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The Effects of  Discharges from the San Onofre

Nuc lear  Genera t ing  Sta t ion  on  the  G ' ian t  Ke lp ,  Macrocys t is  pyr i fe rq :

I .  Background In fo rmat , ' ion  and the  B io logy  o f  Ke lp

1.0 Introduct ion

1 .1 Purpose

The UCSB Kelp Ecology Pro ject  has conducted s tudies at  San Onofre s ince 1978.

The pr imany goal  o f  these studJes has been to determjn 'e  the ef fects  of  the San Onofre

Nuc lea r  Genera t i ng  S ta t i on ' s  (50NGS)  Un i t s  1 ,  2  and  3  on  the  g ian t  ke1p ,  Mac ro .cys t i s

py r f  f e ra .

The  f i na l  repo r t  f o r  t he  p ro jec t  w i l l  cons i s t  o f  2  documen ts .  The  f j r s t

documen t  i s  p resen ted  he re  and  p rov ides  a  desc r ip t i on  o f  t he  b io logy  o f  ke lp .  I t

inc ludes background in format ion per t ' inent  to  the evaluat ion of  the ef fects  of  50NGS.

I t  i  s  not  in tended to be an exhaust ive rev iew of  the l ' i terature.  More comp' le te

rev iews  have  recen t l y  been  pub l i shed  (Day ton ,  1985 ;  Fos te r  and  Sch ie l ,  1985 ;  Nor th

e t  a l . ,  1986  Sch ie l  and  Fos te r , 1986 ) .  Th i s  s t udy  f ocuses  on  t he  g i an t  ke1p ,

lYacrocyst i  s  pyr i  fs ra,  a l  though much of  the in format ion on genera l  1 i  fe  h i  s tory

a t t r i bu tes  i s  a l so  app l i cab le  t o  o the r  l am ina r i an  a1gae , ' i nc l ud ing  t he  l oca l

subcanopy  spec ies  P te ryg jpho rg  ca l i f o rn i ca .  S tud ies  i n  t he  San  Ono f re  reg ion  a re

s t ressed  because  these  a re  o f  d i rec t  i n te res t  i n  eva ' l ua t i ng  the  e f fec ts  o f  S0NGS.  An

eva lua t i on  o f  t he  e f fec ts  o f  S0NGS on  ke lp  w i l l  be  p resen ted  i n  a  separa te  documen t

presented io in t ly  wi th  the USC Kelp Inver tebrate Pro ject  and wi th  ECOsysterns

Managemen t  Assoc ia tes .  A  de ta i l ed  desc r ip t i on  o f  ou r  ove ra l l  s tudy  p lan  and  the

unde r l y i ng  ra t i ona le  f o r  t h i s  p l an  a re  ou t l i ned  l a te r  i n  t h i s  chap te r .  F i r s t ,  we

presen t  a  b r i e f  ove rv iew  o f  t he  
' l i f e  

h i s to ry  o f  ke1p ,  a  h i s to ry  o f  t he  ke lp  fo res ts
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near S0NGS and

in  the  reg ion .

a desc r ip t i on  o f  t hese  ke lp  fo res ts  i n  re la t i on  to  o the r  ke lp  fo res ts

1.2 Life History of Kelp

The g ian t  ke1p,  Maqrocys t is  pyr i fe ra ,  i s  a  key  spec ies  in  t ,he  nearshore

subt ida l  ecosys tem in  Southern  Ca l i fo rn ia .  The ke lp  fo res t  hab i ta t  i s  s t ruc tu ra l l y

dominated by Macrocy-st is,  which provides shel ter  and food for hundreds of  animal

spec ies ,  inc lud ing  some wh ich  are  va luab le  to  bo th  spor t  and commerc ia l  f i sher ies .

The I  i  fe  h i  s tory  of  g ' iant  ke1 p con s i  s ts  of  an a l  ternat i  on of  generat i  o .ns

between a microscopic  gametophyte s tage and the more fami l iar  sporophyte s tage (F ig.

1 .1 ) .  La rge  spo rophy tes  p roduce  spec ia l  i zed  rep roduc t i ve  b lades  ca l  l ed

sporophy l l s ,  wh ' i ch  a re  l oca ted  nea r  the  base  o f  t he  p lan t .  Me ios i s  occu rs  i n

spo rophy ' | 1s ,  and  the  resu l t i ng  hap lo id  zoospores  a re  re leased  i n to  the  sea .  Spores

wh ich  a re  ab le  to  success fu l l y  se t t l e  on to  ha rd  subs t ra tes  me tamorphose  i n to  ma le

and female garnetophytes.  Under  favorable cond' i t ions,  these produce sperm

(an the r id ia )  and  eggs  (oogon ia ) ,  respec t i ve l y .  The  d ip lo id  spo rophy te  resu l t s  f rom

the  fe r t i i i za t i on  o f  an  egg .  Labora to ry  obse rva t i ons  i nd i ca te  tha t  t he  egg  and

embryo are genera ' l1y reta ined by the female gametophyte.  The young sporophytes

wh ich  g row f rom the  fema le  gametophy te  i n i t i a l l y  deve lop  i n to  s ing le  b lades .  These

p lan ts  con t i nue  to  g row and  p roduce  the  morpho log i ca l l y  comp lex  adu l t s .  Adu l t

sporophytes can have over  100 f ronds,  many of  which reach the water 's  sur face f rom

dep ths  o f  15  m .

For  the purposes of  th is  s tudy,  we have d iv ided the macroscopic  sporophyte

po r t i on  o f  t he  l i f e  cyc l e  i n t o  f ou r  d f f f e ren t  ca tego r i es :  1 )  b l ade ,  2 )  i uven i l es ,  3 )

subadu l t s ,  and  4 )  adu l t s .  Fo r  t he  mos t  pa r t ,  ca tego r ies  a re  based  on  morpho iog i ca i
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charac ter is t i cs  o f  the  p lan ts  tha t  cor respond rough ' l y  to  s ize .  B lade s tage p lan ts

are  those ind jv idua ls  ia rge  enough to  be  d is t ingu ished in  s i tu  as  Macrogys t is

(approx imate ly  2 .5  cm)  bu t  wh ich  have no t  ye t  fu l l y  d i f fe ren t ia ted  in to  two f ronds .

Juven i les  a re  de f ined as  p lan ts  w ' i th  two or  more  f ronds  (usua11y approx imate ly  40  cm

in  he igh t )  bu t  w i th  a  he igh t  less  than 1  m.  Subadu l ts  a re  p lan ts  g rea ter  than 1  m in

height but wi thout haptera protruding from above the pr imar.y dichotomy (Fig.  1.1).

0nce these haptera  appear ,  p ' lan ts  a re  c lass i f ied  as  adu l ts .  Adu l t  p lan ts  genera l l y

have 6 or more fronds, wi th the longest f rond reaching to the surface from depths of

13  m.

1.3 A History of the Kelp Forests Near SONGS Prior to the Operation of
SONGS Units 2 and 3

There  are  th ree  ke lp  fo res ts  loca ted  a long the  coas t l ine  in  the  v ic in i ty .o f

SONGS (Fig.  1.2).  These are San l , lateo Kelp (Sl4K),  4 to 5 km northwest of  SONGS, San

0nof re  Ke lp  (S0K) ,  d i rec t l y  o f fshore  o f  the  genera t ing  s ta t ion ,  and Barn  Ke lp  (BK) ,

about 11 km downcoast (southeast)  of  SONGS. The histor ical  rgcords of  these forests
il'

have been reviewed previous' ly (Deysher,  1978; Dean, 1980a; and SCE, 1981) and are

summarized below.

The areal  extent  o f  ke lp forests  in  the v ic in ' i ty  o f  SONGS has been mapped over

the years us ing a var ie ty  of  techniques inc lud ing surveys of  canopy areas by sextant

t r i angu la t i on ,  ae r ia l  pho tog raphy ,  and  mapp ing  o f  subsu r face  p lan ts  by  means  o f

s ide-scan and downlooking sonar .  Each method has i ts  drawbacks and consequent ly  the

areas of  ke lp forest  est imqted by the var ious methods are not  comparable in  a
il'!'

quan t i t a t i ve  sense  (Dean ,  1980a ,  p .  10 ) .  However ,  t hese  reco rds  p rov ide  a  semi -

quan t ' i t a t i ve  h i s to ry  o f  t he  s i zes  and  shapes  o f  t he  ke lp  fo res ts .
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The history of  S0K, Sl ' lK and BK are summarized in aer ia l  maps of  canopy area

(pr ior  to December 1978) and areas of  surface frond abundance ( f rom December 1978 to

1982)  (F ig .  1 .3 ) .  A  more  de ta i led  accoun t  o f  the  s i ze  o f  the  ind iv idua l  ke lp  fo res ts

f rom 1974 to  the  beg inn ing  o f  opera t ions  o f  S0NGS Un ' i t s  2  and 3  in  1983 is  g iven  in

F igure  1 .4 .

In  191.1 ,  ke lp  fo res ts  were  a lmost  cont inuous  a long the  coas t  l ine  t rom SID
I

Diego to  Po in t  Concept ion ,  wherever  su f tab le  subs t ra te  ex is ted ,  inc lud ing  the  area  t
I

under study. SMK, SOK, and BK apparent ly have persisted for over 40 years as \
I

i nd ica ted  by  surveys  in  1934 and in  the  ear ly  1950 's  (Deysher ,  1978) .  In  the  1958 and I
I

1959 E l  N ' ino  per iod ,  an  es t imated  907"o f  the  ke lp  canop ies  ( fo rmed by  f ronds  o f  adu l t  I
sporophy tes  wh ich  reach the  sur face)  loca ted  a long the  main land coas t l ine  o f  II
Southern  Ca l i fo rn ia  d isappeared (Nor th ,  1973) .  Canop ' ies  a t  SOK and SMK d isappeared 

I
I

compie te ly  dur ing  th is  t ime and BK was reduced ' in  s ize .  I t  has  been hypothes ized I
that  the die-of f  was related to ei ther abnormal ly high water temperatures ( t t to" t f , ,  /

I
1971) ,  ex t reme ly  l ow  nu t r i en t  concen t ra t i ons  ( Jackson ,  l g77 ) ,  o r  bo th .  The  d ie -o f f  

/

may  a l so  have  been  exace rba ted  by  po l l u t i on  (Wi l son  g !  a ] . ,  1978 )  I

San Onofre Kelp and San Mateo Kelp d id nbt  become reestabl ished for  more than _

10 years af ter  the d ie-of fs ,  in  7970 and t972 respect ive ly .  The ke lp forests

genera l l y  f l ou r i shed  fo r  t he  nex t  seve ra l  yea rs  un t i l  ano the r  pa r t i a l  d ie -o f f  o f  t he

fo res ts  occu r red  i n  t he  summer  o f  1976 .  O the r  Sou the rn  Ca l i f o rn ia  ke lp  fo res ts  were

a l so ' i n  a  s ta te  o f  dec l i ne  i n  t he  summer  o f  1975  (R .  McPeak ,  Ke i co  Co rp . ,  pe rsona l

cornmunicat ion) ,  but  the d ie-of f  o f  ke lp was much more dramat ic  at  S0K,  SMK, and BK

than  e l  sewhere .
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San  0no f , re  Ke lp  and  San  l l a teo  Ke lp  began  inc reas ing  i n  s i ze  aga in  i n  1977  a t

i nc reased  sha rp l y  i n  1978  and  1979  fo l i ow ing  w idesp read  rec ru i tmen t  even ts  i n  t he

spr ing  o f  1978  and  w in te r  1979 . Dur ing  these t , imes,  d ivers  no ted  la rge  numbers  o f

blade stage Macrocyst is u t  much  o f  SOK and  SMK,  w i th  dens i t i es  o f  sma l l

p l an t s  gene ra l l y  exce

dens i t i es  o f  b l ades  a re

From la te  1979  un t i l  ea r ' l y  1 .982 ,  bo th  SOK and  SMK dec l i ned  s l i gh t l y .  However ,

the most  s t r ik ing event  to  occur  in  the ke lp forests  near  S0NGS between 1979 and 1982

was the dec ' l ine and eventual  d isappearance of  BK dur ing 1980.  This  was unexpected

since BK had been the most  pers is tent  ke lp forest  on the coast l fne near  50NGS f rom

1950 through 1980.  Unl ike SOK and Sl4K,  BK pers is ted through the 1958-59 d ie-of f .

The decl ine in  BK apparent ly  began in  t ,he spr ing and summer of  1980.  The sharpest

per iod of  dec ' l ine was between June and November 1980,  af ter  which only  a few

sca t te red  p ian ts  rema ined  a t  t he  s i t e .  The  cause  o f  t he  d ie -o f f  i s  no t  known ,  bu t

seve ra l  hypo theses  ex i s t .  F i r s t ,  t he  ke lp  fo res t  was  compr i sed  a lmos t  en t i re l y  o f

ext reme' ly  large and,  presumably,  very o ld  p lants .  There had not  been any

s i  gn i  f  i  cant  recru i  lment  to  t ,he popul  a t i  on ' i  n  at  I  east  5  years (  based on d i  ver

observat ' ions)  and probab' ly  l  onger  (based on the 
' large 

s i  zes of  the holdf  asts  and

large numbers of  f ronds per  p lant ) .  The p ' lants  may s impiy  have become o ld and

senescent  and reached the end of  the i r  normal  l i fe  expectancy.  However ,  there is  no

ev idence  tha t  mor ta l i t y  ra te  o f  adu l t  spo rophy t ,es  i nc reases  w i th  age ,  and  s im i l a r

even ts  a re  un repo r ted  fo r  o the r  ke lp  fo res ts  i n  t he  absence  o f  obv ious  con t r i bu t i ng

fac to rs .

A  second  hypo thes fs  i s  t ha t  adu l t  p ian ts  were  k i l l ed  and  fu r the r  rec ru i tmen t

res t r i c ted  by  heavy  sed imen ta t i on  w i th in  the  ke lp  fo res t .  Kuhn  and  Shepard

2
f i g  100 /n2 /Dean ,  7979 ,  p .  7 l ) .  I n  "non - rec ru i tmen t r r yea rs , ^  . .

KL/nz. *r.f f 
m*2*ff,u{'

. .gF-  r

O 
was
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( 1984 )  no ted  t ha t  t he re  was  ex tens i ve  l ands l i de  ac t i v i t y  and  c l i f f  e ros ' i on  a l ong  t he

shore l ine adjacent  to  Barn Kelp in  February 1978 and again in  February 1980.

Enormous amounts of  sediment  were depos ' i ted of fshore creat ing a ser ies of  sand bars.

We noted extensive sand movement  onto severa l  o f  our  s tat ' ions in  Barn Ke' lp .  l r r lh i le

some areas d id not  get  covered wi th  sand,  a iayer  of  f ine sediments covered the ke lp

f ronds and hard substrata ' in  the region.  l r le  suspect  that  the d ie-of f  resul ted f rom

the  d i rec t  bu r ia l  and  resu l t i ng  dea th  o f  adu l t  p lan ts ,  an  i nc rease  i n  g raz ing

p ressu re  on  t he  rema in i ng ' i nd i v i dua l s ,  an  i nh ib i t i on  o f  r ec ru i tmen t  due ' t o  t he

cove r ing  o f  much  o f  t he  ava i l ab le  ha rd  subs t ra ta  by  sed imen ts ,  and  a  l ack  o f

rec ru i tmen t  due  to  a  dec l i n ing  sou rce  o f  spo res .

Wha teve r  t he  cause  o f  t he  BK d ie -o f f ,  i t  i s  c lea r  t ha t  i t  was  un l i ke  p rev ' i ous

ca tas t roph ies  i n  t ha t  i t  was  obv ious l y  a  ve ry  l oca l i zed  even t .  No  o the r  ke lp

fo res ts  f rom Po in t  Concep t ' i on  to  San  D iego  expe r ienced  such  a  dec l i ne  a t  t ha t  t ime .

