c o m p e t i t i v e  e x c l u s i o n  and a l l o w  
c o e x i s t e n c e  o f  s p e c i e s  i n  a  t e m p o r a r y  
nonequ i l i b r i u rn  m i x t u r e .  I f  t h i s  v iew i s  
c o r r e c t ,  then  p u t t i n g  i t  t o g e t h e r  w i t h  t h e  
model i n  F i g u r e  58 would l e a d  t o  t h e  p re -  
d i c t i o n  t h a t  d i v e r s i t y  i n  t h e  t r a n s i t i o n  
zone shou ld  be h i g h e s t  i n  modera te ly  wet 
years  t h a t  occur  a f t e r  d r y  years ,  when t h e  
m i x t u r e  of spec ies i n  t h e  seed bank shou ld  
be near maximum. T h i s  may be p a r t  o f  t h e  
exp lana t i on  f o r  t h e  g r e a t e r  d i v e r s i t y  o f  
t h e  wet yea r  no ted  by Ho l l and  and J a i n  
(1984). 



A l t h o u g h  between-scason v a r i a b i l i t y  
may enhance t h e  s p e c i e s  d i v e r s i t y  o f  
poo l s ,  t he  e f f e c t  of w i th in -season  var i a -  
b i l i t y  may be q u i t e  d i f f e r e n t .  Eber t  and 
Balko (1984) analyzed t h e  p l a n t  data f o r  
47 poo l s  f rom t h e  1979 Kearny Mesa study 
and found a  nega t i ve  c o r r e l a t i o n  betwcen 
t h e  number of t imes  a  poo l  d r i e d  i n  1979 
and t h e  number o f  pool species p resen t .  
Th is  suggests t h a t  v a r i a b i l i t y  w i t h i n  a 
Enl_._2n m21.p: the ~ ~ 3 1  ; -;l.z-c <jff<.::;:t 

environment and exc ludes spec ies i n t o l e r -  
a n t  o f  extremes i n  water cond i t i ons .  

Perhaps t he  most impor tan t  ques t ion  
a b o u t  seasonal and y e a r l y  v a r i a t i o n  i s ,  
"How o f t en  do popu la t i ons  crash t o  l o c a l  
e x t i n c t i o n  w i t h i n  verna 1  poo ls?"  Ho l land  
and J a i n  (1981) c i t e d  severa l  re ferences 
t h a t  r e p o r t e d  t h e  disappearance and reap-  
pearance o f  spec ies,  suggest ing t h a t  there 
may SC cor,-,idersb:e ti i i-rioilei . : C  [,it;\ i j  
t h e  case, t hen  ve rna l  pool  popu la t ions  may 
be i n  a  h i g h l y  dynamic c o n d i t i o n ,  w i t h  a  
cont inuous f l u x  o f  spec ies among p o o l s .  
Observat ions i n  San Diego County do not. 
suppor t  t h i s  view, however .  No d i s a p -  
pearances o f  impor tan t  species have been 
recorded, and t h e  most d r a m ~ ~ t i c  cases o f  
t h e  appearance o f  spec ies w h ~ r c  they were 
no t  p resen t  be fo re  has been t h c  r e s u l t  o f  
p u r p o s e f u l  i n t r o d u c t i o n  o f  p r o p a y u l e s  
( e . y . ,  S i h f  i d 1  i r i y e r  19C4 j .  A I I~JLJ ~ I I J  

problem i n  t e s t i n g  any e x t i n c t i o n - i n v a s i o n  
t heo ry  i s  t h e  extreme d i f f i c u l t y  o f  estdb- 
l i s h i n g  t h a t  an e x t i n c t i o n  o r  invas ion  has 
taken p lace .  Most ve rna l  pool  p l a n t s  have 
seeds t h a t  can p e r s i s t  i n  t h e  s o i l  f o r  
more than a s i n g l e  season a f t e r  d i s p e r -  
s a l .  The absence o f  f l o w e r i n g  p l a n t s  i n  a  
p a r t i c u l a r  year ,  even i f  t h i s  were t o  b e  
v e r i f i e d  b y  t h e  m e t i c u l o u s  s e a r c h  
r equ i r ed ,  i s  no t  s u f f i c i e n t  ev idcncc  o f  
e x t i n c t  i o n ,  For  example, Bauder (pers . 
comm.) observed t h e  g e r m i n a t i o n  i n  t h e  
second year  o f  abramsi i seeds se t  
ou t  i n  ea r i ngs .  O r c u t t i a  
( T u c t o r i a )  p o p u l a t i o n s  i n  t h e  Central 
V a l l e v  o6served  f o r  over  a  decade have 
been inown t o  go through w i l d  swings i n  
abundance f rom one year t o  t h e  next ,  y e t  
l o c a l  e x t i n c t i o n  and r e i n v d s i o n  are almost 
c e r t a i n l y  no t  invo lved .  From t ime t o  t ime 
species must go e x t i n c t  i n  poo ls ,  b u t  t he  
r a t e  i s  p robdb ly  ve ry  low f o r  $11 b u t  the 
c a s u a l  species t h a t  d i spe rse  i n t o  poo ls  
from ad jacen t  nonpool h a b i t a t s  and r a r e l y  
become abundant. 

5.2.3 ~~,~~~~-p~ol Dynamics--Pool s  as 
ma nas 

The most  s t a r t 1  i n g  fea tu re  of ve rna l  
poolr i s  t h e i r  s t r o n g  con t r as t  w i t h  t h e  
semiar id  v e g e t a t i o n  su r round ing  them. It 
i s  reasonable t h a t  t h e y  should be viewed 
as i s l ands  o f  h a b i t a t  i s o l a t e d  f rom one 
another by g r e a t e r  O r  l e s s e r  s t r e t c h e s  
o f  i n h o s p i t a b l e  h a b i t a t .  There e x i s t s  a  . .  , .  - 
L b r i j  iii; ir  i t . z r a tu re  on t n e  biography, 
ecology, and e v o l u t i o n  of " r e a l "  i s l a n d s  
and s e v e r a l  a u t h o r s  ( H o l l a n d  and J a i n  
1981; Rosar io  a n d  L a t h r o p  1984; Eber t  and 
b l k o  1984) h a v e  a t tempted  t o  apply t h e  
p r i n c i p l e s  and i n s  i g h t s  from these s t ud i es  
t o  the i s l a n d - 1  i k e  s i t u a t i o n  o f  v e r n a l  
pool s  . 

One t h e o r y  ( M a c A r t h u r  and W i l s o n  
1967) h o l d s  t h a t  t h e  number of spec ies on 
a n  i s i d n o  1s p r e d i c ~ a b l e  f r om  l t s  s i z e  and 
the distance t o  l andmasses  f rom w h i c h  
spct i c s  cdn d i s p e r s e .  This  theory ,  a p p l i e d  
t o  vrr-ndl  poo l s ,  w o u l d  p r e d i c t  t h a t  sma l l -  
e r  poo l  s w o u l d  h a v e  fewer species than 
l a rqc r  poo l s .  A s m a l l e r  poo l  p resen ts  a  
smd l l c r  t a r g e t  area f o r  d i s p e r s i n g  organ- 
ismz, has f ewe r  s u b h a b i t a t s  and has sma l l -  
e r ,  more e x t  i n c t  i o n - p r o n e  popu la t i ons .  
Fur ther ,  a  p o o l  n e a r  many o t h e r  p o o l s  
would have more s p e c i e s  than an equal  s i z e  
pui;; far cfmy rr-om d l 1  other verna l  poo ls .  
For the  near p o o l  t h e r e  would be a  g r e a t e r  
p r o b a b i l i t y  of i n t r o d u c t i o n  o f  new spec ies 
and o f  r e p l a c e m e n t  o f  any l o c a l l y  e x t i n c t  
species by d i s p e r s a l  f r o m  o t h e r  nea rby  
pools .  The i s o l a t e d  pools ,  were they  t o  
loso  d spec ies ,  w o u l d  have t o  w a i t  a l ong  
time fo r  chance  d i s p e r s a l  o f  a  propagule 
t o  r e i n t r o d u c e  t h e  spec i es .  

An a l t e r n a t i v e  v i ew ,  wh i ch  s t i l l  
cons iders  p o o l s  as i s l a n d s ,  i s  t h a t  t h e  
number of s p e c i e s  a n d  t he  species compo- 
s i t i o n  of each p o o l  a re  h i g h l y  i n d i v i d -  
ua l  pool p r o p e r t i e s  f o r  which t he  d e t a i l s  
of  pool  m o r ~ h o l  ogy , s o i  1  chemist ry ,  water  
!novement and P e r s  i stence ,  e t c . ,  p l a y  ve ry  
impo r t an t  r o l e s .  W h i l e  p o o l  a r e a  and 
l o c a t i o n  r e l a t i v e  t o  o t h e r  pools  may have 
something t o  do w i t h  t h e  number o f  species 
i n  a pool ,  t h e s e  may be no more impor tan t  
than a O f  o t h e r  va r i ab l es .  S im i -  
ldr1y, ge~g raph  c d i s t a n c e  t o  t h e  nearest  
P O O ~  be l e s s  i m p o r t a n t  t h a n  o t h e r  
fac to rs  t h a t  a f f e c t  t h e  movement of  prop-  
aguies across t h e  l andscape .  



B u t  i s  t h e  assumption t h a t  verna i 
pools a r e  i s l ands  j u s t i f i e d ?  Many spec ies  
of vernal pools a l s o  occur in o the r  habi - 
t a t s .  For example, p i 1  lwort ( P i l u l a r i a )  
i s  widely d i s t r i b u t e d .  I t s  biogeography 
and population dynamics cannot be under- 
stood s o l e l y  on t h e  b a s i s  of  nar rowly  
d e f i n e d  v e r n a l  p o o l s .  
a r i s tu l a tum,  which i s  completely * r e s  r i c  
ed t o  pool basins on Kearny Mesa, occurs 
s ca t t e r ed  in t h e  qrassland on Camp Pendle- 
ton .  In c o n t r a s t ,  Po ogyne abramsii seems 
t o  have only acciden -%- a occurrences out-  
s i d e  of v e r n a l  p o o l s ,  and perhaps for. 
t h i s  spec ies  vernal pools a r e  t r u l y  i s -  
l a n d s .  Thus w h i l e  most v e r n a l  pool 
spec i e s  have i s l a n d - l i k e  d i s t r i b u t i o n s ,  
vernal pools a r e  only a subset  of t h e  
t o t a l  h a b i t a t  area f o r  many spec i e s .  

The d a t a  p u b l i s h e d  s o  f a r  do not 
al low us t o  s ee  which of these  competing 
ideas comes neares t  t h e  t r u t h .  I t  i s  well 

esca t ) i i sn t r i  5p;cf~g nr;:kcr d " ~  !'n- 
crease  i n  a statistics l l y  s i g n i f i c a n t  way 
with pool s i z e  (Holland and J a i n  1981; 
Ebert and Balk0 1984; Rosario and Lathrop 
1984).  However, i n  a l l  t h e s e  cases t he  
s lope  ( 2 )  of t h e  double-log r e l a t i o n s h i p :  

In ( spec i e s  number) = 
(a  cons t an t )  + z ( I n  (pool a r e a ) )  

i s  lower than t h a t  pred ic ted  f o r  i s land  
s i t u a t i o n s  b j  haci l r thur  m d  'vii Ibiiti (1967),  
and the  s c a t t e r  of ~ o i n t s  about  t he  t rend  
l i n e  i s  g r e d t  (Eber t  and Bal ko 1984, 
Figure 59). 