A  ma jo r  E l  N ino  even t  occu r red  beg inn ing  i n  f a l l  1982 .  Assoc ia ted  w i th  the  E l

N ino  were  seve re  s to rms  w i th  excep t i ona l l y  h igh  su r f  j n  w in te r  1982-83 .  Many  o f  t he

ke lp  fo res ts  were  seve re l y  t h inned  by  the  s to rms  (Day ton  e t  a l . ,  1984 ) .  The  San

Onofre and San Mateo Kelp forests  were somewhat  less af fected by the s torms than the

o the rs .  Excep t i ona l l y  h igh  tempera tu res  and  l ow  nu t r i en ts  p reva i l ed  i n  Sou the rn

Ca l i f o rn ia  ke lp  fo res ts  th roughou t  mos t  o f  t he  pe r iod  f rom fa l l  1982  th rough  fa11

1984 .  A  b r i e f r r re laxa t i on "  o f  t h i s  pa t te rn  occu r red  i n  sp r ing  1983  when  the re  was  an

' i n tens i ve  upwe l l i ng  even t .  The re  v ras  rec ru i tmen t  o f  ke lp  assoc ia ted  w i th  the

upwe l l i ng ,  bu t  ex i s t i ng  adu l t  ke l p  g rew  s1ow ly  du r i ng  1983  and  1984  and  canop ies  o f

ke lp  were  seve re l y  dep le ted  th roughou t  Sou the rn  Ca l i f o rn ia  a t  t h i s  t ime .  The  warm

wate rs  were  a l so  assoc ia ted  w i th  a  d ie -o f f  o f  sea  s ta rs  th roughou t  Sou the rn

Ca l i f o rn i a  ke ' l p  f o res t s .  Du r i ng  1985  and  1986 ,  oceanog raph i c  and  c l ima to log i ca l

pa t te rns  reLu rned  to  more  no rma l  cond i t i ons .
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1.4 A Description of the Kelp Forest Communities in the SONGS Area

The subs t ra te  ' in  the  ke lp  fo res ts  near  SONGS cons is ts  p r imar i l y  o f  cobb les  and

bou lders  rang ing  f rom about  5  cm in  d iameter  up  to  a lmost  a  meter in  d iameter .  The

cobb les  are  in te rspersed w i th  pa tches  o f  sand.  Conso l ida ted  ree f  ou tc ropp ing  areas

are  ra re  except  a t  Barn  Ke lp  where  some ex tens ive  ree fs  occur .  The ke lp  fo res ts  in

the vic in i ty of  S0NGS are dominated by a canopy of  Macrocyst is pyr i fera and an

unders to ry  o f  o ther  a1gae,  p r imar i l y  P terygophora  ca l i fo rn ica  and Cys tose i ra

osmundacea;  occas iona l l y ,  la rge  b looms o f  Desmeres t ia  l ' i gu la ta  occur .  Most  o f  the

gfan t  ke lp  in  these fo res ts  occurs  be tween the  depths  o f  10  m and 16  m.  The inner

marg ins  o f  tne  fe tp  fo res ts  a re  bounded la rge ly  by  sand.  The ou ter  marg ins  are  less

clear ly def ined. Some port ' ions are bounded by sand or by extensive aggregat ' ions sf

sea urchins on hard substrata.

The a ' lga1 tur f  communi ty  is  dominated by Acrosor ium uncinatum and encrust ' ing

co ra l l i ne  a1gae .  A ' l t hough  dom ' i nance  i s  h i gh ,  t he  spec ies  l i s t  o f  a ' l gae  i n  t hese

ke lp  f o res t s  i s  qu i t e  ex tens i ve  g i ven  t he  l ack  o f  r e l ' i e f .  Unpub l i shed  l i s t s  (R .

Fay ,  pe rsona l  commun ica t i on ) ' i nd i ca te  tha t  ove r  120  spec ies  o f  a lgae  a re  p resen t .

The pr inc ipa l  macro fnver tebra tes  in  the  ke lp  fo res ts  a re  the  sea urch ins ,

St rongy locent ro tus  f ranc iscanus and Ly tech inus  ana lnesus ,  the  sea s ta rs  Pat i r ia

min ia ta  and  P isas . le r  g igan teus ,  the  gorgon ian  cora l ,  Mur icea  ca l i fo rn ica ,  and  a

va r i e t y  o f  gas t ropod  mo1 ' l uscs  (Ke ' l l e t i a  ke l l e t i i ,  Conus  ca l i f o rn i cus ,  P te ropu rpu ra

fes t j va ) .

A  b r i e f  desc r ip t i on  o f  t he  reg iona ' l

t , ha t  a re  mos t ,  impor tan t  t o  ke lp  i s  g i ven

in  Re i t ze l  e t  a l  .  ( f u t u re  pub ' l i ca t i on ) .

phys i ca l  and  chemica l  oceanograph ic  fac to rs

be low .  A  more  comp le te  desc r i p t i on  i s  g i ven
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Temperatures on the sea f loor in t ,he ke' lp forest  range from 10oC to 20oC and

average be tween 15oC and t6oc .  Sur face  tempera tures  occas iona l l y  reach 23oC.

Temperatures vary wi th depth,  but  dai ly mean temperatures are general ly high' ly

cor re la ted  among var ious  loca t ions  a t  any  g iven depth .  Tempera ture  s t ra t i f i ca t ion

occurs  regu la r ' l y  in  the  sumrner  and fa l l .  The upwe ' l l i ng  o f  coo l  water  occurs  on  an

i r regu ' la r  bas is  bu t  i s  most  f requent  in  the  spr ing .  Nut , r ien ts  (espec ia l l y  N0"  and

NOt)  a re  inverse ly  cor re la ted  wf th  tempera ture ,  w i th  peaks  in  n i t rogen occur r ing

dur i  ng upwe' l  I  i  ng events.

I r rad iance reaching the sea f loor  in  the ke lp forest  var ies both tempora ' l1y and

spa t ia l i y .  Much  o f  t he  spa t ' i a l  va r i ab i l i t y  can  be  exp ' l a ined  by  changes  i n  dep th ,

shading by the ke lp canopy,  and prox imi ty  to  f ine sediments that  can be resuspended

by  waves .  Tempora l  va r i ab ' i l i t y  i s  l a rge l y  de te rm ined  by  changes  i n  the  ex t i nc t i on

o f  l i gh t  w i th in  the  wa te r  co lumn ra the r  t han  changes  i n  i nc iden t  i r rad iance  a t  t he

wa te r t s  su r face .  Ex t i nc t i on  ra tes  a re  o f ten  h ighe r  nea r  t he  bo t tom as  the  resu l t  o f

resuspens ion  o f  sed imen ts  by  waves .  i r rad iances  (300  nm -  700  nm)  on  the  sea  f l oo r

in  the ke lp forests  range f rom above 10 E/mz/d to  undetectab ' le  leve ' ls  ( .O.gS E/nz/d)

bu t  a re  genera l l y  be tween  L  and  2E /nz /d  (abou t  5%of  su r face  i r rad iance ) .

Longshore currents  in  the ke lp forest  average about  4 cn/s .  There is  a  s t rong

t i da l  componen t  t o  cu r ren t  speed  and  d i rec t i on ,  bu t  on  ave rage ,  cu r ren ts  run  i n  t he

downcoast  (equatorward)  d i rect ' ion about  50% of  the t ime.  In  the San Onofre Kelp

fo res t ,  cu r ren t  d i rec t ' i ons  tend  to  be  can ted  i nsho re  when  cu r ren ts  a re  runn ing

downcoast  and of fshore when currents  are runn ' ing upcoast  (po leward) .  The ke lp

fo res t  i t se l f  can  subs tan t i a l l y  a l t e r  cu r ren t  d i rec t i on  and  reduce  cu r ren t  ve loc i t y .
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Waves are  impor tan t  bo th  as  a  d i rec t  source  o f  mor ta i i t y  to  ke lp  and a lso

ind i rec t l y  due to  the  resuspens ion  o f  bo t tom sed iments .  The San Onof re  and San

Mateo Ke' lp forests are substant i  a1 
' ly  

b l  ocked f  rom norther ly swel 
' l  
s  by t ,he Channel

Is lands  (Pawka and Guza,  i983)  and are  more  suscept ib le  to  the  la rge  souther ly

swe l ls  wh ich  tend to  occur  in  la te  summer  and fa l l .

1.5 Comparisons of Kelp Forests in the SONGS Area with Others in
Southern California

There  a re  few  pub l i shed  desc r ip t ' i ons  o f  t he  ke lp  fo res ts  a long  the  Sou the rn

Ca l i f o rn ia  coas t .  However ,  based  on  the  ex i s t i ng  reco rds  and  on  pe rsona l  d i v ing

exper ience,  a l l  3  ke lp forests  in  the S0NGS area appea' r  to  be qui te  d i f ferent  f rom

othe r  f o res ts  i n  0 range  and  San  0 ' i ego  Coun t ies .  Mos t  o the r  ke lp  fo res ts  a long  th i s

coas t l i ne  a re  found  g row ing  on  conso l i da ted  subs t ra tes  ra the r  t han  on  cobb le

bo t toms .  A l so ,  max imum dens i t i es  o f  adu l t  p ' l an ts  a re  l ower  a t  SOK and  SMK than  i n

o the r  reg ions  such  as  P t .  Loma,  La  Jo l ' l a  and  De ' l  l 4a r .  The  ave rage  adu l t  dens i t i es  ' i n

canopy  a reas  a t  SOK and  S l ' lK  a re  app rox fma te l y  0 .L /n2  (Sec t i on  1 .1 .0 ) ,  wh i l e  i n  o the r

fo res ts  dens i t i es  a re  usua l l y  be tween  0 .2  to  0 .3 /n2  (Nor th ,  1971 . ,  p .  46 ;  Rosen tha l

e t  a l . ,  1974 ;  Day ton  e t  a l . ,  1984 ) .  We  suspec t  t ha t  t he  d i f f e rences  i n  p i an t s '

dens i t i es  ane  causa l l y  r e l a ted  t o  subs t ra te  ava i l ab i l i t y . .

SOK and  SMK a l so  d i f f e r  f rom o the r  f o res ts  i n  t ha t  t he  unders to ry  a1ga1

popu : l a t i ons  a re  no t  as  d i ve rse .  I n  ke lp  f o res t s  e l  sewhe re ,  E i  sen ia ,  Lam ' i na r i a ,

Ge l i d ' i um and  o the r  b rown  and  red  a lgae  a re  impor tan t  unders to ry  componen ts  (Nor th ,

L97 I ,  pp .  50 -52 ;  Neushu l ,  1971 . ,  p .  267 ) .  These  spec ies  a re  re la t ' i ve l y  ra re  a t  SOK,

SMK,  and  BK .  SOK and  SMK appea r  t o  have  l a rge r ' popu la t i ons  o f  u r ch ins  t han

e lsewhere .  Commerc ia l  u rch in  d i ve rs  (Dave  Roody ,  pe rsona l  commun ica t ' i on )  i nd i ca te

that  none of  the ke lp forests  between Pt .  Loma and San 0nofre has as large a

popu la t i on  o f  r ed  u r ch ins ,  S .  f r anc i scanus ,  as  SOK and  SMK have .  Ou r  own  d i v i ng
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exper ience suggests  tha t  wh i te  u rch ins  (Ly tech inus  anamesus)  a re  much more  abundant

at  SOK and Si4K than elsewhere.

I n  sp i t e  o f  t he i r  d i ss im i l a r f t i es ,  t he  ke ip  f o res t s  be tween  La  Jo l l a  and  SMK

appear  to  undergo  somewha t  s im i l an  f l uc tua t i ons  i n  s i ze ,  w i th  peaks  i n  abundance  o f

lv lacrocyst i  s  occurr i  ng about  every 3 to  4 years.  Nor th (  1971 ,  pp.  42 and 43)

desc r ibed  th i s  pa t te rn  fo r  t he  ke lp  fo res ts  be tween  Oe l  Mar  and  Oceans ide .  The

cyc les appear  to  resul t  f rom sporadic  recru i tment  of  Macrocyst is .  From 1978 through

1983 ,  h igh  dens i t j es  o f  new ' l y  rec ru i t ed  p lan ts  appeared  3  t imes  ( i n  1978 ,  1981 ,  and

1983)  a t  San  0no f re  and  San  Ma teo  Ke lp  fo res ts  w i th  l i t t l e  o r  no  success fu l

r ec ru i tmen t  i n  t he ' i n t e r im  pe r i ods  (Dean ,1983 ) .  Rosen tha l  9 !91 . ,  ( 1974 )  no ted  two

recru i tment  "events i l  in  the i r  5-yr  s tudy at  Del  Mar.  I t  a lso appears that  these

recru i tment  events may be somewhat  synchronous among the ke lp forests  in  San Diego

and Orange count , ies.  In  the years that  we noted good recru i tment  at  San Onofre,

Day ton  (pe rsona l  commun ' i ca t i on )  a ' l so  no ted  good  rec ru i tmen t  a t  P t .  Loma.  S im i  1a r1y ,

d ives made in  the Laguna Beach area in  1981 suggested good recru i tment  occurred

the re  as  we l l  as  a t  San  Ono f re .  I n  1983 ,  success fu l  rec ru f tmen t  o f  ke lp  was

preva len t  a l1  a long  the  coas t l i ne  f rom Pa los  Verdes  to  P t .  Loma,  as ' i nd i ca ted  by  a

su rvey  o f  ke lp  resea rche rs  i n  t h i s  reg ' i on .  However ,  t he ' l ack  o f  rec ru i tmen t  i n

r ro f f r r  yea rs  a t  P t .  Loma and  La  Jo l l a  may  no t  be  as  d ramat i c  as  i n  o the r  San  D iego

area  ke lp  fo res ts .  l t l e  have  a lways  been  ab le  to  f i nd  a  few  new ly  rec ru i t ed  p lan ts

each  summer  a t  La  Jo l l a  and  P t .  Loma  wh ' i l e  on  occas ion  (e .9 . ,  i 980 ) ,  t he re  we re  no

new ly  r ec ru i t ed  p l an t s  a t  SOK ( see  Sec t i on  9 .0 ) .

The  h i s to r i es  o f  t he  ke lp  fo res ts  i n  t he  sou the rn  po r t i on  o f  t he  Sou the rn

Ca l ' i f o rn ia  B igh t  i nd i ca te  tha t  t he  l a rge -sca1e  pa t te rns  o f  ke ' l p  abundance  may  be

d r i ven  by  oceanograph ic  cond i t ' i ons  tha t  ex i  s t  ove r  t he  en t ' i r e  a rea .  Fo r  examp ' l e ,
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the  la rge-sca1e  d ie -o f f s ' i n  E l  N ino  years ,  such  as  occur red  in  i958-59 ,  and  the

recrui  tment events of  1978, 1981 ,  and 1983, were al  I  widespread phenomena.

Super imposed on  th is  la rge-sca1e p ic tu re  a re  the  changes brought  abou l  by  more

loca l i zed  events .  For  example ,  the  d isappearance o f  BK in  1980 was an  iso la ted

event .  Pat te rns  o f  ke lp  abundance over  t ime and space are  thus  a  resu l t  o f  bo th

r rb igh t  w ide t t  and loca l  events .

1.6 The Operation of the San Onofre Nuclear Generating Station

A  genera l  desc r ip t i on  o f  t he  San  Ono f re  Nuc lea r  Genera t i ng  S ta t i on  and  the

d ischarges  f rom i t s  3  genera t ing  un i t s  i s  g iven  in (  pendi  ng

MRC repor t ) .  The genera t ing  s ta t ions  are  cur ren t ly  in  opera t ion  and produce a
r

rnax ' imum o f  2 ,636 megawat ts .  lUn i t  l  was  p laced in to  opera t ' ion  in  1968.  0nce- th rough

coo l ing  water  fo r  Un i t  1  i s  d ' i scharged th rough a  s ing ' le  por t  about  800 m f rom shore

and about 1 km from the San Onofre Kelp forest .  Uni ts 2 and 3 began low-level

test ing in L982 and were f i rst  put  into commercial  operat ' ion in August 1983 and

Apr i l  1984,  respec t ' i ve lv r /gach o f  the  la t te r  un f ts  d ischarges  about  830,000 ga l /min

o f  coo l ing  water  th rough d i f fuser - type  d ischarge p ' ipes .  The d i f fusers  run

perpend icu la r  to  the  shore l ine  and ex tend o f fshore  1 ,800 m to  2 ,500 m.  Por t ions  o f

the  San Onof re  Ke lp  fo res t  a re  w i th in  200 m o f  the  dr ' f fusers .  I t  i s  the  d ischarges

from Un' i ts 2 and 3 that  are of  pr imary concern wi th regard to possible adverse

ef fec ts  on  ke1p.  In takes  fo r  a l l  3  un i ts  a re  loca ted ,  approx ' imate ' l y  900 to  1 ,000 m

offshore and at  least  700 m frorn S0K.

'1.7 History of the Project and Rationale for Our Approach

The  Ke lp  Eco iogy  P ro jec t  was  begun  sho r t l y  a f te r  t he  found ing  o f  t he  Mar jne

Rev iew Commi t tee  (MRC)  i n  1975 .  S ince  1978 ,  t he  p ro jec t  has  been  con t rac ted  th rough

the  Un ive rs i t y  o f  Ca l i f o rn ia ,  San ta  Barba ra .  The  p r imary  pu rpose  o f  t he  p ro jec t  has
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been to  de termine the  e f fec ts  o f  S0NGS on popu ' la t ions  o f  ke lp  in  the  San Onof re  Ke lp

fo res t .  However ,  the  pro jec t  has  undergone severa ' l  sh i f t s  in  emphas is .  The f i rs t

severa l  years  o f  the  pro jec t  were  a imed a t  p red ic t ing  the  e f fec ts  o f  Un i ts  2  and 3  on

the  San Onof re  Ke lp  fo res t .  Ih js  approach was imp lemented by  de termin ing  the

ef fec ts  o f  the  ex is t ing  Un i t  1  d ischarge on  var ious  l i fe -h is to ry  s tages  o f  ke1p.

These s tud ies  invo lved t ransp ' lan t ing  the  i i fe -h is to ry  s tages  o f  in te res t  to  s ta t ions

at  var fous  d is tances  f rom the  Un i t  1  d ischarge.  Tra ,nsp lan t ing  was necessary  because

there  v te re  no  na tura l ' l y -occur r ing  ke ' lp  popu la t ions  in  the  v ic ' in i t y  o f  Un i t  I  a t  tha t

t ime.  The resu l ts  o f  the  Un i t  L  s tud ies  were  combined w i th  observa t ions  on  the  l i fe

h is to ry  o f  ke lp  in  the  SOK fo res t  to  make our  p red ic t ions  o f  the  e f fec ts  o f  Un i ts  2

and 3  (Dean,  1980b) .  Br ie f l y ,  our  p red ic t ions  ind ica ted  a  po ten t ia l  reduc t ion  fn  thq

number of sporophytes produced from gametophytes and a reduction in the growth rate

o f  juvenf le  p lan ts  when Un i ts  2  and 3  began opera t ing .  These e f fec ts  were  pr fmar i l y

related to reduct ions in i radiat ion expected as a resul t  of  the operat ion of  S0NGS.

I n  1980 ,  we  began  to  sh i f t  t he  emphas is  f rom p red i c t i ng  the  e f fec ts  o f  Un ' i t s  2

and  3  to  the  deve lopmen t  o f  a  p re -ope ra t i ona l  base l i ne ,  p r i o r  t o  t he  beg inn ing  o f

t he  ope ra t i on  o f  t he  new  un i t s .  Th i s  base l i ne  cons i s t s  o f  l i f e -h i s t o r y  da ta

gathered f rom both natura l  and exper imenta l  populat ions.  The data are to  be used 1 'n

a Before-Af ter /Contro l - Impact  pa i rs  (BACIP) des ign (Stewart -Oaten,  1984) .

B io log i ca l  pa ramete rs  were  measured  a t  s ta t i ons  nea r  and  fa r  f rom the  d i f f use rs

before the complet ion of  Uni ts  2 and 3 and were measured at  tn"6 l ) i re  s tat ions af ter
{

Un i t s  2  and  3  became opera t i ona l .  l de  have  de f i ned  the  beg inn fnS  o f  t he  ope ra t , i ona l

pe r iod  as  January  1983 ,  when  Un i t  2  f i r s t  reached  a  l eve l  o f  50% opera t i ng  capac ' i t y .

A  s i gn i f i can t  change  i n  a  va r i ab le  ( r e l a t ' i ve  t o  t he  con t ro l )  a f t e r  Un i t s  2  and  3

began  ope ra t i on  wou ld  i nd i ca te  an  e f fec t  o f  t he  power  p ' l an t .
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I n  t he  ea r l y  phases  o f  ou r  p re -ope ra t i ona l  base l i ne  s tud ies ,  we  emphas ized

us ing  a  s ta t i on  (o r  s ta t i ons )  i n  t he  upcoas t  po r t i on  o f  SOK as  the r r impac t r r  s i t e  and

a  s ta t i on  (o r  s t a t ' i ons )  i n  t he  downcoas t  po r t i on  o f  SOK as  t he  " con t ro l r r s i t e .

However ,  p red ' i c t i ons  conce rn ing  the  e f fec ts  o f  S0NGS on  tu rb id i t y  (Re i t ze l ,  1980)

ind i ca ted  tha t  SONGS Un i t s  2  and  3  wou ld  have  app rox ima te l y  equa l  impac t  a t  bo th  up -

and downcoast  SOK. Thus,  we were requi red to  use s tat ' ions in  the nearby San Mateo

and Barn Kelp forests  as r tcontro ' I r  s i tes

The use of  SMK and BK as controls presented several  problems. First ,  we knew

that  the  h is to r ies  o f  the  ke lp  fo res ts  (and espec ia ' l l y  BK)  were  qu i te  d i f fe ren t  f rom

one another.  Second, the physical  environment at  SOK may be qui te di f ferent f rom

the other two kelp forests because SMK is located just  of fshore of  a point  of  land

(San Mateo Point)  and BK is somewhat deeper,  on average, than S0K. Thus, i t  d id not

appear as though SMK and BK would be ideal  control  s i tes.  This po' int  was even more

strongly emphasized when BK disappeared in the summer of  1980.

The  po ten t i a l  p rob lems  in  a  BACiP  des ' i gn  c rea ted  by  the  l ack  o f  an  i dea l

con t ro l ,  a ' f ong  w i th  o the r  cons ide ra t i ons  ( see  S tewar t -0a ten ,  1981) ,  caused  us  to

redi rect  our  approach.  In  1.981,  we decided to  cont inue to  gather  pre-operat ional

data for  BACIP,  but  a lso at tempted to  bet ter  understand the re la t ionship between the

phys i ca l / chemica l  env i ronmen t  and  ke1p .  Th i s  r rmechan is t i c "  app roach  can  be  used  to

re la te  obse rved  changes  i n  b io log i ca l  pa ramete rs  w i th  changes  i n  phys i ca l  va r i ab les

that  may be a l tered by S0NGS. In  th is  way,  we can demonstrate a potent ia l  S0NGS'

e f fec t  and  a l so  supp ly  a  d i rec t  causa t i ve  l i nk  be tween  the  b io log i ca l  e f fec ts  and

S0NGS opera t i ons .  The re fo re ,  ou r  e f fo r t s  ove r  much  o f  t he  l as t  seve ra l  yea rs  o f  t he

con t rac t  were  a imed  a t  deve lop ing  mechan ' i s t i c  mode ls  fo r  g rowth  and  mor ta l j t y  o f

ke lp  i n  i t s  va r i ous  l i f e -h i s tony  s tages  and ,  a t  t he  s lme  t ime ,  p rov id ' i ng  da ta  fo r

the  BACIP  des ign .  These  mechan is t i c  s tud ies  a re  the  p r imary  focus  o f  t h i s  documen t .
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Our  genera l  app roach  fo r  bo th  the  mechan is t i c  and  BACIP  s tud ies  was  to  dea l

w i t h  each  l i f e  s t age  on  an  i nd i v i dua l  bas i s .  We  d id  t h i s  because  t he  va r i ous ' l i f e

s tages  l i ve  i n  ve ry  d i f f e ren t  m ic roenv i ronmen ts  and  respond  d ' i f f e ren t l y  t o  va r ious

env i ronmen ta l  f ac to rs  (Neushu1 ,  1978) .  Fo r  examp le ,  gametophy tes  l i ve  on  the  bo t tom

where  sed imen ta t i on  i s  h igh  and  ' i r r ad iance  l eve l  s  a re  re la t ' i ve1y  1ow.  Adu l t  p lan ts ,

on  the  o the r  hand ,  have  mos t  o f  t he i r  t , i ssue  i n  the  upper  po r t ' i ons  o f  t he  wa te r

co lumn where  i r rad iance  i s  re la t i ve l y  h igh  and  sed imen ta t i on  i s  l ow .  l , { e  cou ld  no .a

s imp ly  assess  t , he  ' impac t  o f  S0NGS fo l  l ow ing  the  fa te  o f  t he  adu l t  ke lp  popu la t i on

because  adu ' l t  ke lp  a re  l ong -1 i ved  and  rec ru i tmen t  i s  ep i sod ic .  A l though  the re  may

be  impac ts  on  rec ru i tmen t ,  t hese  may  no t  be  re f l ec ted  i n  adu l t  popu la t i on  dens i t i es

for  some t ime.

l t le  have used d i f ferent  methods to  s tudy t ,he d i f ferent  l i fe-h is tory  s tages.

Th is  was  necessa ry  because  o f  bo th  the  l a rge  range  i n  s j ze  d i sp layed  by  the

d i f f e ren t  l i f e -h i s to ry  s tages  ( f rom 5  u  to  >15  m in  he igh t )  and  the  l a rge

d i f f e rences  i n  t he  l eng ths  o f  t ' ime  a  p lan t  rema ins  i n  t he  va r ious  s tages  ( f rom

severa l  days  to  seve ra l  yea rs ) .  The  sma l l  gaqe tophy te  and  spo rophy te  l i f e  s tages

were  s tud ied  i n  t he  l abo ra to ry  and  i n  s i t u  us ing r rou tp lan t i ng i l  t echn ' i ques .  Sma ' l l

p l an ts  were  cu l tu r red  i n  t he  i abo ra to ry  and  popu la t i ons .o f  known  EgB,  s i ze  and

dens i t y  were  subsequen t ' l y  t ransp lan ted  i n to  the  f i e ld .  0u tp lan t i ng  techn iques  and

laboratory s tudies were necessary because these l i fe-h is tory  s tages were too smal ' l

t o  eas i l y  obse rve  i n  t he  na tu ra l  mar ine  env i ronmen t .

We s tud ied  the  g rowth  o f  j uven i l e  spo rophy tes  by  t ransp ' l an t i ng  l abo ra to ry -

rec ru i t ed  p lan ts  o r  na tu ra l l y -occu r r i ng  p lan ts  wh ich  we  ob ta ined  f rom va r fous  ke lp

fo res ts .  We  used  these  sou rces  because  na tu ra l  rec ru i tmen t  a t  SOK was  ra re  and

iuven i l es  we re  no t  a lways  ava i l ab le .  The  ou tp l an t  and  t , r ansp lan t i ng  t echn iques  a l so
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a l l owed  us  to  ob ta in  con t ro l  ove r  many  env i ronmen ta ' l  f ac to rs .  Fo r  examp le ,  we  cou ld

s tudy  the  g rowth  o f  j uven i l es  ove r  seve ra l  seasons  a t  t he  same p lace  and  under

s im i l a r  cond i t i ons  w i th  rega rd  to  t , he  dens i t y  o f  compe t ing  adu l t  Mac rocys t ' i s  and

unders to ry  a lga l  spec ies .  I n  add i t i on ,  we  were  ab le  to  pTace  p lan ts  a t  chosen

loca t i ons  so  tha t  we  cou ld  ob ta in  measures  o f  g rowth ,  mor ta l i t y ,  e t c . ,  under  a  w ide

range  o f  env i ronmen ta l  cond i t i ons .

The  f o l l ow fng  chap te r s  ou t l i ne  pe r t i nen t  i n f o rma t i on  on  t he  b i o l ogy  o f  ke lp

w i th  each  l i f e -h i s to ry  s tage  d fscussed  i n  a  separa te  chap te r .  These  s tud ies  a re

comb ined  w i th  desc r ip t ' i ons  o f  t he  changes  i n  phys i ca ' l  f ac to rs ,  and  w i th  changes  i n

ke ' l p  popu ' l a t i ons ,  espeg ia l  l y  w i th  rega rd  t , o  t he  na tu ra l  rec ru i tmen t  o f  ke lp  and

subsequen t  changes  i n  adu l t  popu la t i on  dens i t i es .  Eva lua t i on  o f  t he  e f fec ts  o f

S0NGS ' is  based on the ev idence comp' i led f rom al ' l  o f  these sources and,  as ind icated,

is  presented in  a separate document .
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Figure 1.  i  A d iagramat ic  representat ion of  the Magrocyst is  FV!" i fera 
' l i fe  

cyc le.

The names of  each i ' i fe-s tage and approx i rnate s ize ranges are g ' iven.  0n adul t  and

subadu l t  p lan ts ,  t he  va r ious  s t ruc tu res  o f  t he  p lan t  a re  l abe l l ed :  (a )  ho ld fas t

composed  o f  hap te ra ,  (b )  p r i n ra ry  d i cho tomy ,  ( c )  spo rophy l l ,  ( d )  ap i ca l  mer i s tem o r

r r sc im i ta r  b lade , "  (e )  f rond ,  composed  o f :  ( f )  s t i pe  and  (g )  b ' l ade .  The  b ' l ade  i s  made

up  o f  ( h )  l am ina  and  ( i )  pneuma tocys t .
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F igu re  1 .2  Loca t i on  o f  ke ' l p  f o res ts  and  fea tu res  o f  t he  San  Ono f re  Nuc lea r

Genera t ' i ng  S ta t i on .  As te r i sks  ( * )  deno te  SONGS'  wa te r  i n takes  and  c i r c les  (o )

deno te  ends  o f  t he  d i scha rge  p ' i pes .  Ha tch  marks  a long  Un j t s '  2  and  3  d i f f use r ' l i nes

ind i ca te  a reas  ove r  v rh i ch  wa te r  i s  d i scha rged .
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F igu re  1 . .3  H is to r i ca l  cha r t s  o f  t he  ke lp  fo res ts  i n  t he  San  0no f re  reg ion :  1911-

1972 f rom North (1973) ;  March 1976 f rom Lockheed (1975) ;  Decemben 1976 f rom SCE

(1978) ;  December 1.978-1982 f rom EC0systems Management  Associates,  Inc.  (Rei tze l  and

Zab loud i ' l  ,  1983 ) .  No  es t ima tes  o f  f o res t  s i ze  were  ava i ' l ab ie  fo r  Ba rn  Ke lp  i n  1970 ,

bu t  d i ve r  obse rva t i ons  i nd i ca ted  i t s  ex i s tence  (Nor th ,  1973) .
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Figure 1.3
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Figure  1 .4  F luc tua t ions  in  ke lp  fo res t  a reas  a t  S0K,  BK,  and SMK:  June 1 ,974 to

0ctober 1976 canopy area est imates f rom Lockheed (1975) except for  May 1976 canopy

area est imates f rom Bari lot t i  (1978);  December 7976 to December tg77 canopy area

est imates f rom SCE (1978);  December 1977 to July 1983 medium- to h ' igh-densi ty f rond

area es t imates  f rom EC0sys tems F4anagement  Assoc ia tes ,  Inc .  (Re i tze l  and Zab loud i l ,

1e83) .
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2.0 Production, Release, and Dispersal of Zoospores

L i t t l e  i s  known  abou t  t he  tempora l  and  spa t i a l  va r i ab i l i t y  i n  re lease  o f

zoospores  f rom the  spo rophy l l s  o f  adu l t  ke ' l p  o r  t he  fac to rs  wh ich  i n f l uence

produc t ' i on  and  re lease  o f  spo res .  The  on l y  quan t i t a t i ve  s tud ies  o f  zoospore  re lease

were conducted by Anderson and Nor th (1967) .  They bagged sporophyl ls  o f  MacroFyst is

i n  s i t u  a t  va r fous  t imes  o f  yea r  and .  coun ted  the  numbers  o f  zoospores  re leased .

Ex t , reme ly  h igh  va r iab i l ' i t y  was  no ted  among  s ' i t es  and  among  co l l ec t i on  da tes .  The re

was  no  d i sce rn ib le  seasona l  t rend  and  a t  l eas t  some spo res  were  re leased  i n  each

mon th  o f  samp l ing .  I n  ou r  s tud ies  a t  San  0no f re ,  we  co l l ec ted  spo rophy l l s  f rom

adu l t  p lan ts  on  ove r  60  occas ' i ons  and  i n  a l l  mon ths .  V iab le  zoospores  were  re ' l eased

on  a l l  occas ' i ons  w i th  the  eNcep t ion  o f  f a l l  o f  1983  du r ing  the  he igh t  o f  E l  N ino .  A t

th i s  t ' ime ,  f i nd ing  spo rophy ' l 1s  i n  t he  f i e ld  was  ex t reme iy  d i f f i cu l t  and  the  f ' ew

sporophyl ls  that  were found re1eased on ' ly  a  few zoospores.  These data suggest  that

v iab le  spo res  a re  p roduced  and  a re  ava i l ab le  fo r  re lease  yea r - round  excep t  du r ing

ex t reme ly  adve rse  cond i t i ons  fo r  ke lp  g rowth  such  as  E l  N ino .  However ,  t he  numbers

o f . spo res  re leased  may  va ry  subs tan t i a l l y  f rom t ime  to  t ime .

D ispe rsa ' l  o f  zoospores  by  Macrocyq t i s  and  o the r  l am ' i na r ian  a lgae  i s  l im i ted .