Holland and Ja in  (1981), whose z 
value of 0.04 i s  s u b s t a n t i a l l y  lower than 
the  values i n  t h e  0.13-0.17 range f o r  
p l a n t s  repor ted  by the o t h e r  two papers ,  
were su rp r i s ed  a t  t h e  d iscrepancy  from 
theory.  They o f f e r ed  t h e  hypothes is  t h a t  
a vernal pool i s  a demanding h a b i t a t  which 
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Figure 59. Number of species in Kearny Mesa pools as a function of maximum pool area. The slope of the regression calculated 
from the double log transformed data is r = +0.360; (S = 8.89A0.'*) is the line on the graph. Based on an analysis by T. 
Ebert and M. Balko. 



r e l a t i v e l y  few t a x a  can e x p l o i t .  Suc- 
c e s s f u l  t a x a  t end  t o  r a d i a t e  geographi-  
c a l l y  so t h a t  much o f  t he  d i v e r s i t y  i s  
over  a  l a r g e  geographic  sca le .  Increased 
area o f  a  poo l  cannot i n c r e a s e  s p e c i e s  
numbers ve r y  much because t he  t o t a l  number 
o f  spec ies  capable o f  growing i n  poo ls  i s  
l i m i t e d  w i t h i n  any r eg i on .  

Eber t  and Balko (1984) concluded from 
t h e i r  a n a l y s i s  of  bo th  p l a n t  and animal 
spec ies da ta  t h a t  pool  area i s  a  b e t t e r  
p r e d i c t o r  o f  spec ies number f o r  p l a n t s  
than i t  i s  f o r  i n v e r t e b r a t e s  though t he  
amount o f  v a r i a t i o n  e x p l a i n e d  i n  b o t h  
cases i s  low. Columns two and t h ree  below 
a r e  c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  ( r  
values squared) f o r  t h e  regress ions  ( I n )  
(number o f  spec i es )=  a  + z ( I n  (X ) )  where 
X was e i t h e r  pool  area o r  t h e  number o f  
t imes  a  poo l  d r i e d  i n  1979. The f o u r t h  
column i s  z va lues,  c o e f f i c i e n t s  o f  t he  
r eg ress i on  equa t ions  where X i s  pool  area. 
T h e s e  may b e  c o m p a r e d  t o  t h e  r a n g e  
0.2-0.35 expected f o r  i s l a n d  s i t u a t i o n s .  
The f i r s t  t h r e e  rows o f  da ta  a re  f rom 
Ebe r t  and Balko (1984), and t h e  f o u r t h  row 
comparable da ta  f o r  p l a n t s  from Ho l land  
and J a i n  (1981) .  

and p e r s i s t  f o r  long per loas .  lney a  lso 
made t h e  p o i n t  t h a t  t he  d i f f e r e n t  1  i f e  
h i s t o r i e s  o f  spec ies riiake them respond  
d i f f e r e n t i y  t o  p a t t e r n s  i n  t i m e  and 
space. Th i s  i s  borne out  by t h e  z va lue  
f o r  crustaceans ( 0 . 1 5 )  which i s  t w i c e  t h a t  
o f  t he  p l a n t s .  

As a l l  o f  these authors  would agree, 
we must know f a r  n ~ o r e  about changes i n  
popu la t ions  o f  v e r n a l  pool organisms be- 
t o r e  tne  r o i ~  o t  a i s p e r s a l  among vernd i  
p o o l s  can  be u n d e r s t o o d .  The d r a s t i c  
r educ t i on  i n  t h e  area o f  ve rna l  poo ls  and 
t he  i m p o s i t i o n  o f  urban and a g r i c u l t u r a l  
b a r r i e r s  between s u r v i v i n g  areas of pools  
cou ld  p rov ide  a  k i n d  o f  crude t e s t  of some 
o f  these ideas.  I f  i n t e r p o o l  and i n t e r -  
area d i s p e r s a l  i s  impor tan t  i n  ma in ta i n i ng  
species d i v e r s i t y  i n  pools,  then we should 
be ab le  t o  see a g radua l  impoverishment o f  
t h e  most i s o l a t e d  and sma l les t  groups of 
r e m a i n i n g  p o o l s ,  For purposes o f  p r e -  
se r v i ng  t h e  un ique verna l  pool f l o r a  and 
fauna, we must hope t h a t  d i s p e r s a l  i s  not 
o f  major importance i n  sho r t - t e rm  popu-  
l a  t i on  dynamics. 

5.2.4 Response o f  Vernal Pools t o  Human 
D is tu rbance  

C o e f f i c i e n t s  o f  U n t i  1  g a l l o p i n g  u r b a n i z a t i o n  swept 
Taxonmomic d e t ~ r r n i n a t i o n  f o r  X = over  t he  c o a s t a l  mesas o f  southern C a l i -  
group Times d r y  Area z f o rn i a ,  t h e  predominant use o f  ve rna l  pool  

Crustaceans 0.66 0.27 0.36 
Rot i f ers 0.27 0.01 NS 
Pool p l a n t s  0.20 0.27 0.17 

A l l  p l a n t s  - - -  0.07 0.04 

For i n v e r t e b r a t e s  t h e  v a r i a b i l  i t y  o f  
t h e  environment measured as t h e  number o f  
t imes poo ls  d r i e d  d u r i n g  t he  1979 season 
was a  b e t t e r  p r e d i c t o r  o f  spec ies number 
than poo l  area. As m igh t  be expected t h e  
r e l a t i o n  between t h e  number o f  species and 
t imes d r y  i s  nega t i ve .  The more d r y i n g  
ep i sodes ,  t h e  fewer  species were p re -  
sent .  E b e r t  and B a l k o  c o n c l u d e d  t h a t  
h a b i t a t s ,  l i k e  poo l s ,  should be viewed as 
i s l a n d s  i n  t i i ne  as w e l l  as  i s l a n d s  i n  
space,  w i t h  i s l a n d s  t h a t  appear i n f r e -  
q u e n t l y  and l a s t  o n l y  a  s h o r t  t ime hav ing 
fewer spec ies than  those  t h a t  a re  f requen t  

landscdpes was t o r  g raz i ng  and a g r i c u  l -  
t u r e .  I t  i s  d o u b t f u l  i f  t h e r e  i s  a  ve rna l  
pool anywhere i n  t h e  S ta te  t h a t  i s  f r e e  o f  
t h e  impact o f  humans o r  domest ic a n i -  
mals.  Comparisons o f  l e ss  d i s t u r b e d  w i t h  
more d i s t u r b e d  pool  areas and s t ud i es  o f  
severe ly  d i s t u r b e d  poo ls  i n  the  process o f  
recovery suggest t h a t  v e r n a l  p o o l  eco -  
systems a r e  r e l a t i v e l y  r e s i s t a n t  t o  con- 
t i nuous  l i g h t  d i s t u r b a n c e  and even  oc-  
cas iona l  severe d is tu rbance ,  

Moderate c a t t l e  o r  horse  g raz ing  does 
not  seem t o  pose much of a  t h r e a t  t o  t he  
pe r s i s t ence  of ve rna l  pool  p l a n t s  desp i te  
t h e  d i s r u p t i v e  e f f ec t  of t r amp l i ng .  I n  
o t he r  s i t u a t i o n s  g raz ing  u s u a l l y  promotes 
t he  i nvas i on  o f  weedy i n t r oduced  species 
t h a t  a re  l ess  p a l a t a b l e  and b e t t e r  ab l e  
t h a n  n a t i v e  p l a n t s  t o  e x p l o i t  t he  d i s -  
t u r b e d  s o i l  c r e a t e d  by a n i m a l s .  The 
g r a s s l a n d s  t h a t  o f t e n  s u r r o u n d  v e r n a l  
poo ls  fi t t h i s  p a t t e r n ,  because in t roduced  
species a r e  u s u a l l y  dominant i n  them. I n  



con t ras t ,  t h e  poo l s  have tew l n t r o d u c e d  
species, an these  are g e n e r a l l y  o f  l i m i t e d  
importance (Ho l land  and J a i n  1977).  The 
r e s i s t a n c e  o f  v e r n a l  poo ls  t o  t h e  invas ion  
o f  e x o t i c s  may be a t t r i b u t a b l e  t o  t h e  
ex t r eme  e n v i r o n m e n t  o f  t h e  p o o l  bas in  
which excludes nonpool spec ies i n t o l e r a n t  
o f  i n u n d a t i o n  (Ho l land  and J a i n  1981). 
So l ong  as t h e  bas i n  h y d r o l o g y  i s  n o t  
d i s rup ted ,  t h e  pool  f l o r a  and fauna a re  
r e l a t i v e l y  immune f rom t he  compe t i t i on  o f  
i n t r oauced  p l a n t s  and seem t o  be ab le  t o  
p e r s i s t  and recover  r a p i d l y .  The mic ro -  
topography o f  poo l s  i n  long-grazed areas 
no doubt has been a l t e r e d  t o  some ex ten t ,  
b u t  t h e  o v e r a l l  spec ies  composi t ion o f  
n a t i v e s  i s  p robab ly  much t h e  same as i t  
was b e f o r e  t h e  a r r i v a l  o f  European  
land-use p r a c t i c e s .  

I n  excep t i ona l  c ircumstances g raz ing  
can even h e l p  t o  perpe tua te  ve rna l  pool  
p l a n t s .  On t he  campus o f  t h e  U n i v e r s i t y  
o f  C a l i f o r n i a  a t  Santa Barbara  a  h o r s e  
pas tu re  was ma in ta ined  f o r  many years i n  a  
former ve rna l  poo l  a rea .  Though h a r d l y  
p r i s t i n e  pool h a b i t a t ,  many c h a r a c t e r i s t i c  
t axa  were p resen t  i n  t h e  h e a v i l y  grazed 
pasture.  When t h e  horses were removed, 
t h e  abundance o f  v e r n a l  p o o l  s p e c i e s  
seemed t o  d e c l i n e  i n  p r o p o r t i o n  t o  t h e  
i n c r e a s e  i n  nonpool species (W. Ferren, 
pe r s .  corn. ) .  E v i d e n t l y  t h e  hydro logy o f  
t h e  former v e r n a l  pool area had been mod- 
i f i e d  so t h a t  w i t h o u t  g raz i ng  t h e  i n t r o -  
duced species cou ld  grow w e l l  enough i n  
t h e  bas ins t o  e x e r t  s i g n i f i c a n t  competi-  
t i v e  pressure.  

O b v i o u s l y  a g r  i cu 1  t u r e  represen ts  a  
much more se r i ous  t h r e a t  t o  ve rna l  poo ls  
t h a n  g r a z i n g ,  s i nce  b reak i ng  up o f  t h e  
su r f ace  and p l a n t i n g  a r e  i n v o l v e d .  I t  
appears t h a t  v e r n a l  poo l s  can recover  t o  
some deg ree  even  f r o m  t h i s  d r a s t i c  a  
d is tu rbance ,  because some areas known t o  
have been c u l t i v a t e d  have sma l l  impover- 
i s h e d  p o o l s  on them, as a t  Goleta (D. 
Smith, Department o f  B i o l ogy ,  U n i v e r s i t y  
o f  C a l i f o r n i a ,  S a n t a  B a r b a r a ;  p e r s .  
corn. ) .  