Zoospores  qu i ck l y  se t t l e  on to  the  bo t tom,  p robab ly  w i th ' i  n  72  hou rs  o f  re ' l ease

(Neushu1 ,  1978) .  New rec ru i t s  o f  Mac rocys t i s  (Anderson  and  Nor th ,  i 966 )  and  o then

lam ina r i an  a l gae  (Day ton ,  1973 ;  Pa ' i ne ,  1979 ;  Sundene ,  1982 ;  Day ton  e t  a l . ,  1984 ;

San t i l i ces  and  0 i eda ,  1984 )  a re  h i ghes t ,  w i t h i n  c l ose  p rox im i t y  t o  adu l t s ,  sugges t i ng

poo r  d i spe rsa l .  A1so ,  Day ton  e t  a l .  ( 1984 )  no ted  h i ghe r  dens i t i es  o f  r ec ru i t s  i n

loca t i ons  " seeded"  w i th  spo rophy l l s  t han  a t  nea rby  con t ro l  s i t es .
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A1 though  spo res  appear  to  d i  spe rse  poo r l y ,  occas ' i ona1  
' l onge r - range  

d i  spe rsa l

' i s  poss ib le .  Longer - range  d i spe rsa l  o f  Magrocys t i s  py r i f e ra  was  g raph ica l l y

demons t ra ted  by  the  co lon i za t i on  o f  an  a r t i f  i c i a l  ree f  nea r  La  Jo1 ' l a ,  Ca l ' i f o rn ia .

Th i s  ree f  was  heav i l y  co lon i zed  by  _U.  py r i f e ra  w i th in  a  few  mon ths  a f te r

emp lacemen t  (Dav i s  e t  a1 . ,  1982) ,  i n  sp i te  o f  t he  fac t  t ha t  t he  nea res t  adu l t

popu la t i on  was  ove r  2  km away .  S im i l a r l y ,  Fager  (1971)  found  M.  py r i f e ra  rec ru i t s

on  a r t i f i c i a l  subs t ra tes  p laced  on  a  sand  bo t tom 2  km f rom the  nea res t  adu l t

popu la t i on .  A ' l so ,  we  have  no ted  re ' l a t i ve l y  h igh  dens i t i es  o f  spo res  on  s l  f  des

(Sec t i on  3 ,0 )  and  cobb les  (Sec t i on  4 .0 )  co l l ec ted  f rom s ta t i ons  i n  SOK where

densi t ies of  adul t  sporophytes were ext remely 1ow.

.  Longer- range d ispersa ' l  is  probab' ly  accompl ished by dr i f t ing adu ' l t  p lants  or  by

f ragmen ts  o f  adu l t s  w i th  spo rophy l l s  a t tached  (Day ton ,  e t  a l . ,  1984 ) .  D r i f t i ng

adu l t s  have  been  t raced  seve ra ' l  km f rom the f r  o r i g in  (pe rsona l  obse rva t i ons )  and  can

probab ly  re ta in  spo rophy l l s  f o r  up  to  seve ra l  mon ths  wh i l e  f l oa t i ng  above  the  bo t tom

(Day ton  e t  g l . ,  1984 ) .  S im i ' l a r  mechan isms  o f  l ong - range  d i spe rsa l  have  been

documented for  Sargassum mut icum (Deysher  and Nor ton,  i982)  and suggested as a

1 i ke1y  mechan i sm fo r  o the r  seaweeds  (Day ton  e t  a ] . , 1984 ,  Sch ie l , 1985 ) .  D i spe rsa l

by  d r i f t i ng  adu l t s  o r  p ' l an t  f ragmen ts  i s  ep i sod ic  and  i s  l i ke l y  t o  be  mos t  p reva len t

du r ing  pe r iods  o f  s to rms  (Day ton  e t  a l . ,  1984 ) .
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3.0 Survival of Gametophyte Stages

3.1 Introduction

After set t l  ement,  zoospores quickly metamorphose i  nto mal e or femal e

gametophytes.  A minimum of 10 to 12 days is required for gametophytes to undergo

gametogenesis and to pnoduce sporophytes (Deysher and Dean, 1984; Luning'and

Neushu l ,  1978 ,  and  Sec t ion  6 .0 ) .  However ,  l i gh t ,  nu t r ien t ,  o r  o ther  env i ronmenta l

condf t ions  in  s ' i tu  a re  o f ten  subopt ima l  fo r  gametogenes is .  Surv iva l  fo r  longer  than

2 weeks would great ly enhance the probabi  I  i ty  of  successful  recrui tment as

gametophy tes  cou ld  t twaf t  ou t t t  per iods  when cond i t ions  are  poor .  Prev ious  s tud ies  o f

survival  of  kelp gametophytes indicate that  they can survive for  several  years in

labora tory  cu l tu re  (Neushu1,  1978) .  However ,  there  have been no  prev ious  s tud fes  o f

the  in  s i tu  ra tes  o f  surv iva l  o f  Macrocys t is  gametophy tes .  In  th is  sec t ion ,  we

examine the ef fects of  the age of  gametophytes on survival  and est imate survival

ra tes .

} i le  have examined the surv iva l  o f  gametophytes us ing two bas ' ic  technjques.

F i r s t ,  g lass  m ic roscope  s l i des  were  i nocu la ted  w i t , h  zoospores  o f  Mac roc_ys t i s  and

ou tp lan ted  to  f i e ld  s i t es .  A f te r  pe r iods  o f  up  to  seve ra l  mon ths ,  t he  s l i des  were

col ' lected and sporophytes on the s l ides were counted.  The s l ides were then cu l tured

in the laboratory under  condi t ions opt ima)  for  sporophyte product ion,  and re-

examined  app rox ima te l y  3  weeks  l a te r  f o r  spo rophy te  dens f t y .  Any  j nc rease  i n

spo rophy te  dens f t y  ach ieved  i n  cu l tu re  cou ld  be  a t t r i bu ted  to  su rv i v ing

gametophy tes .  Un inocu la ted  con t ro l s  were  used  to  examine  poss ib le  i n f l uences  o f

natura l  spore set t lement  and were t reated in  the same rRanner  as the inoculated

s l i des .

)
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A second  me thod  i nvo ' l ved  i nocu la t i ng  s l i des  w i t h  zoospo res .  and  s ta i n i ng  t he

gametophy tes  wh ich  deve ioped  f rom the  spo res  w i th  a  f l uo rescen t  dye .  The  s l i des

v te re  then  ou tp lan ted  and  co l l ec ted  a f te r  a  pe r iod  o f  seve ra l  days  to  seve ra l  weeks .

The  s ta ined  i nd ' i v i dua ls  rema in ing  were  then  coun ted .  P re l im ina ry  s tud ' i es  i nd i ca ted

tha t  t he  s ta in  had  no  adve rse  e f fec ts  on  su rv i va l  and  tha t  t he  rema in ing  s ta ined

gametophytes could be observed for  severa l  weeks af ter  outp lant ing (see Dean,  1.985,

and  Append ix  A ) .  However ,  more  recen t  expe r imen ts  have  shown  tha t  t he  dens i t i es  o f

s ta ined  gametophy tes  on  s l  i des  g rea t l y  ove r -es t ima ted  the  number  o f  v iab1e

gametophy tes  tha t  rema ined .  Fu r the rmore ,  t he  dens i t y  o f  s ta ined  i nd i v idua l  s

obse rved  p r i o r  t o  cu l tu r i ng  d id  no t  co r re la te  w i th  the  dens l . t y  o f  spo rophy tes

p roduced  a f te r  cu l t u re  ( see  Append ix  A  fo r  de ta i ' l s  and  ana ' l yses ) .  Th i s  was  p robab ly

because  the  s ta ined  ce l l  wa l l s  o f  t he  gametophy tes  rema ined  on  the  s l ' i des  fo r  some

t ime  a f te r  t he  gametophy tes  had  d ied  o r  l os t  t he i r  v i ab i l i t y .  We  have  exc luded

analyses of  s ta ined gametophytes because of  t ,hese methodolog ' ica l  problems.

3.2 Methods

Fros ted  mic roscope s l ides  (2 .5  cm x  7 .5  cm)  inocu la ted  w i th  gametophy tes  were

outp lan ted  to  f ie ld  s i tes  and la te r  co l lec ted  and cu l tu red  on  7  occas ions  in  1984

and 1985.  The f i rs t  two ou tp lan t ings  were  pre ' l im inary  s tud ies  conducted  in  San

Mateo Ke]p  on ly  (S l , lKas ,  F ig .  3 .1b) .  Subs t ra tes  were  ou tp lan ted  on  30  November  1984

and 8  February  1985 and co l lec ted  a f te r  6  weeks .  A t  approx imate ly  month ly  in te rva ls

f rom Apr i l  1985 th rough August  1985,  subs t ra tes  were  ou tp lan ted  to  SMK45,  S0KD45,

S0KD35,  S0KU45,  and  S0KU35 (F ig .3 .1  a&b) .  These  subs t ra tes  were  a lso  co l lec ted

af te r  a  per iod  o f  5  weeks .

I n  a l 1  expe r imen ts ,  s l i des  we re  a t t ached  t o  10

us ing  s ' i l i cone  sea lan t  and  t he  p l a tes  we re  a t t ached

cmx30

ro  90  lb

cm p lex i g l ass  p l a tes

cemen t  anchors  us ' i ng
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p las t i c  cab le  t i es  (F ' ig .  3 .2 ) .  Two to  th ree  p la tes  were  ou tp lan ted  to .each  s ta t ion

on each ou tp lan t  da te .  The s l ides  used in  cu l tu re  were  randomly  se lec ted  f rom the

poo led  se t  o f  s ' l i des  a t  each s ta t ion .  In  most  exper iments ,  4  s l ides  were  ou tp ' lan ted

and later cul tured. The actual  number of  s l ides observed var ied f rom 1 to 5 at  a

g iven  s ta t ion  and  da te  (Tab le  3 .1 ) .

Un inocu la ted  s l ides  were  pu t  ou t  a t  each s ta t ion  to  assess  the  number  o f

sporophytes produced from natural  1y set t l  i  ng gametophytes .  Pl  ates wi  th

un inocu la ted  s l  ides  were  p laced on  cement  bags  w ' i th in  2  m o f  those ho ' ld ing

inocu la ted  s l  ides .

I n  t he  l abo ra to ry ,  s1 ides  were  f i r s t  p laced  ' i n  f i I t e red  seawa te r  w i th  a

germanfum diox ide (Ge0r)  concentrat ion of  0 .25 ng/ l  for  24 hrs.  This  procedure was

used  to  e l im ina tg  d ia toms ,  wh ich  can  qu i ck l y  ove rg row lam ina r ian  gametophy tes  i n

cu l tu re .  Ge0 .  a t  t h i s  concen t ra t i on  and  l eng th  o f  exposu re  has  no  adve rse  e f fec ts

on  l am ina r ian  gametophy tes  (Markham and  Hagme ie r ,  1982) .  The  s l i des  were  then

p' laced i  n to cu ' l  ture conta i  ners wi  th  5t ,  o f  cu l  ture medi  a  (  Provaso ' l  i  '  s  Enr i  ched

Seawater)  which was aerated to  prevent  the format ion of  nut r ient  boundary ' layers.

Cu l tu res  were  ma in ta ined  a t  15oC and  i r rad iances  o f  45  v l / n  / s  us ing  a  12 -h r

pho tope r iod .  These  cond i t , i ons  a re  op t ima l  f o r  spo rophy te  p roduc t i on  (Lun ing  and

Neushu l ,  1978 ;  Deysher  and  Dean ,  1984 ,  1986 ;  Sec t i on  6 .0 ) .

Dens i t i es  o f  gametophy tes  on  s l f des  p r i o r  t o  ou tp lan t i ng  were  de te rm ined  by

choos ing  f rom 1  to  3  s l i des  a t  random f rom each  p la te  and  coun t ' i ng  the  number  o f

garnetophytes on the s l ide.  Counts were made f rom ei ther  25 ( in  the Nov 1984

exper imen t )  o r  20  quadra ts  ( i n  a l l  o the r  expe r imen ts ) ,  w i th  each  quadra t  measur ing

0 .03  rnmz .  Quadra ts  were  se lec ted  haphazard l y  by  mov ing  the  mechan ica l  s tage  o f  t he
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compound rnicroscope before examining a

manner  were  s imi la r  to  those in  a  random

B) .

f  i e l d  o f  v . i ew .  Coun ts  ach ieved  i n  th i  s

samp l ing  o f  quadra ts  on  a  s l i de  (Append ' i x

S l i des  were  examined  immed ia te l y  a f te r  co l l ec t i on  to  de te rm ine  i f  spo rophy tes

were present .  I f  so,  the sporophytes were counted and removed pr ior  to  cu l tur ing.

Af ter  3  weeks,  the s ' l ides were removed f rom cul ture.  Sporophytes were counted on

the  en t i re  upper  su r face  (1875  mmz)  o f  each  s l i de .  S l i des  were  d i v ided  i n to  th ree

525  mm2.sec t i ons  t o  f ac i l i t a t e  coun t i ng .

Surv i va l  o f  gametophy tes  was  assessed  by  tabu la t ' i ng  the  i n i t i a l  dens i t i es  o f

gametophytes and the f i  na l  sporophyte densi  t i  es for  each outp lant i  ng.  No

s ta t i s t i ca l  t es t s  (e .g . ,  compar ing  s ta t i ons  o r  ou tp lan t  da tes )  were  pe r fo rmed

because the number of  sporophytes produced in  most  cases was too low for  use in

mean ing fu ' l  t es t i ng .  Pe rcen t  su rv i va l  a f te r  6  weeks  was  compu ted  as :

t -_  I
l (d . '  -  d . . )  |
L  '  u ' l

Percent Survival = 100 x
r- - -'l

I  d^/2 I
LYJ

where i i .  is  the mean densi ty of  sporophytes f rom inoculated s ' l ' ides,  d,  ts the mean
I

dens i t y  o f  spo rophy tes  on  un fnocu la ted  s l i des ,  and  dn  i s  t he  mean  in i t i a l  dens i t y  o f

gametophytes ' .  tCe assumed that  a l l  sporophytes on uninoculated s l ides were f rom

na tu ra l  spo re  se t t l emen t  and  tha t  equa l  numbers  se t t l ed  on to  i nocu la ted  s l i des .  h /e

a l so  assumed  tha t  t he  po ten t i a l  numbers  o f  spo rophy tes  on  i nocu la ted  s l i des  was  one -

ha l f  o f  t he  i n i t i a l  gametophy te  dens i t y  s ince  ma le  and  fe rna le  gametophy tes  a re

gene ra l ' l y  p roduced  i n  a  1  t o  1  r a t i o  (Sec t i on  5 .0 ) .
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A second s tudy  was per fo rmed in  1985 and 1986 tha t  was  spec i f i ca l l y  des igned to

I  tes t  fo r  the  poss ib le  e f fec ts  o f  the  age o f  gametophy tes  on  the i r  surv iva l .  Two
-

exper iments were per formed,  in  November 1985 through Februar5r  1985 and August

th rough  November  1986 ,  a t  Ba rn  Ke lp  (8K45) .  The  t imes  o f  t he  expe r imen ts  were

chosen  because  they  were  the  l eas t  l i ke l y  t imes  o f  t he  yea r  t o  encoun te r  cond i t i ons

that  would a ' l low product ion of  sporophytEs f rom gametophytes.  lde wanted the

gametophytes to  rema' in  as such for  12 weeks so that  we could test  the ef fects  of  age

on ' l onger  te rm gametophy te  su rv i va l  w i thou t  t he  con found ing  e f fec ts  o f  spo rophy tes

be ing  rec ru i t ed  i n  s i t u  as  the  expe r imen t  p rog ressed .  The  Barn  Ke lp  s i t e  was

se lec ted  i n  o rde r  t o  m in im ize  the  e f fec ts  o f  na tu ra l  spo re  se t t l emen t .  , { du l t

spo rophy tes  o f  Mac rocys t i s  and  o the r  l am ina r ian  a lgae  were  ra re  a t  Ba rn  Ke1p ,

the reby  reduc ing  t , he  l i ke l i hood  o f  f i nd ing  na tu ra l l y  se t t l ed  gametophy tes .

In  each exper iment ,  3  sets  of  s l ides that  were inoculated wi th  gametophytes

were  pu t  ou t  a t  3 -week  i n te rva l s  f o r  a  pe r iod  o f  5  weeks  (Tab le  3 .2 ) .  S l i des  were

co l l ec ted  a t  3 -week  i n te rva l s  un t i ' l  t he  end  o f  t he  expe r imen t ,  12  weeks  a f te r  t he

in i t i a l  se t  o f  s l i des  was  pu t  ou t .  The  s l ' i des  were  random' l y  se lec ted  f rom the  poo led

se t  o f  p ' l a tes  f rom each  ou tp lan t i ng .  The  number  o f  s l i des  co l l ec ted  was  i nc reased

as  age  (number  o f  weeks  a f te r  ou tp lan t ' i ng )  i nc reased  (Tab le  3 .2 ) ,  i n  o rde r  t o

ma in ta in  reasonab le  samp le  s i zes  ( i n  t e rms  o f  t o ta l  number  o f  spo rophy tes  coun ted )

s ince  the  number  o f  su rv i v ing  gametophy tes  dec reased  w f th  t ime .

Un inocu la ted  s l i des  we re  a l so  pu t  ou t  and  co l l ec ted ,  acco rd ing  t o  an  i den t i ca l

schedule to  assess sporophyte product ion f rom natura l  spore set t lement .  Both

inocu la ted  and  un inocu la ted  s l i des  were  cu l tu red  and  spo rophy tes  on  the  s ' l i des  were

coun ted  as  desc r i bed  p rev ious l y  i n  t h ' i s  sec t i on .
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I
The  e f fec t  o f  age  on  su rv i va l  was .assessed  by  compar ing  su rv i va ' l  o f  d i f f e ren t

aged  popu la t i ons  ove r  t he  same t ime  pe r iod .  Fo r  examp ie ,  su rv ' i va l  ra tes  o f  0 ,  3 ,  and

6 week o id gametophytes were compared over  the per iod f rom 02 January 1986 to 25

January  1985 .  S ta t ' i s t i ca l  t es t s .o f  d i f f e rences  i n  su rv i va l  among  age  g roups  were

made  us ing  p respec i f i ed  con t ras ts  w i th  the  SAS genera ' l  l i nea r  mode l  (GLM)  p rocedure

(SAS,  1982) .  The  tes ts  compared  d i f f e rences  i n  t he  1og - t rans fo rmed  va lues  o f

spo rophy te  dens i t y  a t  t he  beg inn ing  and  end  o f  a  pa r t i cu la r  pe r iod  among  pa i r s  o f

age  g roups .  Fo r  cases  i nvo l v ' i ng  on l y  2  age  g roups  and  2  obse rva t i on  t imes ,  t h i s  i s

the  same as  tes t ' i ng  fo r  a  s ign i f i can t  t ime  vs  age  i n te rac t i on  i n  a  two -way  ANOVA.

The  con t ras ts  a re  equ iva ' l en t  t o  a  compar i son  o f  t he  s lopes  o f  su rv i va l  cu rves  fo r

d i f f e ren t -aged  popu la t i ons .  I n  cases  where  i n i t i a l  dens i t i es  were  fo r  gametophy tes ,

we assumed that  the potent ia l  number of  sporophytes produced would be one-hal f  the

number  o f  gametophy tes ,  s ince  ma le  and  fema les  a re  found  i n  1  to  1  ra t i os  (Sec t i on

6.0) .  lce,  therefore,  ha lved the gametophyte densi t ies pr ior  to  the t ransformat ion

and computat ion of  d i f ferences in  densi ty .  A constant  o f  0 .0005 sporophytes/mmz was

added  to  spo rophy te  dens i t y ,  pe r  s l i de ,  p r i o r  t o  t rans fo rma t ion ,  t , o  avo id  tak ing

logs  o f  ze ro  va lues .  Th i s  cons tan t  i s  equ i va len t  t o  1  spo rophy te  pe r  s1 ide .

In  the  age-surv iva ' l  exper iments ,  sporophy tes  were  produced in  s i tu  (p r io r  to

cul ture) on sl ides outp' lanted on 12 Oecember 1985 and col lected on 13 February 1986,

and in  a l l  o f  the  1985 ou tpJant ings  except  the  one coJ lec t ion  o f  06  November  1986

(Tab1e 3 .2) .  There fore ,  we were  unab le  to  use  these da ta  in  s ta t i s t i ca l  ana lyses  o f

the  e f fec ts  o f  gametophy tesr  age on  surv iva l .

The  max ' imum dens i t i es  o f  spo rophy tes  obse rved  on  un inocu la ted  s l j des  were  <5%

o f  t hose  obse rved  on ' i nocu la ted  s l i des  and  t he  ave rage  was  I% .  The re fo re ,  t he

poss ib le  con found ing  e f fec ts  o f  na tu ra l  spo re  se t t l emen t  were  sma l l  and  were  i gno red
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i n  the  s ta t i s t i ca l

for  the popu' lat i  on

equ iva len f  to :

ana lys ' i  s .  Ha l  f - l  j  ves

to  be  ha lved,  g iven

reported are the number of  days requi  red

the  es t imated  mor ta f  i t y  ra te .  Th is  i s

)

1n (0 .5 )

Ha l f - l i f e  =
mortal  i ty  rate

Mor ta l i t y  ra te  was ca lcu la ted  as :

I n d l - l n d 2

t z - t r

where  i [ 1  i s  t he  mean  in i t i a l  spo rophy te  dens i t y ,  a r ' i s  t he  mean  f i na l  spo rophy te

dens i t y ,  and  t2  -  t f  i s  t he  e lapsed  t ime , . ' i n  days ,  be tween  obse rva t i ons .  I n i t i a l

densi t ies for  gametophytes were assumed to be equal  to  one-hal f  o f  the gametophyte

den s' i  ty .

3.3 Resul ts

Few v iab le  gametophy tes  surv ived on  s l ides  ou tp lan ted  fo r  6 ' reeks  a t  SOK and

SMK. A max' imum of 0.07 pencent and a mean of  less than 0.001 percent of  t ,he female

gametophy tes  produced sporophy tes  (Tab1e 3 .1) .  A l though dens i t ies  o f  sporophy tes

were too low for stat ' is t ical  comparisons, maximum surviva1 rates appeared to occur

in  spr ing  and were  lowest  in  Ju ly  and August  (F ig .  3 .3 ) .  There  were  no  surv ivors  a t

SMK45 in May, June, and August;  at  S0KD45 in July and August;  and at  S0KD35 in July

and August .  Dur ing  t ' imes o f  peak  abundance in  Apn i l  th rough June 1985,  mean

densi t ' ies were highest at  S0KU45 or 50KD35

In  the exper iments conducted at  Barn Kelp that  examined the ef fect  o f  age on

surv ' iva1 ,  the surv iva l  o f  gametophytes that  were 3 weeks o1d or  o lder  was

s ign ' i f i can t l y  h i ghe r  t han  t ha t  o f  younge r  popu la t f ons  (Tab le  3 .3  and  F ig .3 .4 ) .
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However ,  there  were  no  
l ig r l i f i can t  

d i f fe rences  among popu la t ions  tha t  were  3 ,  6 ,  o r

9  weeks  o ld  (Tab le  3 .3 ) .  Ha l f - l i ves  o f  gametophy tes  dur ing  the i r  f i r s t  3  weeks

af te r  ou tp lan t ing  averaged 2  days ,  wh i le  ha l f - f i vep  averaged 16  days  fo r  o lder

popu la t ions  o f  gametophy tes  (Tabte  3 .4 ) .

3 .4  D iscuss ion

The exper iments out l  i  ned above suggest  that  morta ' l  i  ty  o f  newly set t l  ed

gametophy tes  i s  ex t reme ly  h igh  (ha l f - l i f e  =2  days ) ,  bu t  t ha t  su rv i va l  i nc reases  w i th

age  and  even tua l l y  1eve1s  o f f  a t  a  ha l f - l i f e  o f  abou t  16  days .  The  ques t i on  rema ins

whether  the surv i  va l  ra tes dur , i  ng the f  i  r rs t  severa l  weeks were i  nd i  cat ' ive of  the

su rv i va l  ra te  o f  na tu ra l l y  se t t l ed  zoospores  o r  were  an  a r t i f ac t  o f  ou r  expe r imen ta l

des ign.  b le  suspect  that  surv iva l  ra tes of  gametophytes on s l ides dur ing the f i rs t  3

weeks af ter  outp ' lant ing may indeed be Iower than on natura l  cobbles.  Some

gametophytes are probab' ly  poor ly  at tached to the s ' l ides and are quick ly  washed of f

when put  jn to the sea.  Surv iva l  ra tes of  gametophytes o lder  than 3 weeks appear  to

be  re f l ec t i ve  o f  su rv i va l  under  more  na tu ra l  cond ' i t i ons .  S tand ing  s tocks  o f

gametophytes on natura l  subst rates ' in  SOK and SMK decreased over  t ' ime,  i  n  the

absence  o f  se t t l emen t ,  and  the  ra te  o f  dec l i ne  on  cobb les  wou ' l d  i nd i ca te  a  ha1 f - l i f e

tha t  was  a l so  on  the  o rde r  o f  seve ra l  weeks  ( see  Sec t i on  5 .0 ) .
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Tab le  3 .1

)  
f i e td  s ' i t es

Percent  surv iva l  o f  ganetophy tes  on  g)ass  s l ides  ou tp lan ted  to  var ious

on the dates indicated, and col  lected 5 weeks later.  l r lethods of

ca lcu la t ion  fo r  pe rcen t  su rv iya l  a re  g fven ' in  the  tex t .  The  va lues  ind ica ted  w i th

an as ter isk  was assumed to  be  0  s ince  dens i t ies  on  un inocu la ted  s l ides  were  grea ter

than  on  inocu la ted  s l ides .

Stat i  on

SMK45 3ONOV84
" ogFEBgs
fr 25APR85
'r 23MAY85
il 20JUN85
" lgJULgs
'r 15AUG85

I n i  t i  a l
gametophyte

den s'i ty
(#/nrn?)

ffi--

3 745
3 855
1 956
1 869
2 823
2 1031
2 756

1 10 i5
1  953
2 776
1 i080
2 801

1 1034
1 853
2 752
2  813
2 963

1 970
1  1126
2 778
2 TT37
2 784

I nocul  ated
sporophyte
dens i ty
(#/nn?)

N-;E-n-

4 0 .0890
4 CI.9t72
5 0 .a142
4 0 .0003
4  0 .0003
4  0 .0028
4 0 .0000

Un inocu la ted
sporophyte
dens i t y
(#/nn?)

--X' 
mean-

Percent
surv i  va l

0 .023
0 .002
0 .003

<0.001
<0.001
<0.001
0. 000

0 .004
0 .005
0 .003

:

0.038
0 .059
0 .017

<0.001
<0.001

0 ,000"
0 .006
0 .041

SOKD45
l l

l l

| l

l l

s0KU45
t l

l l

t l

t l

SOKD35
I t

l l

t l

t l

25APR85
23MAY85
2OJUN85
18JUL85
15AUG85

2sAPR85
23MAY85
2OJUN85
18JUL85
15AUG85

25APR85
23MAY85
2OJUN85
18JUL85
15AUG85

0.0333
0 .0952
0.  0158
0  .0016
0 .0001

0.2254
0 .4735
0 .0965
0 .0053
0.0088

0 .0159
0 .0453
0 .  1617
0 .0016
0 .0004

0 .0043
0 .0096
0.0008
0 .0001
0 .0000
0 .  0015
0. 0000

0 .0151
0 .0735
0 .0045

0 .0268
0.  1803
0 .0301
0  .0015
0 .0085

0 .0 i67
0 .0103
0 .0005

2
4
4
2
4

J

4
4
4
4

4
4
4
1
4

4
4
2
4
4
2
4

4
4
0
0

4
4
4
2
4

4
4
4
0
0

Mean =  0 .011
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Tab le  3 .2  Mean dens ' i t ies  (# /nn?)  o f  sporophy tes ,  number  o f  s ' l i des  samp' led ,  and age

( in  days)  o f  popu la t ions  a t  the  t ime o f  co l lec t ion  fo r  s l i des  inocu la ted  w i th

gametophy tes  and ou tp lan ted  to  Barn  Ke1p.  Dens i t ies  fo r  Age =  0  a re  one-ha l f  o f

gametophy te  dens i t ies .  Va lues  ind ica ted  w i th  an  as ter isk  a re  sums o f  sporophy tes

produced in  s i tu  p lus  those produced a f te r  cu l tu re .  A l l  o ther  va lues  re f lec t  the

numbers of  sporophytes produced af ter  cu' l ture.

Experiment #1 21. November 85 to 13 Februarv 86

Co l  l ec t i on  Da te

0utplant Date

21Nov85

12Dec85

02Jan86

2 1 Nov85

530
1 8

42

0.355
4

2t

47A
1
0

0.009
l6
84

0.  129*
14
63

0 .  117
8

42

12Dec85 02Jan86

1 .987  0 .047

25Jan86 13Feb86

Mean
N

Age

Mean
N

Age

Mean
N

Age

4
2L

493
2
0

0.029
16
63

0.093
8

42

0 .  196
4

2 t

Experiment #2 15 Auqust 85 to 05 November 86

Co l  l ec t i on  Da te

0utplant Date 15Aug86

15Aug86 Mean ?54
N1

Age 0

05Sep86 Mean
N

Age

26Sep85 Mean
N

Age

05Sep86 ?5Sep86 l4Qctge 06Nov86

2t

340
2
0

0.788  0 .511
48

0 .040"
24
83

0. 145,r
15
52

0 .050"
8

42

42

1 .448
+

2t

260
1
0

0 .  179*
16
62

0 .393*
8

42

0 .2 r2 t
4

21
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Tab le  3 .3  Cont ras ts  o f  s .u rv iva l  ra tes  o f  d i f fe ren t  aged popu la t ions  o f

gametophy tes  observed over  s imi la r  per iods  in  t ime.  The ages  g iven are  those.a t  the

beg inn ing  o f  the  3  week per iod  over  wh ich  surv iva l  was  observed.

Time per iod Age (weeks)

12Dec85 to 02Jan86

02Jan85to 26Jan85

05Sep86to 26Sep86

02Jan85to 26Jan86

02Jan86 to 25Jan85

13Feb8625Jan86 to

ss

13.03

F value PR>F

30.12  <0 .001

1  28 .91 51  .53  <0 .001

1 1?.9s 6 .74  0 .022

r  37 .76 80.35  <0 .001

0 .47  0 .99  0 .326

0 .  88  2  .87  0 ,098

Percent
survi  val

0 .  07

2 .37

0 .04

26.20

0.  43

64 .85

0 .04

61  .70

?6 .20

61 .70

59 .59

31  .03

d f

0

3

0

3
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Tab le  3 .4  Ave rage  ha l f - l i ves  o f  d i f f e ren t  aged

s l i des  ou tp ian ted  to  Bann  Ke lp .

Age = 0 days

popu la t ions  o f  gametophy tes  on  g lass

Dates

Days Hal  f - l  i  fe

age  (days )

21Nov85 to

12Dec85 to

02Jan86 to

15Aug86 to

05Sep85 to

12Dec85

02Jan86

26Jan86

05Sep86

26Sep86

2
2
2
J

= IJ o.r,

0

0

0

0

0

Mean

)

Age = 121 days

Dates

Days Hal  f - l  i  fe

age  (days )

12Dec85 to

02Jan86 to

26Jan85 to

05Sep85 to

02Jan85 to

26Jan86 to

02Jan86

26Jan86

13Feb86

26Sep86

26Jan86

i 3Feb86

27
2t
2 t
21
42
53

Mean =

4

5

14

33

30

I2-:-

1 6 . 3  d a y s
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F igu re  3 .1  a  &  b  Loca t i on  o f  co l l ec t i on  s i t es  fo r  gametophy te  su rv . i va l  on  cobb ' l es

in  the  San  0no f re  (3 .1  a )  and  San  Ma teo  (3 "1  b )  Ke lp  fo res ts .  Ke ' l p  dens i t y  con tou rs

$/LAl  m2) are f rom downlooking sonar  est imates of  Novenber  1985.
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Figure 3 .1  a
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Figure 3 .1  b
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Figure  3 .2  D iagram showing g lass  s l ides  and

survival  studies and to determine sett lement of

anchor ing  dev i ce

gametophytes.

used ' in gametophyte
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Figure 3.2

10 x 30 cm pTexiglass plate

90 lb cement
anchotr

2 .5  x
g lass
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sI ides

plast ic cable t ies



F igure  3 .3  Percen t  su rv iva l

weeks  to  f i e ld  s i tes  in  SOK and

of  gametophytes,

SMK frsm November

on  g l ass  s l i des ,  ou tp l an ted  f o r

1984 through August  1985.
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Figure  3 .4  Surv ivorsh jp  curves  fo r  popu la t ions  o f  gametophy tes  ou tp ian ted  to  Barn

Ke)p in 1985 and 1985. Circ led potnts are sums of  gametophyte and sporophyte

dens i t ies ;  a l l  o thers  a re  fo r  gametophy tes  on1y .  Each po in t  represents  a  mean o f

log to  t rans formed dens i ty  per  s l ide .  The numbers  represent  the  d i f fe ren t ,  ou tp ' lan t

da tes :  I  =  21  Nov 85 ,  2  =  l?Dec 85 ,  3  =  02  Jan 86 ,  4  =  15  Aug 85 ,  5  =  05  Sept  86 ,  5  =

26 Sept  86 .
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4.0 In Situ Settlement Patterns of Gametophytes Standing Stock

4.1 In t roduct ion

Standing s tocks of  gametophytes are dependent  on the rate at  which gametophytes

se t t l e  on to  the  bo t tom and  the  ra te  a t  wh ich  they  su rv i ve .  I n  t h i s  sec t i on ,  we

examine  the  spa t i a l  and  tempona ' l  pa t te rns  o f  va r i ab ' i 1 i t y  i n  se t t l emen t  o f

gamet ,ophytes of  
' lami  

nar i  an a l  gaa (Macrocyst i  s  and Pterygophora)  .  These data wi  I  I

l a te r  be  examined  i n  the  documen t  eva lua t i ng  the  e f fec ts  o f  SONGS in  o rde r  t o  assess

the impor tance of  gametophyte set t lement  pat , terns on the event ,ua l  pat terns of

rec ru i tmen t  by  v i  s i b le  
' l i f e  

s tages .