I n  San Diego County t h e  area o f  v e r -  
n a l  poo l s  i n  t h e  N a t i o n a l  Landmark on 
Miramar Naval A i r  S t a t i o n  appears t o  be 
covered w i t h  un i fo rm and und i s t u rbed  cha- 
m i s e  c h a p a r r a l  i n  a  1928 a e r i a l  photo-  
graph.  P a r t i a l  c l e a r i n g ,  p r o b a b l y  by  

d i s c i  ng, was t a r r i e d  o c t  c ~ r n o t i m ~  h p t w ~ o n  
then and t h e  1 9 5 0 ' s  ( F i g u r e  6 0 ) .  The 
area has now regrown t o  t h e  p o i n t  where 
t h e  l ess  d i s t u r b e d  p o r t i o n s  once  a g a i n  
have a  dense shrub cover. The poo ls  have 
a  f u l l  complement o f  species and cou ld  no t  
be d i s t i n g u i s h e d  f rom und is tu rbed  poo l s  
s o l e l y  on t he  bas i s  o f  t h e i r  spec ies com- 
p o s i t i o n .  

I n s i g h t  i n t o  how much d is tu rbance  can 
be susta-rned 54 ve rna l  pool e t b ~ g ~ 1 ? i ; i ~  w a s  
prov ided  by a  s tudy conducted i n  San Diego 
County f o r  t h e  U.S. E n v i r o n m e n t a l  P ro -  
t e c t  i o n  Agency (Sche id l  i nge r  e t  a  1. 1984; 
Pat terson,  i n  prep.) .  A smal l  p a r c e l  on 
nor thern  Kearny Mesa s l a t e d  f o r  develop- 
ment and c o n t a i n i n g  good n a t u r a l  v e r n a l  
pools  was r i p p e d  w i t h  a  c a t e r p i l l a r  t r a c -  
t o r  i n  March 1980, l eav i ng  t h e  s u r f a c e  
deeply r u t t e d .  The recovery o f  t h i s  area 
was f o l l owed  f o r  t h r e e  seasons s t a r t i n g  i n  
May 1981. I n  t h e  sumner o f  1981 s i x  poo l s  
were reshaped w i t h  a  s m a l l  t r a c t o r  t o  
a p p r o x i m a t e  what  m igh t  have been t h e i r  
n a t u r a l  shape, s ize,  and depth. H a l f  o f  
these were seeded w i t h  m a t e r i a l  co l  l e c t e d  
f rom an ad jacen t  area t o  be developed, and 
h a l f  were l e f t  unseeded. S ix  d i s t u r b e d  
bas ins were l e f t  unmodif ied, and h a l f  o f  
these were seeded. A nearby s e t  o f  poo l s  
t h a t  had n o t  been r e c e n t l y  d i s t u r b e d  p ro -  
v i d e d  a  b a s i s  f o r  gauging t h e  recovery  
o f  t he  d i s t u r b e d  pools .  

The r e s u l t s  o f  t h e  s tudy  showed f i r s t  
t h a t  t h e  r i p p i n g  ope ra t i on  badly  d i s r u p t e d  
t h e  v e r n a l  poo l s  and g r e a t l y  decreased t h e  
cover o f  ve rna l  poo l  species i n  t h e  de- 
p ress ions  t h a t  remained, b u t  p robab ly  d i d  
n o t  e l i m i n a t e  any impor tan t  ve rna l  p o o l  
soecies . ~ e v e r a i  soecies (Crassula aoua- 
t i c a ,  Po o  yne abramsi i ,  - ZYE) ~ o r m a l ~ y  
rnundated  ort ti on o f  a  ve rna l  pool  bas i n  
were found' growing on d i s t u r b e d  g round  
t h a t  had never had s tand ing  water .  Th is  
lends suppor t  t o  t h e  hypothes is  t h a t  ve r -  
n a l  pool  p l a n t s  a r e  prevented f r om  growing 
ou t s i de  o f  ve rna l  p o o l s  by  c o m p e t i t i o n  
f rom grass land  and shrubland species. 

I n  t h e  f i r s t  y e a r  o f  o b s e r v a t i o n  
(1982) t h e  poo l s  i n  t h e  d i s t u r b e d  area had 
values o f  t o t a l  p l a n t  cover 30%-40% below 
t h e  88% recorded  i n  t h e  ad jacen t  und is -  
tu rbed  poo l .  Among t h e  d i s t u r b e d  p o o l s  
t h e  lowest  cover,  as expected, was i n  t h e  



Figure 60. Twenty-six years change i n  the National Landmark vernal pool area (now Mirarnar Naval Air Station). Photo A 
was taken on 31 March 1953 and Photo B on 30 July 1979. The white dots visible i n  both pictures are the barren tops of 
mounds. These bare spots are no t  natural and indicate that the area was brushed or scraped. I n  1953 the area was dominated 
by grass cover and an open-shrub cover i n  the northeast corner. By 1979 the shrub cover had increased dramatically, although 
some of the scraped mound tops remained barren. The t w o  canyons visible at lower left i n  1953 but  absent i n  1979 were 
used for sanitary landfills. Photo courtesy of the California Department of Transportation. 

r e s t r u c t u r e d  pools t h a t  had not been 
seeded. By 1984, the restructured unseed- 
ed pools had developed cover comparable t o  
that  observed in the other pools in 1982, 
and the remaining pools, with some excep- 
t ions ,  were approaching the cover values 
of undisturbed pools.  The increas ing  
cover was largely the resu l t  of increased 
density of vernal pool species,  showing 
that  the basins were gradually approaching 
a near-natural condition. 

The so i l  disturbance, both the o r i -  
ginal ripping and the r e s t r u c t u r i n g  by 
t rac to r ,  caused the pools t o  be very tur- 
b i d  with suspended clay.  Whi le  turbidi ty  
i s  normal in some vernal pools (such as 
those of the  Jepson Preserve near Dixon; 
Barclay ana Knight 1984), most undistur- 
bed pools in San Diego County are clear. 

The turbidi ty ,  plus the greater depth of 
restructured pools, seemed t o  be the cause 
of the high plant mortality in the centers 
of some pools, presumably because of se- 
vere l ight  l imitation.  In the excavated 
b u t  unseeded pools l ess  than 5% of surface 
l ight  penetrated t o  12 cm, whereas in the 
natural pools a t  the same depth 30% l igh t  
was recorded. 

Upon superficial  examination one of 
the most s t r ik ing features of the restruc- 
tured pools i s  the presence, around the  
basin, of a zone of almost bare s o i l .  
I t  seems that  the destruction of the  natZ 
ural soi l  structure makes mesa s o i l s  very 
inhosp i tab le  t o  p l an t  growth, perhaps 
because of so i l  crusting.  This bare zone, 
along with the reduced plant cover in the 
basins, may be the cause of the high tur- 
bidity of the pools. 



Leve l i n g  t r ansec t s  across a i s t u r b e d  
topography showed t h a t  f i l l i n g  o f  r u t s  i n  
t h e s e  s o i l s  i s  ve ry  slow. I n  a  s i n g l e  
year  t h e  l o c a l  r e l i e f  o f  20-cm-deep r u t s  
changed by  1 -3  cm. S i n c e  t he  f i l l i n g  
process w i l l  s low as l o c a l  r e l i e f  i s  r e -  
duced, 6 years may be taken as an absolute 
minimum f o r  t h e  f i l l i n g  o f  a  20-cm r u t ,  
~ i t h  10-15 years p robab ly  c l o s e r  t o  t h e  
t ime  i t  w i l l  t ake  f o r  r u t s  t o  disappear.  
Th is  shows how impo r t an t  i t  i s  t o  p r o t e c t  
ve rna l  poo l s  aga ins t  v e h i c l e s  and empha- 
s i zes  t he  c r i t i c a l  need t o  fence ve rna l  
pool  preserves.  

A f t e r  4  y e a r s  o f  recovery  t h e  d i -  
s tu rbed  area would h a r d l y  pass as p r i s t i n e  
ve rna l  pool h a b i t a t ,  b u t  a l l  o f  t h e  p l a n t  
spec ies seem t o  have  s u r v i v e d  and t h e  
reseeding, though i t  speeded t he  r a t e  o f  
r e c o v e r y ,  was p r o b a b l y  n o t  necessa ry .  
Vernal pool ecosystems show a  remarkable 
a b i l i t y  t o  reassemble a f t e r  severe d i s -  
r u p t i o n ,  p rov i ded  t h a t  t h e r e  i s  s tand ing  
water p resen t .  

5.3 EVOLUTION OF THE VERNAL POOL 
ECOSYSTEM 

Acco rd i ng  t o  c u r r e n t  understanding,  
t h e  modern C a l i f o r n i a  f l o r a  i s  t h e  p roduc t  
o f  a  long pe r i od  o f  g r a d u a l l y  i n c r e a s i n g  
a r i d i t y  (Raven and Axe l rod  1978). I n  t h e  
m id -Te r t i a r y ,  about 35 mi  11 i o n  years ago, 
C a l i f o r n i a  a l r eady  con ta ined  many elements 
o f  t h e  modern f l o r a :  oaks,  ceanothus, 
redwoods, e t c . ,  b u t  f o r e s t s  were more 
p r o m i n e n t  a n d  r i c h e r  i n  s p e c i e s  o f  
broad- leaved t r ees  than they a r e  now. The 
p a r t  of  C a l i f o r n i a  west o f  t h e  San Andreas 
F a u l t  ( n e a r l y  a l l  o f  t h e  area i n  which t he  
c o a s t a l  ve rna l  poo l s  occur )  was f a r  t o  t he  
south.  The p o r t i o n  on t h e  c o n t i n e n t a l  
p l a t e  s u p p o r t e d  a  s e m i - a r i d  s h o r t - t r e e  
f o r e s t  w i t h  s t r ong  a f f i n i t i e s  t o  t h e  sub- 
t r o p i c a l  deciduous f o r e s t s  found today i n  
t h e  f r o s t - f r e e  c l i m a t e s  w i t h  both w in te r  
and summer r a i n  i n  western Mexico. Tem- 
pora ry  wet lands p robab l y  e x i s t e d  a t  t h i s  
t ime,  but  t h e  ma jo r  events  t h a t  f o l l owed  
must have r e s h u f f l e d  t h e  b i o t a s  substan- 
t i a l l y .  

I n  t he  l a t e  P l i o cene  (3 m i l l i o n  - 7 
m i l l i o n  yea rs  ago) s e v e r a l  s i g n i f i c a n t  
events began t o  reshape t he  landscape. The 
Coast and Transverse Ranges emerged, and 

t he  S i e r ~ a  Nevada. a p p r ~ a c h e d  i t c  p r ~ ~ ~ n t  
h e i g h t  as t he  seas r e t r e a t e d  t o  f o rm ,  
d u r i n g  t h e  P le is tocene ,  t he  c o a s t a l  t e r -  
races t h a t  now suppor t  most o f  t he  coas ta l  
v e r n a l  p o o l s  (Chap te r  2 ) .  The Cen t ra l  
Val l e y  emerged, and a l though  i t  remained 
do t t ed  w i t h  ex tens ive  marshes u n t i l  h i s -  
t o r i c  t ime,  i t  became a v a i l a b l e  f o r  i n -  
vas ion  by t e r r e s t r i a l  b i o t as .  rhese de- 
ve l  opments account  f o r  t h e  d i s t i n c t i v e -  
ness o f  t h e  f l o r a  i n  C a l i f o r n i a .  They 
c rea ted  a  wide a  o f  ' I la., . ,a 
i n c l u d i n g  some m i l d  c l ima tes ,  and t h e  
h i g h  mountains and transmontane dese r t s  
i s o l a t e d  C a l i f o r n i a  from temperate 
vege ta t i on  t o  t h e  eas t .  The C a l i f o r n i a  
b i o t a  was enr i ched  by t h e  s u r v i v a l  
o f  t axa  t h a t  went e x t i n c t  elsewhere 
i n  Nor th  ~ m e r i c a  (e.g., t h e  reawood) as 
w e l l  as by t h e  p r o l i f e r a t i o n  o f  new 
spec ies tohat formed t o  e x p l o i t  t h e  
d i v e r s i t y  of  o f t e n  i s o l a t e d  h a b i t a t s .  