4.2 Methods

Fros ted  g lass  m ic roscope  s l i des  (25  cm x  7 .5  cm)  were  p laced  a t  s ta t i ons  i n  SOK

and SMK for  Z-wk per iods at  approx imate ' ly  month ly  jn terva ls  between November 1985

and  Ju l y  1986 .  A  to ta l  o f  8  s l j des  were  p laced  a t  each  s ta t i on ,  du r ing  each  samp ' l i ng

pe r iod .  The  s l ' i des  were  a t tached  to  10  cm x  30  cm p lex ig ' l ass  p la tes  wh ich  were

secu red  to  90  l b  cemen t  bag  anchors  and  s tee l  ba r  c ross  members  us ing  p las t i c  cab le

t i es  (F ig .  3 .2 ,  p .  3 -17 ) .  The  s ' l j des  were  co l l ec ted  a f te r  2  weeks  and  re tu rned  to

the  l abo ra to ry  fo r  cu l t u re .  0ccas iona ' l 1y  some s ' l i des  were  l os t  and  as  few  as  5  o f

the 8 s i  ' ides were co l  
' lec ted ' in  some cases .  Cul  tur i  ng to  the sporophyte s tage v{as

necessa ry  because  zoospores  o r  gametophy tes  o f  l am ina r ian  a ' l gae  cou ld  no t  be

d is t i ngu i shed  f rom those  o f  o the r  sma ' |1  a ' l gae .

S l i des  l ve re  cu l tu red  i n  t he  l abo ra to ry  acco rd ing  to  p rocedures  ou t l i ned  i n

Sec t i on  3 .2 .  A f te r  3  weeks  i n  cu l tu re ,  t he  s l i des  were  removed  and  the  en t i re  upper

su r face  a rea  o f  each  s l i de  (1875  mmz)  was  examined  under  a  d i ssec t i ng  m ic roscope  a t

20X .  A l l  a l l  v i s i b l e  spo rophy tes  we re  coun ted .  Fo r  conven ience  i n  coun t , ' i ng ,  s l i des
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were  d i v ' i ded  i n to  3  equa l  sec t i ons  and  coun ts  were  made  in  each  sec t i on .  0n

occas ion  ( co l l ec t i on  o f  10  Ap r i l  1986 )  dens i t i es  we re  so  h i gh  t ha t  subsamp l i ng

requ i red .  The  subsamp ' l i ng  cons i s ted  o f  coun t i ng  spo rophy tes  i n  twe lve  15

quadra ts ,  samp led  randomly  on  each  s l i de .

S l i des  were  p ' l aced  a t  each  o f  5  s ta t i ons :  SMK45 ,  S0KU45 ,  S0KU35 ,  S0KD45 ,  and

SOKD35  (  see  F ig .  3 .  1 ,  p .  3 -13  th ru  3 -15 )  .  A t  s i  t es  where  the re  r ve re  adu l  t

spo rophy tes  o f  Mac rocys t i s  p resen t  (SMK45 ,  S0KU45 ,  and  50KD45) ,  s l i des  were  p ' l aced

a t  t he  edge  o f  an  a rea  c lea red  o f  ke lp ,  app rox ima te ' l y  40  m2  ' i n  s ' i ze ,  and  w i th in  10  m

of  an adul t  Macrocyst is .  There were no adul t  sporophytes wi th in  50 m of  the S0KU35

and  S0KD35  s i t es ,  and  adu ' l t s  were  ve ry  sca rce  w i th in  100  to  150  m o f  t hese  s ta t i ons .

Ana lyses  o f  va r i ance  were  used  to  tes t  t he  hypo thes i s  tha t  dens i t f es  o f

spo rophy tes  on  the  s l i des  d id  no t  d f f f e r  among  loca t i ons  ( s ta t i ons )  and  t imes

(co l l ec t i on  da tes ) .  A  two-way ,  f i xed -e f fec t  mode l  was  used .  A l l  dens i t i es  were

1og- t ransformed f ln  (counts per  s l ' ide + 1)  /  area of  s l  ideJ .  0ne-way ana' lyses of

va r iance  and  Duncan ' s  mu l t i p le  range  tes ts  (SAS,  l g82 )  were  used  to  tes t  f o r

d i f f e rences  among  loca t i ons  w i th in  a  g i ven  t ' ime  and  among  t imes  w i th in  a  g i ven

I  oca t i  on  .

We examined the re la t ionship between set t jement  and phys ica l  factors  by mul t ' ip1e

reg ress ion  o f  spo rophy te  dens i t y  w i th  i r rad iance ,  t empera tu re ,  and  max imum wave

he igh t .  These  phys i ca l  f ac to rs  were  chosen  because ,  i n  t he  l abo ra to ry ,  zoospore

re lease ' i s  i n i t i a t ed  by  s to r i ng  spo rophy ' l 1s  i n  co ld  and  da rkness .  A l so ,  spo re

re l ease  seems  fac i l i t a t ed  by  t he  rough  hand l i ng  o f  spo rophy l l s ,  sugges t i ng  t ha t  t he

mechan i ca l  ac t i on  o f  waves  may  cause  re l ease  i n  t he  f i e l d .  Me thods  used ' i n  t he

measu remen t  o f  phys i ca l  f ac to r s  and  i n  r eg ress ion  ana l yses  a re  g i ven  i n  Append i ces  C

one

was

mtn2
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and  D ,  respec t i ve l y .  Log - t rans fo rmed  va lues  o f  mean  spo rophy te  dens i t y  on  s ' l ' i des

[ tn  t coun ts  pe r  s ' l i de  +  1 )  /  a rea  o f  s l i de ]  were  used  as  the  dependen t  va r iab le .

Log - t rans fo rmed  va lues  o f  mean  i r rad iance ,  mean  tempera tu re ,  and  max imum wave  he ' i gh t

obse rved  i n  the  2 -week  exposu re  pe r iod  were  used  as  i ndependen t  va r i ab les .

4 .3  Resu l t s

Dens i t ' i e s  o f  spo rophy tes  on  s l i des  va r i ed  s ' i gn i f i can t l y  among  l oca t i ons  and

t imes  (Tab1e  4 .1 )  and  showed  marked  seasona l  f l uc tua t ' i ons  a t  a l l  s ta t i ons  peak ing  i n

la te  Feb i "ua ry  o r  Ap r i l  (F ig .  4 .1  and  Tab ie  4 .2 ) .  A t  t he  t ime  o f  peak  abundance  a t

mos t  s i t es  (Ap r i l  1986 ) ,  dens i t , i es  d i f f e red  s ' i gn i f i can t l y  among  s i t es  and  were

ordered as SMK45 > S0KU45 > S0KU35 > S0KD45 > S0KD35 (Table 4.3) .  SMK45 showed a more

peaked  d i s t r i bu t i on  than  the  o the r  s i t es "  A t  t he  SOK s ta t i ons ,  dens i t i es  were

genera l l y  h igh  th roughou t  t he  pe r iod  f rom la te  Feb rua ry  th rough 'ea r l y  May  wh i l e  a t

SMK45 ,  dens i t i es  were  l ow  in  l a te  Feb rua ry ,  i nc reased  marked ly  i n  Ap r i l ,  and

dec l i ned  rap id l y  ' i n  May .  Ex t reme ly  l ow  abundances  were  obse rved  a t  a l l  s i t es  i n  l a te

May through August ,  wi th  no sporophytes observed in  June at  SMK45 and S0KD45.

The peak in  gametophyte set t lement  fo l lowed a per iod of  poor  underwater

v i s ib i l i t y  and  l a rge  swe l l s  t ha t  occu r red  i n  l a te  Feb rua ry  1985 .  Sporophy te

dens i t i es  on  s l i des  were  nega t i ve ' l y  co r re la ted  w i th  i r rad iance  ove r  t he  2 -week

ou tp lan t  pe r iod  (Tab1e  4 .4 ) .  Ne i the r  max imum wave  he igh t  no r  t empera tu re  exp la ined

a  s i gn i f i can t  p ropo r t i on  o f  t he  va r i ab i l i t y  i n  se t t l emen t .  The  re l a t i onsh ip  be tween

i r rad iance  and  se t t l emen t  was  weak  and  resu l ted  p r imar i ' l y  f rom on ly  a  few  ins tances

o f  h i gh  se t t l emen t  a t  j ow  i r r ad iance  l eve ' l s  (F i g .  4 .2 ) .
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4 .4  D iscuss ion

The  d i s t r i bu t i on  o f  spo rophy te  dens i t i es  on  s l i des  i nd i ca tes  t ha t  e i t he r  spo re

re lease ,  se t t l emen t ,  o r  su rv i va l  ra te  o f  new ly  se t t l ed  spo res  o f  l am ina r ian  a ' l gae

was  h i ghes t ' i n  l a t e  w in te r :  ea r l y  sp r i ng  (Feb rua ry  t h rough  ea r l y  Ap r i l )  a t  mos t

s j t es .  I n  sp i te  o f  ou r  ab i l i t y  t o  re lease  spo res  f rom Macrocys t i s  i n  t he  l abo ra to ry

a t  a l l  t imes  o f  t he  yea r ,  i t  i s  ev iden t  t ha t  spo res  d id  no t  se t t l e  i n  equa l  numbers

be tween  November  1985  and  Augus t  1986 .  Coup led  w i th  the  re ia t i ve l y  sho r t - l i ved

na tu re  o f  gametophy tes  i n  s i t u  (Sec t i on  3 .4 ) ,  t h i s  sugges ts  tha t  rec ru i tmen t  o f

l am ina r ians  i s  a t  t imes  res t r i c ted  by  the  number  o f  ava i l ab le  gametophy tes .  h le

could not  establ  i  sh in  these studids whether  the sporophytes observed were

Macrocys t i s  o r  o the r  l am ina r ian  a lgae  (P te rygophora  o r  Lamina r ia ) ,  bu t  t he  l ack  o f

sporophytes observed in  fa l l  o f  1985 and summer of  1985 suggests that  there were few

game tophy tes  o f  any  l am ina r i an  spec ies  se t t l i ng .

The  spa t i a ' l  pa t te rns  o f  abundance  o f  spo rophy tes  on  s l i des  was  no t  s t r i c t l y

assoc ' i a t ed  w i t h  t he  dens i t i es  o f  su r round ing  adu l t  p l an t s .  A l t hough  peaks  i n

abundance  were  h ighes t  a t  SMK where  adu l t  dens i t i es  were  h ' i ghes t ,  we  a l so  obse rved

re lat ive ly  h igh abundances of  sporophytes at  S0KU35 where there were few adul ts

nea rby .  l dh f  
' f  
e  o the r  s tud ies  i nd i ca te  tha t  d i  spe rsa l  ab i  I  i t i es  o f  spo res  a re

res t r i c ted  du r ing  t imes  o f  t he  yea r ,  t h i s  d ' i d  no t  appear  to  l im i t  d i spe rsa ' l  i n

w in te r  1986 .  Over  the  pe r iod  f rom Februa ry  th rough  Apr i1 ,  app rox ima te l y  t he  same

numbers of  sporophytes were observed at  S0KU35 (where adul ts  were scarce)  as at

S0KU45  and  S0KD45  (where  adu l t s  were  abundan t )  (Tab le  4 .3 ) .

The  nega t i ve  come la t i on  be tween  i r rad iance  and  dens i t i es  o f  spo rophy tes  on

s l i des  sugges ts  tha t  l ow  l i gh t  l eve l s  may  p romote  zoospore  re lease .  l de  do  no t  know

whe the r  t h i s  was  a  causa t i ve  re l a t i onsh jp  o r  whe the r  pe rhaps  a  seasona l  cyc l e  i n
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I
zoospo re  p roduc t i on  happened  t o  co inc i de  w i t h  a  pe r i od  o f  l ow  f i gh t  i n  1986 .  Wh i l e

l ow ' l i gh t  may  p romo te  t he  re l ease  o f  zoospo res ,  i t  i s  a l so  appa ren t  t ha t  t he

condi  t ' ion of  the sporophyl  
' l  

s  var ies over  t i  me.  Large sporophyl  I  bundl  es wi  th  dark

so r i  we re  mos t  ev iden t  a f te r  pe r iods  o f  upwe l i i ng  tha t  se rved  to  p romote  the  g rowth

o f  adu l t  spo rophy tes .  S t rong  zoospore  re lease  i s  t he re fo re  p robab ly  a  func t i on  o f

the  p rev ' i ous  g rowth  cond i t i ons  o f  adu l t  spo rophy tes  i n  comb ' i na t i on  w ' i t h  such

po ten t i a l  f ac to r s  such  as  l ow  l i gh t  l eve l s  o r  s t o rm  ac t i v i t y .
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Tab l  e  4 .1

t ime and

and SMK.

Two-way,  f ixed-ef fect

l oca t i on  on  t he  dens i t i es

ana ' l ys i  s  o f  va r i  ance  exami  n i  ng  the  e f  f ec t s  o f

o f  gametophy tes  se t t l i ng  on  g lass  s l i des  a t  SOK

Time
Locati on
T i me* Locat i on

SOURCE DF Type I I i  SS

1032.  13
296 .04
461  .35

F va lue  PR>F

615.73  0 .0001
397.37  0 .0001
70 .77  0 .0001

9
4

35
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F igu re  4 .1  Mean  dens i t y  (# /nn2 )  o f  spo rophy tes  on  g lass  s l i des .  S l i des  were

co l l ec ted  a f te r  2  weeks  exposu re  a t  va r i ous  s i t es  i n  SOK and  SMK,  and  cu l tu red  fo r  3

weeks  i n  t he  l abo ra to ry  p r i o r  t o  coun t i ng .  Co l l ec t i on  da tes  a re  shown  on  the  x -

ax i  s .
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Figure 4.1
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F igu re  4 .2  Re la t i onsh ip  be tween  1og - t rans fo rmed  dens i t i es  o f  spo rophy tes  on  g ' l ass

s l i des  ( co l l ec ted  a f te r  2  weeks  exposu re  and  then  cu l tu red  fo r  3  weeks ' i n  t he

laboratory)  vs the log of  the mean i r rad iance averaged over  the 2-week exposure

per i  od.
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5.0 Standing Stock of Microscopic Stages of Kelp on Natural Substrates

5.  t  In t roduct ion

Gametophy te  and  m ' i c roscop ic  spo rophy te  l i f e  s tages  o f  ke lp  a re  no t  eas ' i ' l y

d i s t i ngu ' i shed  f r om sed imen ts  and  o the r  a l gae  i n  t he  f i e l d .  As  a  resu l t ,  l i t t l e  i s

known  o f  t he  d i s t r i bu t i on  o f  t hese  i i f e  s t ages  (e i t he r  t empo ra l  o r  spa t ' i a1 )  w i t h i n

ke ip  f o res t s .  Know ing  t hese  d i s t r i bu t ' i on  pa t t e rns  i  s  impo r tan t  ' i n  two  ways .  F i r s t ,

i n  o rde r  t o  i n t e rp re t  t he  causes  f o r  t empo ra l  and  spa t i a l  d i s t r i bu t ' i ons  o f

mac roscop i c  r ec ru ' i t s .  Second ,  t o  es tab l i sh  whe the r  t hese  pa t t e rns  resu l t  f r om

gametophy te  ava i l ab ' i 1 i t y  o r  f rom subsequen t  spo rophy te  p roduc t i on  and  su rv ' i va l .

Here ,  we exami ne the d i  s t r i  but i  on pat tern s  of  gametophytes and mi  croscopi  c

spo rophy tes  o f  l am ina r i an  a ' l gae  on  cobb le  subs t ra tes  co l l ec ted  f r om va r i ous  s i t es  i n

SMK,  SOK,  and  BK .

5.2 Methods

Cobb les ,  measu r i ng  app rox ima te l y  6  t o  10  cm i n  d i ame te r ,  we re  co l l ec ted  f r om

va r i ous  f i e l d  s i t es  i n  SOK.  SMK,  and  BK  (BK)  on  14  occas jons  be tween  March  1985  and

Ju l y  1986 .  F i ve  rep ' l i ca te  cobb les  we re  co l l ec ted  f r om each  s ta t f on .  Cobb les  we re

p iaced  i n to  259 .  p las t i c  bucke ts ,  b rough t  t o  the  su r face ,  and  re tu rned  Lo  the

labo ra to r y  co ld  r oom fo r  cu l t u re .  Cu ' l t u re  cond j t i ons  we re  as  desc r i bed  f o r  s l i des  i n

Sec t i on  3 .2  excep t  t ha t  cu l t u res  we re  ma in ta i ned  i n  259 .  t r ash  cans .  Cobb les

rema ined ' i n  cu l t u re  f o r  a  pe r i od  o f  app rox ima te l y  3  weeks  (19  t o  22  days ) .  A

sepa ra te  t r ash  can  cu l t u re  was  ma in ta i ned  f o r  each  g roup  o f  5  cobb ' l es .