I n  t h e  P l e i s t o c e n e  t h e  c o n t i n e n t a l  
g l a c i e r s  descended across much o f  N o r t h  
America, b u t  southern C a l i f o r n i a ,  then as 
now, was a  r e l a t i v e  c l i m a t i c  haven where 
temperatures remained f a i r l y  moderate and 
r a i n f a l l  i nc reased  l ess  d r a s t i c a l l y .  I t 
i s  t h o u g h t  t h a t  i t  was n o t  u n t i l  t h e  
P le is tocene  t h a t  t h e  p resen t  Medi ter ranean 
c l i m a t e  p r e v a i l e d  (Raven and A x e l r o d  
1978), and t h a t  b e f o r e  t h i s  t h e r e  was 
summer as w e l l  as w i n t e r  r a i n .  By t h e  
l a t e  P l e i s t ocene  t h e  s t a t e  o f  vege ta t i on  
i n  southern C a l i f o r n i a  can be gauged very  
accu ra te l y  f rom t h e  macro foss i  1  s  c o l  l e c t e d  
a t  Rancho La Brea i n  t h e  Los Angeles Ba- 
s i n .  A t  t h i s  t i m e  (ca., 25,000 t o  40,000 
y e a r s  ago)  t h e  v e g e t a t i o n  was r ough l y  
comparable t o  t h a t  p r e s e n t l y  found on t h e  
Monterey Peninsula,  suggest ing t h a t  g l a -  
c i a l  a c t i v i t y  had s h i f t e d  t h e  vege ta t i on  
zones some hundreds o f  m i l es  t o  t h e  south 
a long  t he  coas t  (Warter  1976). 

From t h e  l a t e  P l e i s t o c e n e  t o  t h e  
p resen t  has been a  t i m e  o f  g rea t  change i n  
bo th  c l i m a t e  and b i o t a .  The e f f e c t  o f  t h e  
g l a c i a l l y  i n f l u e n c e d  c l i m a t i c  v a r i a t i o n s  
i s  i l l u s t r a t e d  by da ta  f rom t he  p l u v i a l  
( r a i n - i n f l u e n c e d )  lakes i n  t h e  a r i d  west 
( F i g u r e  6 1 ) .  These da ta  show t h a t  t h e  
lakes r eached  t h e i r  ~naximum d e p t h  and 
ex ten t  f rom 14,000 t o  24,000 years ago, an 
i n t e r v a l  d u r i n g  which t h e  Con t i nen ta l  and 
C o r d i l l e r a n  g l a c i e r s  reached t h e i r  maximum 
s i z e  and began t o  r e t r e a t .  From 14,000 
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Figure 61. Change in extent of pluvial lakes as indicated by the percentage of lake basins at high levels by MOO-yr intervals 
and corresponding time of events or processes of importance. Modified from Smith and Street-Perrot (1983). 

y e a r s  ago t o  abou t  8000 years ago t he  
lakes r a p i d l y  d r i ed ,  and a  p e r i o d  ( t h e  
Xerothermic) ensued f rom about 8000-4000 
years ago d u r i n g  which the  c l i m a t e  was 
s u b s t a n t i a l l y  d r i e r  t h a n  i t  i s  today. 
Axel rod (1966) argued t h a t  i t  was du r i ng  
t h e  Xerothermic t h a t  a r i d  vege ta t i on  ex- 
panded and t h a t  the  ranges o f  many mois- 
t u r e - r e q u i r i n g  species were con t r ac ted  and 
d i s rup ted .  

Verna 1  p o o l  ecosystems p robab ly  have 
been con t i nuous l y  e v o l v i n g  t h r o u g h  a  11 
t h i s  t ime,  bu t  they must have been most 
s t r o n g l y  i n f l uenced  by recen t  ( l a t e  P l e i s -  
t o c e n e )  c l  i m a t i c  v a r i a t i o n s .  Some taxa 
c l e a r l y  are very anc i en t  and almost w i t h -  
out  doubt had c l ose  r e l a t i v e s  l i v i n g  i n  
temporary water h a b i t a t s  i n  t he  Southwest 
U.S. du r i ng  t he  T e r t i a r y .  Isoetes and t he  
heterosporous f e rns  [Mars i 1-1 u l a r i a )  
are w ide ly  d i s t r i b u t e d  i n  the wor ld ,  usu- 

a l l y  i n  aqua t i c  h a b i t a t s  t h a t  a re  tem- 
po ra r y  o r  have f l u c t u a t i n g  water l e v e l s .  
They must be anc ien t  s p e c i a l i s t s  f o r  tem- 
po ra r y  water h a b i t a t s  t h a t  moved i n t o  tem- 
pora ry  wet lands o f t h e  p resen t  landscape as 
they emerged. 

E r yn  iun, i s  an example o f  a  seed + p l a n t  genus w ose h i s t o r y  must a l s o  extend 
back a t  l e a s t  t o  t he  l a t e  T e r t i a r y .  Th is  
genus a l s o  occurs i n  t r o p i c a l  America, t h e  
M e d i t e r r a n e a n  r e g i o n ,  west  A s i a ,  a n d  
s p a r i n g l y  i n  A u s t r a l i a  and New Zealand. 
Yany of t h e  spec ies occur i n  marshy o r  
t empo ra r i l y  wet s i t u a t i o n s  i n c l u d i n g  two 
found i n  Western Mexico and severa l  i n  t h e  
E a s t e r n  and Southeastern Un i t ed  States.  
W i t h i n  i t s  f a m i l y  (Apiaceae) i t  i s  f a i r l y  
advanced so t h a t  a l though  obv i ous l y  no t  a  
very  r ecen t  taxon, n e i t h e r  can i t  be very  
anc ien t .  A l l  o f  t h i s  suggests t h a t  the 
p rogen i t o r s  o f  verna 1  pool Eryngium were 



a lmos t  c e r t a i n l y  i n  t h e  r e g i o n  by a t  l e a s t  
t h e  l a t e  T e r t i a r y  and t h a t  l i k e  I soe tes  
t hey  moved t o  these  h a b i t a t s  as t h e y b e -  
came a v a i l a b l e .  Th is  must have occurred 
we11 be fo re  t h e  l a s t  thousands o f  years ,  
however, because t hey  have d i f f e r e n t i a t e d  
g e n e t i c a l l y  t o  fo rm new s p e c i e s  w i t h  a  
d i v e r s i t y  o f  l o c a l  popu la t ions .  

Another s i m i l a r  example i s  Myosurus, 
t h e  m a u s e t a i ! ~ .  Spec ies  i n  t h i s  genus 
occur  i n  t he  temperate p a r t s  o f  t h e  Nor th -  
e r n  and Southern Hemispheres (Stone 1957, 
1 9 5 9 ) ,  a l m o s t  a lways  i n  seasonal ly  wet 
h a b i t a t s .  The genus belongs t o  a  f a m i l y  
u s u a l l y  cons idered t o  be p r i m i t i v e  w i t h i n  
t h e  ang iosperms,  and t h e r e f o r e  i t  t o o  
c o u l d  b e  an  a n c i e n t  s p e c i a l i s t  f o r  
t e m p o r a r i l y  wet h a b i t a t s .  However, u n l  i k e  
Eryngium, t h e  d i s t r i b u t i o n  o f  ~ ~ o s u r u s  i s  
centered'  i n  temperate areas. It be 
t h a t  t h e  predecessors of t h e  ve rna l  -pool 
mousetai  1  were assoc ia ted  w i t h  temperate 
f o r e s t s  i n  h i g h - e l e v a t i o n  areas o r  t o  t h e  
n o r t h  be fo re  i t  mig ra ted  t o  ve rna l  poo l s .  
I t  must have been a  p a r t  o f  ve rna l  pool  
b i o t a s  r e l a t i v e l y  e a r l y ,  however, because 
i t  has  d i f f e r e n t i a t e d  w i t h i n  C a l i f o r n i a  
i n t o  a  number o f  taxonomic subun i t s  (Stone 
1957).  

These examples g i v e  the  impress ion 
thdi vernal pool  b i o t d s  may have assembled 
f r o m  a  v a r i e t y  o f  p r e e x i s t i n g  elements 
t h a t  were ready t o  e x p l o i t  ve rna l  poo l s .  
But another  s e t  o f  ve rna l  pool p l a n t  t axa  
i s  un ique t o  C a l i f o r n i a ' s  temporary wet- 
lands, and t h i s  i s  evidence t h a t  v e r n a l  
poo l s  as they e x i s t  today are a  new eco- 
sys tem.  A t  l e a s t  s i x  genera l i s t e d  by 
Raven and Axe l rod  (1978) as r e s t r i c t e d  
p r i m a r i  1y t o  t h e  C a l i f o r n i a  F l o r i s t i c  
Prov ince  [CFP) a re  main1 y assoc iated w i t h  . , 
ve rna l  pools :  Legenere, - Lim- 
nanthes. and Poao- 

While t h e  p o ; s i w i h a t  som- 
used t o  be widespread and have su r -  

v i ved  on l y  i n  C a l i f o r n i a  c a n n o t  be a b -  
s o l u t e l y  r u l e d  ou t ,  t he  f a c t s  f i t  b e t t e r  
w i t h  t h e  idea t h a t  these groups have d i f -  
f e r e n t i a t e d  i n  t h e  CFP r e l a t i v e l y  r ecen t -  
l y .  I n  t h e  Limnanthaceae, f o r  example, 
t h e r e  a re  o n l y  two genera, Limnanthes and 
F l o e r k e a .  F loerkea  i s  an annual under-  
s t o r y  p l a n t  i n  r i c h  deciduous f o r e s t s .  I t  
grows f o r  a  b r i e f  p e r i o d  i n  t h e  s p r i n g  i n  
damp m i c r o s i t e s .  Because i n  the  West 
such h a b i t a t s  were much more p r e v a l e n t  i n  

t he  T e r t i a r y  than  t ney  a re  t oady ,  i i .  i s  
reasonable t o  suppose t h a t  t h e  r e s t r i c t e d  
genus Limnanthes represen ts  an o f f s h o o t  o f  
an A r c t o - T e r t i a r y  taxon t h a t  has r a d i a t e d  
w i t h i n  a  semia r id  environment.  Po o  yne 
though probably  n o t  de r i ved  froi-%$& 
herbs, may s i m i l a r l y  have s p e c i a l i z e d  f o r  
ve rna l  poo ls  w i t h i n  t h e  l a s t  severa l  m i l -  
l ion  years and d i f f e r e n t i a t e d  s u f f i c i e n t l y  
t o  make i t s  connect ion w i t h  more w i d e -  
s p r e a d  t a x a  o b s c u r e .  G e n e r a  l i k e  
Limnanthes and Po o  ne, once s p e c i a l i z e d  
f o r  temporary p*eap-frogged t h e i r  
way across t h e  landscape as ve rna l  pool 
h a b i t a t  p r o l i f e r a t e d  on t h e  a l l u v i a l  
landscapes l e f t  by r e t r e a t i n g  seas. 

Combining a l l  o f  t h i s  i n f o r m a t i o n  
a l lows  specu la t i on  t h a t  ve rna l  p o o l - l i k e  
c o r n u n i t i e s  have e x i s t e d  s i nce  a t  l e a s t  
t he  l a t e  P l iocene.  These "Urpoo ls "  p ro -  
bably  would have had a sma l le r  and l ess  
spec i a l i zed  f l o r a  than we know today, j u s t  
as i n  more humid r eg i ons  i n  t h e  Eastern 
Un i ted  S ta tes  t h e  temporary poo l  h a b i t a t s  
suppor t  a  more genera l i zed  f l o r a .  W i t h  
t h e  i s o l a t i o n  and inc reased  a r i d i t y  t h e  
tempo o f  s p e c i a l i z a t i o n  must have qu i ck -  
ened, As predominant ly  f o r e s t e d  vegeta- 
t i o n  gave way t o  grasslands, shrublands, 
and open woodlands, and t h e  c o n t r a s t  be- 
tween wet w i n t e r s  and d r y  sumners sharp- 
ened, t he  s tage was s e t  f o r  t h e  develop-  
ment of  modern v e r n a l  p o o l s .  Because 
C a l i f o r n i a  v e r n a l  poo ls  can o n l y  e x i s t  i n  
a  semia r id  c l ima te ,  i t  i s  p robab le  t h a t  
t h e i r  s p r e a d  and  t h e  s p e c i a l i z a t i o n  o f  
t h e i r  f l o r a  were f o s t e r e a  r a t h e r  than  r e -  
ta rded  by i n t e r g l a c i a l  d r y  pe r i ods  and t h e  
more r ecen t  Xerothermic pe r i od .  The p o l -  
l e n  r e c o r d  a t  C l e a r  Lake (Baker 1983) 
shows a  sharp decrease  i n  p i n e s  and a  
co r respond ing  inc rease  i n  shrubs a t  t h e  
onset o f  t h e  Xerothermic p e r i o d .  If t h i s  
decrease i n  f o r e s t  cover a l s o  occur red  on 
the  coas ta l  t e r r aces  and i n l a n d  va l l e ys ,  
the  r e s u l t  may have been t he  opening up of 
l a rge  areas f o r  ve rna l  pool  b i o t a s .  

The C e n t r a l  Va l l ey  i s  p robab l y  t h e  
key t o  t h e  o r i g i n  of ve rna l  poo ls .  I n  i t s  
o r i g i n a l  s t a t e  t h e r e  was no t  o n l y  more 
vernal  pool  h a b i t a t  t han  i n  t h e  r e s t  o f  
the r eg i on  combined, b u t  a l so  a  wide v a r i -  
e t y  o f  o t he r  aqua t i c  h a b i t a t s .  The v a l -  
l e y ' s  nor th -sou th  o r i e n t a t i o n  would have 
f a c i  1  i t a t e d  t he  m i g r a t i o n  o f  spec ies,  and 
migh t  have p l ayed  a  r o l e  i n  a l l o w i n g  t h e  



c o n t i n u i n g  accumulat ion o f  b i o t i c  d i v e r -  
s i  t y  t h rough  t h e  v i c i g s i  tudes o f  g l a c i a l  
t imes .  A l l  o f  t h e  endemic g e n e r a  a r e  
found i n  t h e  C e n t r a l  Va l ley ,  and i t  i s  t he  
o n l y  h a b i t a t  f o r  a t  l e a s t  two of them. 
Most p robab ly  ve rna l  poo l  b i o t a s  evolved 
p r i m a r i l y  i n  t h e  C e n t r a l  Va l l ey  and d i s -  
persed f rom t h e r e  t o  t h e  south and west as 
i n c r e a s i n g  a r i d i t y  and landscape e v o l u t i o n  
by wea ther ing  o r  gophers c rea ted  temporary 
pool c in these  areas. 

I f  Dalquest  and Sche f f e r  (1942) and 
Cox (1984a) a r e  c o r r e c t  i n  b e l i e v i n g  t h a t  
p o c k e t  gophers  f o r m e d  t h e  m i c r o r e l i e f ,  
then t h e  es tab l i shmen t  o f  v e r n a l  p o o l s  
m igh t  have f o l l o w e d  a somewhat d i f f e r e n t  
course. I f  gophers a re  t h e  cause o f  t h e  
mounds, t h e r e  would have been a l a g  be- 
tween t h e  appea rance  o f  l a n d  s u r f a c e s  
and t h e  c r e a t i o n  o f  t h e  pool  bas ins,  which 
m igh t  have been q u i t e  l o n g  i n  ins tances  
where t h e  h a r d p a n  i s  t h e  cause of t h e  
sha l l ow  s o i l  and t h e r e f o r e  o f  t h e  mound- 
ing.  But none o f  t h e  proponents  o f  t h e  
gopher t h e o r y  h a v e  s u g g e s t e d  t h a t  a l l  
v e r n a l  p o o l  b a s i n s  w e r e  f o r m e d  b y  
gophers. One p o s s i b i l i t y  i s  t h a t  ve rna l  
p o o l  b i o t a s  w e r e  s h a p e d  i n  l a r g e r  

teniporary marshes and poois ,  ana t h a t  tile 
mounded t o p o g r a p h y  a l l e g e d l y  formed by 
gophers mere ly  o f f e r e d  a chance f o r  ve rna l  
pool species t o  expand t h e i r  ranges. 

The f o r e g o i n g  d i s cuss i on  has empha- 
s i zed  t he  p l a n t s .  Th is  i s  mos t l y  because 
we know more about them, b u t  p a r t l y  be- 
cause what we may surmise about  t h e  animal 
component suggests t h a t  i t  con ta ins  fewer 
un ique and endemic s p e c i e s .  O n l y  t h e  
i n v e r t e b r a t e s  seem t o  be v e r n a l  pool 
s p e c i a l i s t s ,  and most o f  these  a r e  wide 
r ang ing  species t h a t  a r e  r e a l l y  more ap- 
p r o p r i a t e l y  c a l  l e d  t e m p o r a r y  p o n d  
s p e c i a l i s t s .  Presumably t h e y  t r a c e  back 
f o r  many m i l l i o n s  o f  years .  A p l ank ton  
t ow  i n  a  t e m p o r a r y  pond i n  t h e  Eocene 
would p r o b a b l y  have y i e l d e d  a s i m i l a r  
complement o f  r o t i f e r s ,  c ladocerans, and 
anostracans. S tud i es  o f  b r i n e  s h r i m p  
however, suggest t h a t  wide r ang ing  groups 
o f  temporary h a b i t a t s  adapt t o  l o c a l  con- 
d i t i o n s  (Dana 1984; Bowen e t  a l .  1984). 
I f  t h i s  i s  g e n e r a l l y  t r ue ,  t h e  argument 
made above would p r e d i c t  t h a t  the t.empo o f  
g e n e t i c  and  e c o l o g i c a l  change cif these 
a n c i e n t  groups p robab ly  p icked  up i n  t h e  
l a t e  P l iocene.  



CHAPTER 6. PRACTICAL PROBLEMS 

6.1 PROTECTION OF VERNAL POOLS 

Most c i t i z e n s  be1 ieve t ha t  socie ty  
should preserve natural ecosys terns, fo r  
economic reasons and purely fo r  a e s the t i c  
enjoyment. There i s  a l s o  strong fee l ing  
in favor of preserving species of s y d o l  i c  
importance l i k e  the bald eagle and g ian t  
sequoia. More surprisingly,  there  i s  even 
considerable support for saving obscure  
rare  species,  such as the  Furbish louse- 
wort (Kel l e r t  1985) . 

Vernal pools ,  which con ta in  r a r e  
organisms, are beaut i ful ,  and are  d i s t i nc -  
t i ve  t o  the California region, should be a 
biological asse t  t h a t  t h e  pub l ic  deems 
worthy of preservation. Proof of t h i s  i s  
tha t  the  Nature Conservancy was able  t o  
ra ise  $5 million fo r  purchase of the Santa 
Zosa ??ateau f r m  pr';late szurces Rut 
the protection and acquisit ion of pools in 
other instances have not always been as 
eas i ly  accomplished, i n  large pdrt because 
preservation has conflicted with deve l -  
opment of valuable  r e a l  es ta te .  Vernal 
pools occur on the same level topography 
favored by housing developers and builders 
of highways. Most of the  southern pools 
occur in the  heav i ly  urbanized coasta l  
s t r i p ,  where land values have soared i n  
recent decades. 

Vernal pools a lso  have what pol i t i -  
cians might cal l  an "image problem." They 
are beaut i ful ,  b u t  only fo r  a part of the 
year. Like many ar id  ecosystems, during 
the depths of the dry season they exhibi t  
dormant starkness ra ther  than lush beau- 
ty.  Even in the growing season much of the 
i n t e r e s t  of vernal pools i s  a t  a small  
scale--they require c lose  a t tent ion t o  be 
appreciated. Perhaps mast important, tsey 
a r e  not  very well known, and those who 
seek them out may not be c e r t a i n  w h a t  
they a r e  looking fo r .  I ronical ly ,  it !'s 
jus t  a s  they are  coming t o  be more widely 

apprec ia ted  t h a t  the l a s t  remnants are  
rapidly disappearing. Though the options 
are closing rapidly,  the re  a r e  s t i l l  some 
choices t o  be made on the  s i z e  and ar-  
rangement  of v e r n a l  pool p rese rves .  
Equal ly important  i s  t h e  i n t e r r e l a t e d  
question of how the vernal pool preserves 
wi 11 be managed. 

6.2 LEGAL ASPECTS OF VERNAL POOL 

PRESERVATION 

The p r o t e c t i o n  o f  n a t u r a l  a r ea s  
everywhere was great ly  a f f e c t e d  through 
the 1960's and 1970's by lega l  develop- 
ments that  grew out o f  concern over pol- 
l u t i o n  and the  l o s s  of open space and 
biological d ivers i ty .  One of  the broadest 
o f  tnese  l ega l  concepts i s  that  public 
undertakings must be accompanied by an 
assessmene o f  'env-rronmenta;  jmpact  . " 
T h i s  i s  the  idea behind t he  Federal ?la- 
t ioca! Environmental Pol i c y  Act (NEPA)  
and the corresponding &a7 i f o r n i a  Environ- 
mental Qual i ty  Act (CEQA) of  1970. The 
de t a i l s  of these laws a r e  complex, b u t  
the guiding philosophy i s  t h a t  government 
should a s se s s  t h e  consequences  of i t s  
act-ions on the environment from a broad 
p e r s ~ e c t i v e  by weighing both the posit ive 
and the nega t ive  aspects .  While often 
cr i tycized,  in the balance NEPA and CEQA 
have been credited w i t h  improving land use 
i n  Ca:ifornia. However, t h e y  have had 
1 i t t l e  d i rect  impact on vernal  pool pres- 
ervation because they r equ i r e  only t h a t  
impact be assessed  and an e f for t  made 
t o  rnjnimize i t .  In no case did  t h i s  leg- 
i s l a t i o n  cause any ve rna l  pools t o  be 
preserved tha t  would otherwise have been 
destroyed. 

The passage of t he  Zndangered Species 
Act of  1973 put in to  faw the obligation of 
the Federa: Governmerit t o  p ro tec t  species 
threatened with ex t inc t ion .  f h ? ~  Was a 



i ong  overaEe response t o  t n e  aUmonlt lor,  Q -  

conse rva t l on l  s t  ~ e o P o ~ a  i n  m lacen tu r j  
t h a t  s o c i e t y  take  t h e  Dreservat lon o i  trle 
b ~ o i o g ~ c a i  i n t e g r i t y  of  i t s  ]antiscapes as 
a  moral r e s ~ o n s i b i !  i t Y .  What more obv~ou;  
s i gn  o f  b i o l o g i c a l  mismanagement, 1: was 
reasoned ,  t h a n  t h e  d i s a p p e a r a n c e  o i  
species? Hence t h e  need t o  insure  t h a t  
t h e  Federal  Government managed lands wi t b  
a  k i n d  o f  e c o l o g i s t ' s  H i ~ p o c r a t i c  oath - -  
t o  do no harm (as measured b y  e x t ~ n c t i o p  
t o  the  lands over wh ich  t h e y  had ~ u r ? s d i : -  
t i o n .  The concept was t o  i d e n t i f y  specres 
on t h e  edge o f  e x t i n c t i o n ,  and r e q u i r e  
t h a t  government agenc ies  o r  those  working 
under t h e i r  a u t h o r i t y  o r  c o n s e n t  consul: 
w i t h  t h e  U.S. F i s h  and W i l d l i f e  Serv ice 
whenever one of t h e s e  s p e c i e s  was l ~ k e  l y  
t o  be a f f e c t e d .  