The  f i r s t  5  co l l ec t i ons  o f  cobb les  made  be tween  March  1985  and  Sep ten rbe r  1985

were  p re f  im ' i na ry  su rveys  t o  exam ine  t he  f eas ib i l i t y  o f  t he  samp ' l i ng  and  cu l t u re

me thod .  i n  each  su rvey ,  cobb les  we re  co l l ec ted  f r om SMK,  S0KU and  50KD.  Cobb les
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were  a l so  co l ' l ec ted  a t  BK  in  June  and  Sep tember  1985 .  f he  exac t  samp l ing  l oca t i on

d i f f e red  among  these  ea r ' l y  su rveys  (Tab le  5 .1 ) .  I n  o rde r  t o  s tandard i ze  the

samp l ing  p rocedure  and  to  max im ize  the  l i ke l i hood  o f  f i nd ing  gametophy tes ,  we

se lec ted  cobb les  tha t  were  no t  ove rg rown  w i th  i nve r teb ra tes  o r  o the r  a lgae  and  tha t

were  l oca ted  w i th in  1  m o f  an  adu l t  p ' l an t .  I n  each  o f  t he  9  subsequen t  su rveys

conducted at  approx imate ly  month ly  in terva ' ls  between November 1985 and Ju ly  1986,

cobbles were co l lected f rom stat ions used for  gametophyte set t lement ,  gametophyte

ou tp l an t ,  and  spo rophy te  ou tp l an t  s t ud ies  ( see  Sec t i ons  3 .0 ,6 .0  and  7 .0 ) :  S0KU45 ,

S0KD45 ,  S0KU35 ,  S0KD35 ,  and  SMK45  (F ig .  5 . i ) .  The  o f f sho re  s i t es  a t  SOK and  SMK

(S0K045,  S0KU45,  and SMK45) were located near  the edges of  patches of  adul t

Mac rocys t i s .  The  a rea  immed ia te l y  sun round ing  each  co l l ec t i on  s i t e  was  c lea red  o f

adu l t  ke lp  and  unders to ry  a lgae  (Cys tose i ra ,  P te rygophora ,  and , { c roso r ium)  i n

November 1985 and kept  c lear  of  net {  recru i ts  by removing them approx imate ly  month ly .

The  nea res t  adu l t  p lan ts  were  7  m away  f rom each  o f f sho re  co l l ec t i on  s i t e .  A t  t he

insho re  s ta t i ons  (S0KU35  and  S0KD35)  the re  was  essen t i a l l y  no  adu l t  ke lF ,  w i th  the

neares t  adu l t s  p lan ts  l oca ted  more  than  50  m away .

Cobb les  were  co l l ec ted  f ron  seven  add i t i ona l  s ta t i ons  i n  November  1985 ,

Februa ry  1985 ,  and  May  1986 ,  i n  o rde r  t o  more  c lose l y  examine  spa t i a l  pa t te rns  o f

gametophyte abundance and to determine the ef fects  of  densi t ies of  adul t  Macrocyst ' is

on  gametophy te  s tand ing  s tock  (F ig .  5 .1 ) .  A t  3  o f  t hese  s ta t ' i ons  (S0KU45CL,

S0KD45CL,  and SMK45CL) adul t  Macrocyst i  s  and understory a ' lgae (Cystosei ra

P te rygophora ,  and  Ac roso r ium)  were  c lea red  w i th in  a  15  m rad ius  o f  t he  co l l ec t i ng

s i tes ' i n  0c tobe r  1985 .  A t  t he  th ree  canopy  s ta t i ons  (S0KU45CN,  S0KD45CN,  SMK45CN) ,

no  c lea r ings  were  made  and  the re  were  adu l t  ke lp  w i t , h in  seve ra l  me te rs  o f  t he

co l l ec t i on  s i t es .  Cobb les  we re  a l so  co l l ec ted  f r om 8K45 .  The re  we re  no  adu l t

Mac rocys t i s  w i t h i n  50  m  o f  ou r  co l l ec t i on  s i t e  and  t he  nea res t  canopy  o f  adu l t  ke l p

was approx ' imate iy  11 km away at  SOK.
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Stat ions label led S0KDCN2 and S}{KCN2 were used in place of  S0KD45CN and

SMKU45CN dur ing  the  November  1985 co l lec t ion  (Tab1e 5 .1) .  These pa i rs  o f  s ta t ions

were  in  c lose  prox imi ty  to  one another  w i th ' in  the i r  respec t ive  ke lp  fo res ts  and,

there fore ,  and the  canopy s ta t ions  a t  S0KU or  SMKwere  cons idered as  equ iva len ts  fo r

s ta t i s t i ca l  punposes .  For  conven ience sake,  the  s t ,a t ion  names fo r  S0KDCN2 and

SMKCNZ were  re labe l led  as  S0K045CN and SMK4SCN in  tab les  o f  s ta t i s t i ca l  ou tou t .

Cobb les  co l l ec ted  i n  Ap r i l  1985  had  l a rge r  spo rophy tes  than  wou ld  be  expec ted

i f  a l l  we re  gametophy tes  a t  t he  beg inn ing  o f  t he  l abo ra to ry  cu l tu re  pe r iod .  We

suspec ted  tha t  m ic roscop ic  spo rophy tes  were  p resen t  when  cobb les  were  co l l ec ted  and

as  a  resu l t ,  we  co l l ec ted  5  add i t i ona l  cobb les  f rom each  s ta t i on  beg inn ing  ' i n  May

1986  and  examined  these  fo r  spo rophy tes  w ' i t hou t  cu l t u r i ng .  The  uncu l tu red  cobb les

were kept  in  f i l tered seavtater  in  the laboratory and exam' ined wi th in  severa l  days of

co l l ec t i on .  No  a t tempt  was  made  to  ob ta in  quan t i t a t i ve  es t ima tes  o f  mean  s i ze  o f

spo rophy tes  on  uncu l tu red  cobb les ,  bu t  no tes  were  kep t  as  to  app rox ima te  mean  s i ze

and  max imum s i ze  o f  spo rophy tes  on  each  cobb le .

Both cu l tured and uncul tured cobbles were exam' ined at  8  to  20x under  a

d i ssec t i ng  m ic roscope  and  a ' l l  v i s i b ' l e  spo rophy tes  were  coun ted .  The  pe r ime te r  o f

each cobble was then t raced and the approx imate sur face area of  the cobble

de te rm ined  us ing  a  p l an ime te r .  Va r i ous  spec ies  o f  l am ina r i an  a l gae  (o f  wh i ch

Macrocys t i s  py r i f e ra ,  P te rygophora  ca l i f , o rn i ca ,  and  Lamina r ia  fa r l ow i i  a re  found

loca l l y )  a re  i nd i s t i ngu i shab le  f r om one  ano the r  when  ve ry  sma11 .  As  a  resu l t ,  t he

numbers  o f  spo rophy tes  coun ted  rep resen t  t he  sum o f  a l l  l am ina r ian  a lgae  p resen t  on

cobb l  es  .





Ana lyses  o f  va r i ance  were  used  to  tes t  t he  hypo thes ' i s  t ha t  dens i t i es  o f

spo rophy tes  d i f f e red  among  loca t i ons  ( s ta t i ons )  and  t imes  { co l l ec t i on  da tes ) .  A

two-way,  f ixed-ef fect  model  was used.  A l  I  densi t ies were loge t ransformed

( ' l n (# /100  cmz  +  0 .0 i ) ) .  The  cons tan t  o f  0 .01  was  chosen  s i nce  i t  app rox ima ted

rep resen ted  the  l owes t  non -ze ro  dens i t y  ob ta inab le .  0ne -way  ana ' l yses  o f  va r i ance

and  Duncan ' s  mu l t i p ' l e  range  tes ts  were  used  to  examine  d i f f e rences  among  ioca t i ons

w i th in  a  t ime  and  among  t imes  w i th in  a  l oca t i on .  Separa te  ana lyses  were  pe r fo rmed

fo r  t he  f i ve  p re l im ina ry  co l l ec t i ons  made  be tween  March  and  Sep tember  1985 ,  f o r

those co l lect ions made between November 1985 and Ju ly  1985 f rom 5 designated s i tes,

and for  the 3 dates (Nov 1985,  Feb 1986,  and May 1986)  when cobb' les were co l lected

f rom 12  s i t es .

We a lso tested the hypothes ' is  that  densi ty  of  surrounding adul ts  af fected

gametophyte s tanding s tock,  us ing a nested ANOVA. The d i f ferences among 4 d i f ferent

adul  t  dens ' i ty  groups and three s tat i  ons wi th i  n  these groups were exami ned.  The

groups  i nc luded :  (1 )  canopy  s ta t i ons  w i th  h igh  dens i t i es  o f  adu l t s  nea rby  (S0KD45CN,

S0KU45CN,  SMK45CN) ,  (2 )  c lea red  canopy  s ta t i ons  w i th  h igh  dens i t i es  o f  adu ' l t s  bu t  no

adu l t s  i n  c lose  p rox im i t y  t o  ou r  samp l ing  s i t es  (S0KD45CL,  S0KU45CL,  and  SMK45CL) ,

3 )  c lea red  edge  w i th  modera te  dens i t ' i es  o f  adu l t s ,  and  adu l t s  w i th in  7  m o f  t he

co l ' l ec t i on  s i t e  (S0K045 ,  S0KU45 ,  and  SMK45) ,  and  (4 )  a reas  w i th  no  adu l t  ke lp  w i th in

50 m (S0KD35,  S0KU35,  and BK45).  Separate ana ' lyses were per formed for  each of  the 3

t imes  (November  1985 ,  Feb rua ry  1985 ,  and  Ju l y  i 986 )  t ha t  a l l  o f  t hese  s ta t i ons  were

samp I  ed.

5.3  Resu l ts

Gametophy te  s tand ' ing  s tock ,  as  ind ' i ca ted  by  dens i t ies  o f  sporophy tes  on  cobb les

tha t  were  cu l tu red  in  the  labora tory  var ied  among t imes ( in  a l l  ana lyses)  and among
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l oca t ions  ( in  a l l  bu t  the  p re l im inary  samp l ing  in  1985 ,  Tab le  5 .2 ) .  Dens i t i es  a t

most  s i tes  fo l ' l owed a  d is t inc t  seasona l  t rend w i th  peaks  occur r ing  in  la te  February

to  Apr i l  and  nad i rs  occur r ing  in  summer  and  fa l l  (F ig .  5 .2 ,  and  Tab les  5 .3  and  5 .4 ) .

Peaks general ly appeared later at  S0KD35 and S0KD45 than at  SMK45 and S0KU stat ' ions.

Spat ia l  pa t te rns  var ied  among the  t imes.  In  the  27  February  i985 co l iec t ion ,

densi t ies among the 5 s i tes which were sampled monthly were ordered as SMK > S0KU45 >

S0KU35 >  S0KD45 >  50KD35 (Tab ' le  5 .5 ) .  By  Apr i l  10 ,  there  were  no  s ' ign i f  i can t

d i f fe rences  among these s i tes  and a l l  had  mean dens i t ies  g rea ter  than 100/cm2.

Cobb les  co l l ec ted  w i th in  c lose  p rox ' im i t y  t o  adu l t s  genera l l y  had  h ighe r

densi t ' ies  of  gametophytes than those co l lected f rom stat ions where there were few

adu l t s  (Tab1e  5 .5 ) .  However ,  t he  deg ree  o f  e f fec t  changed  w i th  t fme ,  p robab ly  as

the  resu l t  o f  va r i ab i l i t y  i n  wave  ac t i on .  I n  a  ca lm  pe r i od  j n  November ,  dens i t i es  o f

sporophytes were ext reme' ly  low at  s tat ions where there were few adul ts  nearby.

Fo l l ow ing  i n tense  s to rms  in  Feb rua ry ,  on l y  s i t es  tha t  were  50  m o r  more  f rom adu l t

sporophytes ( the zero densi ty  group)  had gametophyte densi t ies that  were

s ign i f i can t l y  l ower  than  a t  s ta t i ons  where  the re  were  h igh  dens i t , i es  o f  adu l t s .  A t

the  same t ime ,  s ta t ' i ons  i n  SOK re la t i ve l y  d i s tan t  f rom adu l t s  (S0KU35) ,  had  h ighe r

densi t ies of  sporophytes than some stat ions which were located nearer  to  s tands of

adu l t  ke lp  (S0KD45) .  By  May  1985 ,  du r ing  ano the r  re la t j ve1y  ca lm pe r iod ,  dens i t ' i es

of  gametophytes on cobbles were once again ordered accord ing to  nearby adul t

dens i t i es  (Tab le  5 .6 ) .

M ic roscop ic  spo rophy tes  began  to  appear  on  uncu l tu red  cobb les  i n  Ap r i ' l  sho r t l y

af ter  peaks ' in  abundances of  gametophytes.  Densi t ies of  sporophytes d i f fered among

loca t i ons  and  t imes  (Tab le  5 .7 ) .  H ' i ghes t  dens i t i es  we re  obse rved  i n  t he  co l i ec t i ons

o f  May  1986  (F ig .  5 .3 ) ,  bu t ,  d i f f e rences  among  t ' imes  w i t h i n  a  s ta t i on  we re  gene ra l l y





no t  s i gn i f i can t  a t  P<0 .05  (Tab1e  5 .8 ) .  Dens i t i es  o f  spo rophy tes  dec l i ned  a f t e r  May

as  spo rophy te  s i ze  i nc reased .  We d id  no t  measure  a l l  o f  t he  spo rophy tes  on  cobb les ,

but  noted approx imate average and maximum s izes per  cobble.  From 05 l t lay unt i l  25

Ju ' l y  1986 ,  ave rage  spo rophy te  l eng th  i nc reased  f rom approx ima te l y  0 ,5  mm to  be tween

5  and  10  cm,  and  the  max imum leng th ' i nc reased  f rom 6  mm to  17  cm.

Pa t te rns  o f  spo rophy tes  on  uncu l tu red  cobb les  d i f f e red  marked ly  f rom 
:h .

pat terns observed for  gametophytes (as ' in fer red f rom data on cu1tured cobbles and

se t t l emen t  s l i des ,  F i g .5 .3 ) .  I n  May  1986 ,  dens i t i es  o f  spo rophy tes  on  uncu l t u red

cobb les  we re  h i ghes t  a t  S0KD45  and  SMK45  (Tab1e  5 .9  and  F ig .5 .3 ) .Ve ry  f ew

sporophytes wene observed at  S0KU45 aqd a lmost  none were observed at  S0KU35,  even

though gametophyte densf t ies were h igh at  these two stat ions.

5 .4  D iscuss ion

Spa t ia ' l  and  tempora l  pa t te rns  o f  abundance  o f  spo rophy tes  on  cobb les  cu l tu red

in  the  l abo ra to ry  were  s im i l a r  t o  pa t te rns  obse rved  on  s l i des  used  fo r  t he

est imat ion of  spore set t lement .  Peaks in  sporophyte abundance on both substrates

occu r red  i n  l a te  Feb rua ry  to  Ap r i i ,  du r i ng  wh ich  t ime  the  dens i t i es  o f  spo rophy tes

a t  d i f f e ren t  l oca t i ons  were  o rde red  as  SMK >  SOKU s i tes  >  S0KD s ta t i ons .  These

s im i la r i t i es  i nd i ca te  tha t  pa t te rns  i n  s tand ing  s tocks  o f  gametophy tes  on  na tu ra l

subs t ra tes  a re  de te rm ' i ned  l a rge l y  by  pa t te rns  o f  se t t l emen t  o f  spo res  o r  su rv i va l  o f

gametophytes shor t ly  a f  ter  set t l  ement .  There was no ' i  nd i  cat ' ion of  accur i ru l  a t i  on of

gametophy tes  on  cobb les .  Ra the r ,  gametophy te  s tand ing  s tock  on  cobb ies  dec l i ned

when  se t t l emen t  dec l i ned  and  a l so  was  nea r  ze ro  a t  t ' imes  when  se t t l emen t  was  nea r

ze ro .  Th i s  co r robo ra tes  ou r  o the r  obse rva t i ons  and  expe r imen ts  (Sec t i on  3 .0 )  wh ich

ind i ca te  t ha t  game tophy te  s tages  a re  no t ' l ong -1 i ved  i n  s i t u .  The  da ta  f r om cobb les

co l l ec ted  and  l a te r  cu l t u red  a l so  ag ree  w i t h  t he  se t t l emen t  da ta  i n  sugges t i ng  t ha t
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a t  t imes  o f  peak  gametophy te  abundance  i n  l a te  w in te r  1986 ,  p ropagu ' l es  o f  l am ina r ian

a lgae  were  w ide ' l y  d i spe rsed  and  were  re la t i ve l y  abundan t  a t  mos t  s ta t i ons  ( i nc lud ing

S0KU35)  even  though  dens i t ' i es  o f  su r round ing  adu l t  spo rophy tes  were  somet ' imes  l ow .