The Endange red  S p e c i e s  Act  was a 
m;rjnr C l p p p r t o r ~  from more n a r r o w l v  con-  
c e i v e d  p r e s e r v a t i o n  e f f o r t s  because i t  
encompassed b o t h  p l a n t s  a n d  anima ' s .  
Fu r tnermore ,  t h e  c r i t e r i a  f o r  degree o r  
endangerment were n o t  p u b 1  i c recognl  :;or> 
and i n t e r e s t ,  bu; a  s c i e n t i f i c  assessm~n? 
of t he  s i g n i f i c a n c e  of t h e  t a x o n ,  the  s i ~ ?  
of i t s  popu la t io r , ,  and t h e  o r o b a b i l i t )  o r  
i t i  i m n i n e n t e x t i n c t i o n .  By these c r  - 
t e r l a  manq an ima ls  and p l a n t s  though: t o  
be wor th  sav ing ,  such  as redwooos  and eli . ,  
t,<pro n p f  p n g a n g ~ r e d .  w h i  l~ others tna-  
most people had neve r  h e a r d  o f  l i k e  t n e  
F u r b i s h  l o u s e w o r t  and t h e  s n a i l  d a r t e r  
we re  j u d g e d  t c  b e  o n  t h e  v e r g e  o f  
e x t i n c t  i on .  

The S t a t e  o f  C a l i f o r n i a ,  through the  
Department o f  F i s h  and Game, has a l s o  
developed programs t o  r e c o g n i z e  r a r e  and 
endangered s p e c i e s  and e n c o u r a g e  t h e i r  
p rese rva t i on .  The Endangered P lan t  Pro- 
gram i s  most r e l e v a n t  t o  v e r n a l  oools  and 
i s  a e s c r i b e d  by  c o c h r a n e  ( 1 9 8 4 ) .  The 
Nature Conservancy, a  p r i v a t e  o rgan i za t i on  
i n t e r e s t e d  i n  t h e  of n a t u r a l  
communities, cooperates w i t h  t h e  S ta te  i n  
t h e  maintenance o f  t h e  N a t u r a l  D i v e r s i t y  
Data Base, which keeps t r a c k  of r a r e  and 
endangered p l a n t s  and and serves 
as a  c e n t r a l  s to rehouse  of i n f o r m a t i o n  on 
t h e i r  range and s t a t u s  ( c o c h r a n e  and Jen- 
sen 1984). However, u n l  i k e  t he  F e d e r a l  
laws which i n  c e r t a i n  i n s t a n c e s  can h a l t  
land development, t h e  state p r o v i s i o n s  a re  
p r i m a r i l y  e d u c a t i o n a l ,  c a u t i o n a r y ,  and 
a d v i s o r y .  S t a t e  law c a n n o t  p r e v e n t  a 

n r l  v a c e  i a  n u o ~ n e -  r r o m  a e s r r o y l n S  : 
S t a t e - l i s t e a  p i a n t  o r  a n i m : .  The nope 7s  
t h a t  o!, making lanoowners and o t h e r s  aWarf 
of t h e  existence o f  s i g n l f ~ c a n t  b i o l o g ~ c a '  
resources they  w i  1  i encourage development  
t h a t  minimizes damage t c  tnem. 

The e x i s t e n c e  o f  t h e s e  l a w s  a n d  
government p o l i c i e s  have s e t  t h e  s t a g e  f o r  
ve rna l  pool p rese rva t i on  e f f o r t s .  i n  t h e  
1 9 7 0 ' 5 ,  s o u t h e r n  Cal i f o r n i a  b o t a n i s t s ,  
aware of t h e  r a p i u i y  d i s a p p e a r i n g  ve rna '  
pool hab i t ,a t ,  proposed t o  t h e  F i s h  and 
W i l d l i f e  Serv ice  t h a t  Po o  yne  ab ra rns i i  be 
l i s  t e d  as endanqered. a s u i t a b l e  
review. t h i s  was-done i n  October  1978. A  
f u r t h e r  impor tan t  development f o r  we t l ands  
was t h e  ex tens i on  o f  t h e  R i v e r s  a n d  Har -  
bors Act o f  1899 t o  g i v e  t h e  U.S.  Army 
Corps o f  Engineers (USACE) j u r i s d i c t i o n  
over. a l l  w e t l a n d s ,  n o t  j u s t  n a v i g a b l e  
wa te rs  i n  t h e  s t r i c t  t r a d i t i o n a l  sense 
( B a r t e i  and Knudsen 1984). I n1  s OD l ? g a t e a  
the Corps t o  r egu la te  t h e  d e s t r u c t  i o n  o f  
ve rna l  poo l s ,  and r equ i r ed  them t o  p r e v e n t  
f i l l i n g  o f  ve rna l  pools  t h a t  c o n t a i n e d  a r  
endangered spec ies.  

These laws  have had c o n s i d e r a b l e  
i m ~ a c t  7n San Diego County. The  C a l - -  
f o r n i a  D e p a r t m e n t  o f  T r a n s p o r t a t i o r ,  
(CALTRANS), aware o f  t h e  f a c t  t h a t  Pogo- 
gyne a b r a m s i i  l a y  i n  t h e  p a t h  o f  t h e  
e x t n s i o n  ot'lnterstace h ~ g n w a y  15, movec 
q u i c k l y  i n  1978 and 1979 t o  d e a l  w i t h  t h e  
problem t n a t  t h i s  posed ( K i e g e r  1984). 
M i n o r  changes i n  freeway a1 ignments by- 
passed a  few poo l s ,  b u t  many rema ined  i n  
t he  r igh t -o f -way .  A t t e r  two  c o n s u l  t a t i o n s  
w i t h  the  U.S. F i s h  and W i l d l i f e  S e r v i c e ,  
t he  outcome was t h a t  CALTRANS a c q u i r e d  two  
areas o f  n a t u r a l  pools  e q u i v a l e n t  i n  a rea  
t o  t h e  poo ls  t o  be s a c r i f i c e d .  

CALTRANS had t o  reopen n e g o t i a t i o n s  
f o r  State Route 52, which was schedu led  t o  
cross an area o f  ve rna l  p o o l s  on t h e  M i r a -  
mar Naval A i r  S t a t i o n .  A p r o p o s a l  t o  
apply  t he  same remedy, by p u r c h a s i n g  p r i -  
v a t e l y  owned poo ls  t o  r e p l a c e  t h o s e  de- 
s t royed,  was r e j e c t e d  by CALTRANS when i t  
was determined t h a t  t h i s  wou ld  c o s t  i n  t h e  
v i c i n i t y  o f  $5  m i l l i o n .  A  compromise was 
worked o u t  t h a t  i n c l uded  purchase  o f  p o o l s  
and c r e a t i o n  o f  a d d i t i o n a l  a r t i f i c i a l  
h a b i t a t .  A l though t h e  a r e a  o f  p o o l s  ac-  
qu i r ed  was approx imate ly  t h e  same as t h e  
area t o  be destroyed, t hey  were j udged  t o  



be of  lower q u a l i t y ,  e s p e c i a l l y  w i t h  r e -  
gard t o  t h e i r  s u i t a b i l i t y  as h a b i t a t  f o r  
t h e  endangered Po o  yne abrams i i .  Ad- 
d i t i o n a i  p a r c e l s  o  --+?%- an s  m e r e f o r e  
acqu i red  on which i t  i s  in tended  t o  c rea te  
a r t i f i c i a l  poo ls  capable o f  suppo r t i ng  P. 
ab rams i i .  Because t he  c r e a t i o n  o f  a r t 7 -  
m a b i t a t  f o r  a  r a r e  species was a  
r e l a t i v e l y  u n t r i e d  and c o n t r o v e r s i a l  means 
o f  p r e s e r v a t i o n ,  CALTRANS was a l s o  
r e q u ~ r e d  o i i ~ ~ i t i l o : -  the  ;ccc,srz c f  the  
p r o j e c t  f o r  5 years .  

Th i s  r e s o l u t i o n  o f  t h e  problem i s  a  
c l a s s i c  compromise i n  t h a t  i t  leaves no 
one comple te ly  happy. The landowners were 
u n w i l l i n g  s e l l e r s ,  and some remain i r a t e  
a t  what t hey  view as t h e  c o n f i s c a t i o n  o f  
t h e i r  l and .  Conservat ion groups ques t ion  
t he  wisdom o f  t h e  c r e a t i o n  o f  a r t i f i c i a l  
h a b i t a t .  I f  i t  i s  a  f a i l u r e ,  i t  w i l l  be 
fmpossib!e or p r o h i b i t i v e l y  expensive t o  
r e t u r n  t o  t h e  o p t i o n  o f  b u y i n g  more 
pools .  I f  i t  i s  successfu l ,  t he  un jus-  
t i f i e d  assumpt ion may be made t h a t  t h e  
c r e a t i o n  o f  a r t i f i c i a l  h a b i t a t  w i l l  work 
f o r  a 1  1  s p e c i e s  e v e r y w h e r e .  
Conserva t ion is ts  a re  a1 so p a i  n f u l  l y  aware 
t h a t  t h e  outcome o f  a l l  these n e g o t i a t i o n s  
has n o t  inc reased  t h e  p u b l i c  h o l d i n g s  of 
~ e r n a l  poo ls ,  w h i l e  o v e r a l l  t h e  number o f  
;>ools con t inues  t o  s h r i n k  as more and more 
:reas a re  developed. 

6.3 HOW BEST TO PRESERVE 

Eco log i s t s ,  r e a l i z i n g  t h a t  t h e  ex -  
p l o i t a t i o n  o f  t h e  landscape i s  c e r t a i n  t o  
inc rease  over  t h e  nex t  cen tu ry ,  have de- 
voted cons iderab le  thought  t o  t h e  ques t ion  
o f  t h e  bes t  des ign f o r  systems o f  na tu re  
p r e s e r v e s  (e .g . ,  S i m b e r l o f f  and Abele 
1976; F r a n k e l  and Sou le  1981; H a r r i s  
1984). Among t h e  quest ions t h a t  have been 
asked a re  these: Should t h e r e  be fewer 
l a r g e r  o r  more sma l le r  preserves? Should 
preserves be clumped t o g e t h e r  o r  w i d e l y  
s e p a r a t e d ?  What i s  t h e  impo r t ance  o f  
ccmnect ing c o r r i d o r s ?  What a s p e c t  o f  
n a t u r e  p r e s e r v a t i o n  should be s t ressed,  
,:aximum species d i v e r s i t y  o r  maximum pre -  
se r va t i on  o f  r e p r e s e n t a t i v e  ecosystems? 

Tak ing a  t h e o r e t i c a l  v iew, t h e  f o l -  
i o u i n g  p o i n t s  a re  r e l e v a n t  t o  ve rna l  pool  
) ?sse rva t i on  : 

1) Much o f  t h e  species d i v e r s i t y  o f  
te**nal  poo l s  e x i s t s  a t  a  l a r g e  geograph- 

i c a l  s c a l e .  Eacn r e g i o n  snd area ha; 
endemics. P rese rv i ng  p o o l s  i n  o n l y  one 
p l ace  w i l l  p reserve  o n l y  a  f r a c t i o n  o f  t h e  
i n t e r e s t i n g  spec ies .  

2 )  Much o f  t h e  g e n e t i c  d i v e r s i t y  
w i t h i n  a  s i n g l e  spec ies  i s  expressed a t  a 
l a r g e  geograph ica l  s ca l e .  P rese rv i ng  one 
group o f  poo l s  w i t h  spec ies  X i n  it, w i l l  
p robab ly  p reserve  o n l y  a  p a r t  o f  t h e  gen- 
e t i  c d i v e r s i t y  o f  t h a t  spec ies .  

3 )  P o o l - t o - p o o l  d i s p e r s a l  p l a y s  an 
unknown b u t  p o s s i b l y  impo r t an t  r o l e  i n  
t h e  p o p u l a t i o n  dynamics o f  v e r n a l  p o o l  
p l a n t s  and animals.  The d r a s t i c  r e d u c t i o n  
i n  area o f  ve rna l  p o o l s  o v e r  t h e  p a s t  75 
y e a r s  may e v e n t u a l l y  r e s u l t  i n  reduced 
l o c a l  spec ies  d i v e r s i t y  and g r e a t e r  p rob-  
a b i l i t y  o f  i n v a s i o n  b y  i n t r o d u c e d  
spec ies.  Small i s o l a t e d  p r e s e r v e s  a r e  
mcrch more l i k e l y  t o  s u f f e r  i r r e v e r s i b l e  
change t h a n  l a r g e r  p reserves  near  o t h e r  
preserves.  

4) The landscape s e t t i n g  o f  v e r n a l  
poo l s  i s  as i n t e r e s t i n g  and  w o r t h y  o f  
p rese rv i ng  as t h e  p o o l s  themselves. More- 
over ,  i n  many p laces ,  and e s p e c i a l l y  i n  
San Diego County, many r a r e  nonpool p l a n t s  
occur  i n  t h e  same areas as v e r n a l  poo ls .  

5 )  V e r n a l  p o o l s ,  because t hey  a r e  
sma l l  and can o n l y  be  app rec i a t ed  a t  c l o s e  
range, pose some spec i  a1  management p rob-  
lems i n  areas open t o  p u b l i c  use. Com- 
pounding t h e  d i f f i c u l t i e s  i s  t h e  s u s c e p t i -  
b i l i t y  o f  p o o l s  t o  d i s t u r b a n c e  i n  t h e  
w i n t e r  when s o i l s  a r e  s a t u r a t e d  and very  
s o f t .  

6) On t h e  average, l a r g e r  p o o l s  con- 
t a i n  more spec ies t h a n  s m a l l e r  poo ls ,  b u t  
t h e  v a r i a t i o n  i s  so g r e a t  t h a t  i n  r a n k i n g  
poo l s  f o r  p rese rva t i on ,  a rea  can o n l y  be 
cons idered a f t e r  o t h e r  f e a t u r e s  have been 
evaluated.  

7 )  Though s p e c i e s  number i s  o n l y  
l o o s e l y  r e l a t e d  t o  poo l  area, c e r t a i n  r a r e  
s p e c i e s  (e.g., O r c u t t i a  spp . )  t end  t o  
occur p r i m a r i l y  i n  l a r g e r  poo ls .  

8) Pool hydro logy  i s  a  ma jo r  d e t e r -  
minant  o f  poo l  b i o t a .  A v a i l a b l e  evidence 
suggests t h a t  a t  l e a s t  i n  sou thern  C a l i -  
f o r n i a  t h e  perched wate r  t a b l e  assoc i a t ed  
w i t h  a  p a r t i c u l a r  poo l  i s  u s u a l l y  ve ry  



l o c a l .  Pool h y d r o l o g i  ca 1 r eg imes  can 
u s u a l l y  be m a i n t a i n e d  w i t h  a  watershed 
t h a t  i s  o n l y  one t o  two t imes  t h e  s i z e  o f  
t h e  pool  b a s i n  area.  However, l o c a l  hy -  
d r o l o g i c a l  c o n d i t i o n s  vary ,  and study o f  
each s i t u a t i o n  i s  necessary when c i rcum- 
s tances d i  c t a t e  t h a t  l a n d  a e d i  c a t e d  t o  
p r e s e r v a t i o n  be t h e  minimum poss i b l e .  

9) No one would say t h a t  a11 species 
i n  v e r n a l  poo l s  should be weighted e q u a l l y  
i n  e v a l u a t i n g  which areas have t h e  h i ghes t  
p r i o r i t y  f o r  p rese rva t i on .  Th i s  i s  t h e  
concept behind t h e  des i gna t i on  o f  r a r e  and 
endangered spec ies.  By law such species 
must be g i ven  t h e  h i ghes t  p r i o r i t y .  

Cons ider ing  these  p o i n t s ,  would i t  be 
p o s s i b l e  t o  p reserve  n e a r l y  a l l  o f  t h e  
b i o t i c  d i v e r s  i t y  p resen t  i n  verna 1  pool  s  
by p rese rv i ng  o n l y  a  f r a c t i o n  o f  t h e  poo ls  
t h a t  s t i l l  e x i s t ?  Because o f  p o i n t  2, 
above, t h e  answer i s  no. There i s  gen- 
e t i c  v a r i a t i o n  i n  popu la t ions  t h a t  cou ld  
be ma in ta ined  o n l y  by p rese rv i ng  t he  s i t e s  
i n  which t h e  p a r t i c u l a r  a l l e l e  o r  o t he r  
g e n e t i c  v a r i a n t  i s  advantageous. Even i f  
a l l  species were preserved, some gene t i c  
d i v e r s i t y  i s  bound t o  be l o s t .  I n  theory,  
t h e  gene t i c  d i v e r s i t y  o f  species cou ld  be 
ma in ta i ned  i n  a r t i f i c i a l  c u l t u r e ,  bu t  t h i s  
i s  u n r e a l i s t i c  e x c e ~ t  f o r  t h o s e  t a x a  
(e -g . ,  Limnanthes) t h a t  have a  prospect 
o f  economic use. 

Dropping one l e v e l ,  would i t  be pos- 
s i b l e  t o  p reserve  a l l  o f  t h e  ve rna l  pool  
spec ies by p r e s e r v i n g  something l ess  than 
a l l  t h e  c u r r e n t  ve rna l  poo l  area? To t h i s  
t h e  answer i s  p robab ly  yes, which leads t o  
t h e  f u r t h e r  ques t i on  o f  how l a r g e  a  p ro -  
p o r t i o n  o f  e x i s t i n g  poo ls  should be p re -  
served. T h e o r e t i c a l  answers t o  t h i s  cou ld  
be g i ven  by work ing  f rom e x i s t i n g  i n f o r -  
mat ion  on spec ies presence i n  pools .  But 
p o i n t  n i n e ,  above,  i s  r e l e v a n t  h e r e .  
Species have been weighted d i f f e r e n t l y  i n  
d e c i d i n g  on a r e a s  t o  p rese rve .  I t  i s  
o b v i o u s l y  s i l l y  t o  choose pool  A over pool  
B  because A has one more species t h a t  i s  a  
comon  weed. Thus t h e  ques t i on  i s  r e a l l y  
how much area i s  needed t o  preserve t he  
" p r i o r i t y "  spec ies? 

A p r i o r i t y  r a n k i n g  o f  species t h a t  
suggests i t s e l f  i n  t h i s  c o n t e x t  i s  1) 
l e g a l l y  recognizes r a r e  o r  endangered  
spec ies,  2) any undesignated species en- 
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ered ,  3 )  l o c a l  p o p u l a t i o n s  o f  species 
endemic t o  ve rna l  poo ls  i n  C a l i f o r n i a ,  4 )  
l o c a l l y  d i s j u n c t  p o p u l a t i o n s  o f  
wide-ranging spec ies,  5 )  s c i e n t i f i c a l l y  o r  
a e s t h e t i c a l l y  i n t e r e s t i n g  species regard -  
l e ss  o f  r a r i t y .  These f i v e  c a t e g o r i e s  
w o u l d  p r o b a b l y  encompass o n e - h a l f  t o  
two - t h i r ds  o f  t h e  p l a n t  species l i s t  o f  
p o o l s .  S i n c e  t h e  a n i m a l  component o f  
pools  i s  so p o o r l y  s tud ied,  i t  i s  d i f f i -  
c i i i t  t o  ~ d j :  w t ~ a t  p r ~ p ~ i t J 5 ~  3: t k e  f a z n a ?  
l i s t  would be inc luded ,  b u t  i t  would p ro -  
b a b l y  b e  s m a l l e r ,  o n e - t e n t h  t o  
one-fourth.  Pools c o u l d  be r a n k e d  f o r  
p r i o r i t y  o f  p r e s e r v a t i o n  by  w e i g h t i n g  
popu la t i on  s i zes  o f  each spec ies by p re -  
se r va t i on  p r i o r i t y  and sumning t o  ge t  an 
overa 11 rank .  

Having dec ided which species t o  p re -  
s e r v e ,  t h e  p o p u l a t i o n  e c o l o g y  o f  t h e  
b p t t ~ i e s  ~rrilbt be considered.  A t  t h i s  ?eve! 
t h e  goal  o f  p rese rva t i on  i s  viewed as t he  
p r e s e r v a t i o n  o f  s u f f i  c i e n t  h a b i t a t  t o  
a l l o w  the  spec ies o f  h i g h e s t  p r i o r i t y  a  
h i g h  p r o b a b i l i t y  o f  s u r v i v a l  i n t o  t h e  
i n d e f i n i t e  f u t u r e .  To c l a r i f y  what t h i s  
means, S h a f f e r  (1981) suggested t h a t  a  
minimum popu la t i on  s i z e  should i n s u r e  a  
99% chance o f  s u r v i v a l  f o r  1000 years .  By 
adop t ing  t h i s  adm i t t ed l y  a r b i t r a r y  d e f i -  
n i t i o n ,  he i s  no t  assuming t h a t  t h e  r e -  
qu i r ed  p r o b a b i l i t y  w i l l  be e a s i l y  de te r -  
mined. I n  p r a c t i c e ,  c a l c u l a t i o n s  o f  t h i s  
k i n d  would necessar i  l y  i n v o l v e  many tenu- 
ous assumpt i ons . 

Though q u a n t i t a t i v e  p r e d i c t  ions a re  
d i f f i c u l t ,  c e r t a i n  q u a l i t a t i v e  r e l a t i o n s  
a re  obvious. Species t h a t  l i v e  i n  va r -  
i a b l e  e n v i r o n m e n t s  and undergo  l a r g e  
sw ings  i n  popu la t i on  abundance w i l l  r e -  
q u i r e  t h a t  l a r g e r  average popu la t ions  be 
p r e s e r v e d .  T h i s  wou ld  u s u a l l y  r e q u i r e  
l a r g e r  preserves.  Simi l a r l y ,  i f  a species 
has a  ve r y  r e s t r i c t e d  d i s t r i b u t i o n ,  the  
s i z e  o f  l o c a l  reserves would have t o  be 
l a r g e r  s ince  p o s s i b l e  e x t i n c t i o n s  d re  less 
l i k e l y  t o  be o f f s e t  by i nvas i on  f rom o the r  
h a b i t a t s .  I t  i s  very  d i f f i c u l t  t o  deal 
w i t h  t h e  p o t e n t i a l  e f f e c t  o f  catast rophe9 
even qua1 i t a t i v e l y .  But t h e  p o s s i b i l i t y  
o f  u n a n t i c i p a t e d  d i s a s t e r s  can o n l y  argue 
f o r  more and l a r g e r  preserves.  The i n t r o -  
d u c t i o n  o f  a  f o r e i g n  and h i g h l y  v i r u l e n t  
d isease i s  a  p a r t i c u l a r l y  worr isome pos- 
s i b i l i t y .  No spec ies should be p reserved  
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T n e o r e t i c a  l background i s  e s s e n t i a l  
t o  we1 1 conceived p lans f o r  na tu re  conser- 
v a t i o n  ( H a r r i s  19841, b u t  sadly  t h e  press 
o f  p r a c t i c a l  a f f a i r s  o f t e n  r equ i r es  t h a t  
dec is ions  be made by a  seat-of- the-pancs 
approacn. Rare l y  do p rese rva t i on  p r o j e c t s  
1nvo7 ve the  r l g o r o u s  ana l ys i s  necessary t o  
a c h ~ e v e  o p t ~ m a i  s o l u t i o n s .  The i n f o r -  
%;;3t<3t: 3eisf;tC i s  r a r e i y  d v d ?  i ab i e  ana 
expensive t o  ob ta i n ,   reservation i s  o f  
n e c e s s i t y  a  p o l i t i c a l  process i n  which 
s c i e n t i f i c  da ta  i s  on l y  one element, r e -  
g r e t t a b l y  sometimes a  minor  one. 

A t h e o r i s t  may view p rese rva t i on  as 
t h e  process o f  s e l e c t i n g  reserves ou t  o f  
t h e  se t  o f  a l l  p o s s i b l e  areas. I n  prac-  
t i c e ,  c ircumstances o f ten  d i c t a t e  t h a t  a t  

p d r t i c u i a r  eime o n l y  one area may be 
ava i l a b l e  f o r  p reserva t ion .  Unless the  
area 1 s  o f  t h e  h i ghes t  p r i o r i t y  i n  every 
concelvabla way, a c r i t i c a l  dec i s l on  w i ? :  
have t a  be made--should t h l s  ared be n re -  
s e r v e d  even if i t  i s  no t  o ~ t i m a ' l ,  or 
shoulai d move be made t a  a c q u i r e  some 
o t h e r  b e t t e r  areis, r ecogn i z i ng  t h a t  t h e  
ct t ten~pt may f a i  1 w i t h  t h e  r e s u l t  that ,  
n a t h l n g  i s  p r e s e r v e d .  Because o f  a ' '  
these s o c i a l ,  p o l i t i c a ' l ,  and s c i c n t t f ~ c  
~ o r t i p i a x i t i e s  , the  best  preservation p ians 
have usud  1 ly been t h ~  j o i n t  products  o f  
s c i e n t l r t s  working w i t h  t a l e n t e d  and ded- 
i c a t e d  p r i v a t e  c i t i z e n s  a c t i n g  as vo7-  
un t ec r s  . 

6.4 MANAGEMENT OF VERNAL POOL 
PRESERVES 

F o r  t h e  p a s t  decade t h e  f l o w  o f  
events  has focused i n t e r e s t  on sav ing ver -  
n a l  poo ls .  There has been l ess  a t t e n t i o n  
t o  how such preserves w i l l  be managed once 
they have been acquired. Even tua l l y  t h i s  
problem w i l l  have t o  be faced, f o r  vernal  
p o o l s  p r e s e n t  some d i f f i c u l t  management 
problems. This  i s  e s p e c i a l l y  t r u e  i n  t he  
u r b a n i z e d  areas o f  southern C a l i f o r n i a ,  
where i t  i s  now clear t h a t  samo verna;  
poo l  areas w i l l  u l t i m a t e l y  be smal l  pa r -  
c e l s  i n  t h e  m ids t  o f  a  vas t  megalopol is .  

"ine c n ~ e f  ~ r o o i e m  1 s  t n a t  v e r n a  
pools,  w h i l e  r e s i l i e n t  enough t o  recover  
from o c c a s ~ o n a l  masstve d i s r u p t i o n ,  cou ld  
no t  w i tns tand  c o n t i n u a l  h i gh  l e v e l s  of use 
by l a rge  numers  o f  people. Aiso, u n l i k e  
mountainous areas, a 1  I o f  a verna? poo l  
a r e a  i s  r e a d i l y  t r ave r sed  on f o o t ,  and 
much i s  oDen t o  o f f - r o a d  v e h i c l e s .  I f  
v e r n a l  p o o l  areas of less than seve ra l  
hundred a c r e s  a r e  d e s i g n a t e d  b u t  1 ef: 
complete ly  open t o  a l l  k inds  o f  use, t h e i r  
f u t u r e  s u r v i v a l  i s  dnubtfui 

F o r t u n a t e l y ,  t h e r e  i s  some prece-  
dent.  The Torrey Pines S ta te  Reserve was 
es tab l i shed  w i t h  t h e  pr imary goal o f  p r e -  
se r v i ng  a  s i n g l e  species. The p u b l i c  has 
accepted more severe 1 i m i t a t i o n s  on access 
and use than i s  g e n e r a l  i n  p a r k l a n d s .  
T r a i l s  a re  fenced, p i c n i c k i n g  i s  p r o h i -  
b i t e d ,  e t c .  T h i s  model sugges t s  t h a t  
ve rna l  pools  cou ld  be managed s i m i l a r l y .  
A problem i s  t h a t  u n l i k e  T o r r e y  P i n e s  
Reserve, irr w h ~ c h  t h e  spectacular  ocean 
views can ~e enjoyed by people q u i t e  i n -  
d i f f e r e n t  t o  T o r r e y  pine, ve rna l  pool  s 
nave a more s u b t l e  appeal, Most coasta: 
verna? ~ o o l  areas, f rom a  d is tance ,  c a n ' t  
be d i s t l n g u i s n e d  f rom o ther  areas o f  chap- 
a r r a i ,  exceot t h a t  t hey  are f l a t t e r  t han  
mas:. 

These t o r t s i d e r - d t i o n s  7eaa t o  t n e  
conc lus ion t h a t  p r e s e r v a t i o n  o f  v e r n a ?  
o o o l s  s h o u l d  be t i e d  i n  w i t h  a p u b l i c  
education e f f o r t  (C.  Scheid l  i nger ;  pe rs .  
corn.  j. Most people won't  know what i s  
spec i a l  about v e r n a l  p o o l s  o r  wha t  i s  
w o r t h  l o o k i n g  a t  w i t h o u t  some in fo rma-  
t i o n .  Th i s  cou ld  be p rov ided  i n  a  program 
i n  wh ich  g u i d e s ,  p o s s i b l y  v o l u n t e e r s ,  
would gu ide t o u r s  o f  ve rna l  pool  areas. 
Access a t  o t he r  t imes would have t o  be 
c o n t r o l  l e d  t o  some e x t e n t ,  e s p e c i a l l y  
d u r i n g  t h e  wet  season.  I n  the  sumner 
t he re  would be no  reason t o  l i m i t  e n t r y  by 
p e d e s t r i a n s .  A t  a l l  t imes o f  yea r  ve- 
h i c l e s  would have t o  be excluded, and i n  a  
h i g h l y  p o p u l a t e d  urban area t h i s  means 
s u b s t a n t i a l  f enc i ng  and a minimum of pa-  
t r o l .  

The Santa Rosa Plateau ve rna l  poo l  
preserve, r e c e n t l y  e s t a b l i s h e d  b y  t h e  
Nature Conservancy, has been one o f  t h e  
most impor tan t  developments i n  verna 1  poo l  
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ca ted  i n  a  o e a u t i f u l  s e t t i n g  i n  a  t y p -  
i c a l l y  s o u t h e r n  C a l i f o r n i a  :andscape ,  
t h i s  r e s e r v e  p rese rves  n o t  o n l y  d f i n e  s e t  
of  v e r n a l  p o o l s ,  b u t  a l s o  e x c e l l e n t  ex- 
amp les  o f  t h e  a s s o c i a t e d  g r a s s  l a n d ,  
c h a p a r r a l ,  and oak woodland comnun i t i es .  
A f u l l - t i m e  manager l i v e s  on t h e  p r o p e r t y  

2nd i s  ~ e s p o n s i b l e  f o r  m a i n t a i n i n g  t he  
scen ic  and biologics l va lues  o f  t h e  r e -  
serve.  Ihe va lue  o f  t h i s  r e s e r v e  i n  edu- 
c a t i n g  sou the rn  C a l i f o r n i a n s  t o  t h e  n a t -  
u r a l  h e r i t a g e  o f  t h e i r  r e g i o n  w i l l  ob- 
v i o u s l y  be ve ry  g r e a t .  We may hope t h a t  
t h e  v a l u e  o f  p r e s e r v i n g  v e r n a l  p o o l s  i n  
o t h e r  p laces  w i  11 be recogn ized .  
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Vernal pools are  shal low t a n p o r a r y  bodies of water t h a t  form i n  w i n t e r  and spr ing  i n  
t he  Mediterranean c l ima te  r e g i o n  o f  t he  Pac i f i c  coast. They occur i n  a d i v e r s i t y  o f  
na tu ra l  se t t i ngs ,  o f t e n  i n  a s s o c i a t i o n  w i t h  mounded topography. The o r i g i n  o f  t h i s  
mounded topography i s  s t i l l  c o n t r o v e r s i a l .  

13. ~ y p .  d Ropotl & h r i o d  Cowrod 

14. 

The sho r t  du ra t i on  o f  pools and the  extreme v a r i a t i o n  f r a n  standing water t o  severe 
drought favor  a unique fauna and f l o ra .  The organis~ns o f  vernal pools have specia l  
l i f e  h i s t o r y  fea tures  t h a t  f i t  them t o  t h i s  environment. Some o f  t he  p lan ts  and 
many o f  the animdls have cos~nopol  i t a n  d i s t r i b u t i o n ,  and are  found i n  temporary 
wet l  ands a t  w ide l y  s c a t t e r e d  locat ions.  Others a r e  extremely r e s t r i c t e d  i n  
d i s t r i b u t i o n  and many are endemic t o  c l u s t e r s  o f  pools w i t h i n  t he  C a l i f o r n i a  b i o t i c  1 province. 

15 Suppkmontary N o t u  

Vernal pools have disappeared a t  an increas ing  r a t e  over t he  pas t  100 years; because 
o f  t h i s ,  several p l a n t  t axa  assoc ia ted  w i th  them are l i s t e d  as r a r e  and endangered 
by the Federal Government and t h e  Sta te  o f  Ca l i f o rn ia .  

Vernal pools , topography, Mima mounds, b i o t i c  s e t t i n g ,  vascular  p lants,  lower 
p lan ts ,  inver tebra tes ,  v e r t e b r a t e s ,  ecosys ten func t ion ,  vege ta t i on  s t r u c t u r e  and 
dynamics, evo lu t ion  o f  verna l  p o o l  ecosystems, p ro tec t i on ,  management. 

I Vernal pool s  , temporary wet l  a nds , r a r e  and endangered p lan ts ,  Poqogyne 
abramsii , Mima mounds, C a l i f o r n i a ,  Baja C a l i f o r n i a  

c Coun FioIdlGrwp 

la AvalbMItty St8mgtnnnnt 19. ~ocurity C).u W) 

Unc lass i f i ed  
Un l imi ted  d i s t r i b u t i o n  a k u r i t y  C ~ S S  ~ r h i s  Rn) 

21. No- of R.n 

13 6 -- 
22- Pric. 

(S.. ANSLZ39.18) # n o n r r c # n r 2 7 2 ~  
~Famwrly mSJn 
0.p.rtnwnt d Comnma 

U. S. QOVERNUEllTP'RIMnNQ OFFICE: 19ST-TB14701l(~i 1 


	Vernal pools and their significance
	The physical setting
	The biotic setting
	Organisms of Vernal pools
	Vernal pools as ecosystems
	Practical problems
	References