Peaks  i n  spo rophy te  dens i t y  on  uncu l tu red  cobb les  fo l l owed  peaks  i n  gametophy te

densi ty  by approx imate ly  1 to  3 months.  I t ,  appears that  most  o f  these sporophytes

were  p roduced  f rom spo res  (and  subsequen t l y  gametophy tes )  wh ich  se t t l ed  on to  the

cobbles between la te February and Apr i1 .  Very few sma' l l  sporophytes were observed

a f te r  June ,  f o ' l l ow ing  a  sha rp  dec l i ne  i n  t he  nu rnbe r  o f  gametophy tes  found  on  bo th

s l i des  and  cu l tu red  cobb les  i n  May .  Thus ,  i t  appears  tha t  t empora l  pa t te rns  i n  t he

success fu l  rec ru i tmen t  o f  spo rophy tes  was  gove rned ,  i n  pa r t ,  by  the  ava i l ab i l i t y  o f

gametophy tes .

Very d i f ferent  spat ia l  pat terns were observed for  sporophytes on uncul tured

cobb les  vs  gametophy tes  on  bo th  s l i des  and  cu l tu red  cobb les .  Dens i t i es  o f  bo th

gametophy tes  and  spo rophy tes  were  s im i l a r l y  h igh  a t  SMK,  bu t  spa t ' i a ' l  pa t te rns  w i th in

SOK d i f f e red .  H ighe r  dens i t i es  o f  gametophy tes  were  obse rved  a t  SOKU s i tes  wh i l e

h ' i ghe r  dens i t i es  o f  spo rophy t ,es  were  obse rved  a t  SOKD s i tes .  C lea r1y ,  a  l ack  o f

recru i tment  of  sporophytes at  S0KU was caused by e i ther  a lack of  product ' ion of

sporophytes f rom gametophytes or  poor  surv iva l  o f  mfcroscopic  sporophytes,  and not

by  a  l ack  o f  ava i l ab ' i l i t y  o f  gametophy tes .  Good  spo rophy te  rec ru i tmen t  occu r red  a t

SOK j  n  sp i  te  of  poor  gametophyte set t ' l  ement  and resul  ted f  rom except ' iona ' l  1y good

sporophy te  p roduc t i on  and  su rv j va ' l  .  (Th i s  d i scuss ' i on  w i l l  be  pe rsued  fu r the r  i n  a

documen t  eva lua t i ng  the  e f fec ts  o f  SONGS) .
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Tab' le 5.2 Resu' l ts of  tvro-way, f  ixed-ef fect  ANOVA comparing sporophyte densi t ies on

cobb les  co l lec ted  f rom d i f fe ren t  loca t ions  (s ta t ions)  and t imes (co l lec t ion  da tes) .

A1l  cobb' les were cul tured in the laboratory for  3 weeks. Separate analyses were

performed for cobbles col lected between March 1985 and September 1985 at  2 SOK and L

SMK stat ion,  between November 1985 and July 1986 at  4 SOK and L SMK stat ions,  and in

November 1985, February 1986, and May 1986 at  8 S0K, 3 SMK, and 1 BK stat ion.

15 March 1985 to 03 Seotember 1985 -  3 Stat ions

SOURCE DF TYPE I I I  SS F VALUE PR>F

TIME

LOCATION

TIl'IE*LOCATION

3

z
6

114.84

7 .27

8 .45

18 .40

t .73

0.  68

<0 .001

0. 188

0 .659

2l , 'November 1985 to 24 Julv 1986 -  5 Stat ions

SOURCE

TIME 8

LOCATION 4

TIME*LOCATiON 32

TYPE I I I  SS F VALUE PR>FDF
677.75

?5? .00

521 .  16

38.  12
28.  35
7.33

<0.001

<0.001

<0.001

21 Nqve.mber 1985, 27 February 1986,

SOURCE DF TYPE I I i  SS F VALUE PR>F

TIME

LOCATION

TIME * LACATiON

2
9

i8

344.t7

5?3 . t7

550 .92

68.  54
23.  15
L2.19

<0.001

<0.001

<0.001

o
5-9





tn (\ g\ 1.^ s\
€ c o ( o c o €

F  < A = = U J

o  rn ( vo rv ) ( t
( J  F ( \ t F ( \ I O

6

O L
o o
+ ) L

E E L
o o
L + r b
o c ( F
q o ' -
' . 9 !

( F b l )

o . - o

ot
A I E
* tt,
* 'lC
e ;
o o l t

+ . G

o c l { ]

\ E
r t g o

o
+r

o o ( !
o < E
{ r o

z,
6 < O
o >
l t ( E v

>
E , o
o o c
E C o
L o o )
O E

O . q -

a E o
L . - O
} r r r O .
r ( g =
g r o o
o o L

Ol

. E ( E
L o o
o t -
e 9 1 J
E o c
o ' -
( ) r

tfi o
. t @ L
*' o\ o)
t n ? + J
O t )
+ r c q )

J

o r l ,g o
o + t o
L o Y

0, g)
o

o , o + )
+) (g

tr ag
1l +)

E > q

. o  >  { )

€ o

c > : <

O @ o
( F l C O

o E c .
r A

U r - V
r r o : < a

L E
- o . O * ,
( , , ( E
o o l P
E C ( o

o -
= 4 ' + r
( E ( l ) t r

(r) +) (!
C E O

f n . n E
O ( t s

O - O l
- o c c

( g o E . -
F O ( g U )

Y  Z . O F ( \ I O €
o
O lrl

E  s s $ F o
l l

z ( ,
o z z,-
f -  <A
( ,  z o  < < < c o c a

z, |.rltt\tn!n|n

= !nLntn( \g . \

2 i B\|r1rn|'\

o
I
u\

rnrnU\rn!n
o r o o r o ( o

f J  z , g , J 8 , L
F  = a t < r d

6  O ( \ r v r ! n 6
( )  F O I ( V F O

:< Z ,  CO- \O\O\O
oa u

= r j \ rn: i$(v

z ( f
o = z -
F <o.,
0 ( ) = a
o a G c o t o

l r \ !n !nn tn
o € 6 c o €

f !  E e , z , L J
F  < 4 = L l =

O  r n N O ( v ) ( '
( )  e N e O N

Y Z ,  FFN( ' ) ; f
E
g ) | l l

E  r n u \ : t F F
il

z ( ,
o z

z , -
F  < o -
(J z,o





\o\o\o\o\orn\o\o\o \c,\c)g\
a o € o ( o o c o o € € €  € € o €

f r l  4 f ! > Z . C O > - J > Z  L J  C O > >
F  o - u l < = t ! O > < <  F  l r J < O

O  ( : F € \ O F F $ O \ $ I  O  l s o r e
( )  F G I O O J O N N N C )  O  N $ J N

\o\o\o\o\o\o\o|n\o
a o c o c o o o { o c o 6 0 a o

f r i  @ E > Z J > € > =
F  u J e < = 5 < i ! o <

O  F O € \ O S C I \ F * 6 1
( )  ( \ l FONN( \ JQ( \ l c )

2 , .  O F F ^ l d t f \ ( 1 r ' \ O  =  . ? € $

l4l . UJ
E : t . 3 r r o c ) C ) o o ( )  =  o \ c r d )

Z  $ F f - € O \ \ O c O O O
s N!ntJ\ \o(v)N\ort \5 '
g

E  O \ \ O \ o ( r ) F ) ( n G t F € }

\o\o\o\o\o\o!n\o\o \o\on
€ c o . o c o € € c o 6 d )  o o c o €

f . J  e , > Z > J C O > = €  l !  O > >
F  4 < t < = l r l o < l !  F  l r J < O

o  < ) € o \ o 6 . : f F e ( v F  o  F o \ F
O  F O G I N N ( ) N O N  ( )  o J c l o l

\o€o \
Z .  I n A Q € O F O O O Q  =  ! n | J . \ \ O

lrj . trJ
E  s \ C I  ( \ J F F F O O O  =  \ O $ e

z ,  F € \ o $ t | ' \ 6 \ o o o
g l

E : f $ ( v ) A I F F O O O

Z U\nU\ rn t ' \ i f \ rn ln ln

< c O C O O ( ) ( J ( ) I J L J

= ln tn |J \ rn rn lnd ' \ !n !n

Z t '\rJ1lr166tr1lf ' \ | j ' \rn z  6 !n ( \

< t o @

Z, rJ\lJ\rr\lrl||^tntt\ ll\ d1 z tn( \ ( l

< c 0 c o c o @ @

G'r +J

E >
6 -

+)
o c

o
o
. o ( t s
o -

o ( ' ,
,1, !
o Q )

s

r- +J

o 'lt

C)
t,,\ rn
6  < < < o c o o c o r o r !  s
Y Z - Z
o o
c t t o - y ) 4

[ o [ o
e

z O Z , ( ,
z 2

F

o z o z

5 2 ,

u t o

z,
=

F

O 2

J O

o e
O o

g

.: rr

c o
(l) 0)
lt .)

E E
o
g .

o o
tJ, .-
c -
(E
L ( a
* r c
r 6
g r o

: E

I
rn

| J \ ( J
3 =
o

a a
l l  (,

z
z

F

O Z ,

t- Q.

o . o

o
( ' p
+ ) o
6 ( )
o . -
r r E

o . -
C  t ,
O L
L c )

+,
O + )

o
E J

E O
l , a )- €

< ) -

q - o
o

L

o o
r r q

J O( , ) o
Cl) *,

r n !

. o o
o o v
F O O -

\o \o \o \o \o \o \o !n \o
l r J  € c O { O € € c O O 6 € O
i -  e , > > z  J Z C O > 6

a  < = = - " t 1 t | z t !
c )  O€O\o l  5 \O f \F f \

F O n l O A l N A I A I ( '

J

x z
o
v, tL

2 , ( ,

z
l-

( J z

r A O
aY) z,
a
:< a.

o o

2
o z,
l-

( ) Z

UJ t! UJ lrl lrl

< < C ) ( J  Q
< < o

N ' A A A



o

o

o



\o ln\o
€ c o €

l r J  € > >
F  L t o <

O  F F O \
9  A I N N

lt\ \o \o

l+ l  >>cO
F  O < t r J

O  F O \ F
Q  $ I ( \ l N

z (\d\rn

(rg\ rn U\ rnlntntA!^

< c o c 0 c o ( J ( J

Z co\O c)
lrl
E  O I F N

Z,  - fF \O

trJ
E I\ g\ (r)

z rngl|r\

Z, rnf1ln

z,
z ( )
( J r n
l n ( 9 s ( ,
g = < c o c o Y z < 6 ( J
= t
: < a a / ) o .
( / ) o [ o
f l  g E
z { 9 2 ( ,

z, z,
F

( ) z ( ) z
J O - J O

Gl

I
tn

\O\O|n
coco€

r l J  > o >
F  < r ! o

O  O \ t : e
() (vfiIfl

\o rJ\ \o
c o € €

l r J  CO>>
F  l r J O <

O  F F O \
O  N ( \ I N

€ O A J F
Z  s ! n | l \

lrJ
E  A I N Q

! t | ^ O
O\O N

Z  5 f - 9

KJ
E COINGI

F c " r . o \ O r n € C ) N F
Z  l n o o | \ . ? € r J ' \ N f - N

l r J  O \ O . : f . ! l N F e O O
E

F(oIJ \
z. \orfte

ut
=  F l n O

\o\o\o\o\o\o\o\o l l \
€ o € € a € € @ 6 €

l r J  6cO  t -  >>C-  C  >
F lrl lrJ 0.6 (E = i O O

A  F F O O o \ \ 0 5 N F
( )  O I ( ) F O A t ( \ I ( \ J O N

\o\o tn
€o€ ro

t !  @ > >
F  l r l < O

o l\ o\F
9  N G I N

= lnrng'r = u'\u'\rn

z
tn

z , ( 9
z,

t -
O Z

J

: < z

U ) c ,

2 , 9

z.
F

0 ( ) z ,

o : z

C r n ( ) < < c A i n
s Z s O

+ J O Y Z
c : < o - =

. o 2 . 9
r n z a

F
O < ( ) F

o z

L I A

< c o ( J





. + )
o ) ( E

o + )
( ! ^

o .
o c
o o

L

c + ) o .
o ( g <
O + )
( J | / ) c

lrJ
O rn lntn ln
O : l m . J l n ( v )

. D  O A A A . t )

o ( , E
( / , ( E
o o o
+ I E E

. c a F l . / t
o . o
o o
l l , !

o o o )
o . J >
U ' o

L U \
aF Ol
o >

o -
o + t c
(l) (s O

+ r E

. J ' C ( !

c ) >
l t c o L

L O

o t + ) L
E + t . o
L o q )
O J | !
L
o c ,
L .
( ! >
L * ' E
+, 0)
t o

o o E

o
dr i<
t r ( o ( D

o L
L o . O
( ! >
o ( F
E o ( / ,

o ( , o
6 \  . -

( D e + )
+ r ( t ,
( a p * t
O ( / )

\ O O
o € o
or o\
C F O
t o >
L - F

Q ) L
o.

o-

r o
o

5 V
E E 4
U } ( s r t

( ! C O
o o \
C F r )

o
L C )

( F ( q . -

t . -

+ ) o o l
IA

= o
{ , ) t s
o A ,  l -

t I \ ( , E

( \ o + t
o

(g

( | 3 0
F E

o

I

\O Z, r'\lr\rn!(\rn

o
U
= \o l (a .+J j f

t l

F Z ,

z o

F
o z .
UJ
J O
J Z ,

-J z)  z,
l r J  < )2 .  JO(J  ( )
o  t f \o t l1o |n ( \ !n rn  !n !n
O r l \5 r ' \Su ' \ .? i foS 9r f )
a l

F  = O E O = c ) O O O : < O O
o  o o a o v r a a a o 6 0 a

\O Z, rn tJ\ !n tn rJ\ ua rn ln tJ\ rn !n ll\

uJ co
r  =  \ o ( \ c o t J \ ! A t - \ o F \ o t J \ \ o o
F(\j uJ

= o  o \o \o \coF\o  .+ r r ) ( \  o  o
l l  e

F Z

z o
()

F
o z .
lrl
J c )
J Z ,

m h m m a m





Tab le  5 .5  Nested  ana lys is  o f ,var iance o f  log- t rans formed dens i t ies  o f  sporophy tes

on cobb les  co l lec ted  f rom loca t ions  d i f fe r ing  in  adu l t  sporophy te  dens i ty  and a t  3

s ta t ions  w i th in  those loca t ions .  Separa te  ana lysas  were  per fo rmed fo r  the  November

1985,  February  1986,  and May i986 sampl ings .  Resu ' l t s  o f  con t ras ts  among adu l t

dens i t y  g roups  a re  a lso  g iven .  Le t te rs ' i nd ica te  g roups  o f  means  (dens i t y  g roups)

tha t  d id  no t  d i f fe r  s ign f ican t iy  a t  P<0.05 .

November 1985

Source

Adu l t  dens i ty
Locat ion (DENGRP)

Contrast
9roup

Type II I  SS

235.34
173 .01

F va l  ue

71 "05
19 .59

Adu l t  dens i t y

h ' i gh
medi um
low
none

df PR>F

0.0001
0 .0001

3
8

A
B
c
c

Mean

5.  1053
3.2s89
0 .5915
0 .3045

N

i5
i5
15
15

February 1986

Source

Adu l t  dens i ty
Locat ion (DENGRP)

Contrast
group

Type I I I  SS

332.55
457.75

F Va]  ue

26.22
13.53

Adu l t  dens i t y

medi um
h i  gh
low
none

df PR>F

0.0001
0 .0001

3
8

A
B

.B
c

Mean

8.4833
6.7684
5.7245
2.7403

N

15
i5
15
15

Mav 1986

Source

Adu l t  dens i ty
Locat ion (DENGRP)

Contrast
group

Type I I I

65 .69
44.96

Mean N

4.49  15
3 .56  15
3 .05  15
1 .59  i5

SS F  Va lue

7 .86
2 .42

Adu l t  dens i ty

h i  gh
medi um
low
none

d f PR>F

0.0002
0 .0641

3
8

A
BA
Bo
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Tab ' le  5 .7  Two-way,  f i xed-e f fec t  ana lys is  o f  var iance o f  1og- t rans formed dens i t jes

o f  sporophy tes ,  on  cobb les  co l lec ted  f rom var ious  loca t ions  in  SOK and SMK,  vs  t ime

(co l lec t ion  da te) .  Sporophy te  dens i t ies  were  de termined w ' i thout  cu l tu r ing .

SOURCE TYPE I I I  SS F VALUE PR>FDF

TIME

LOCATION

TIME " LOCATION

3

4

t2

17.39

90 .  16

46 .43

3 .  64

14 .  16

2 .43

0 .015
<0.001

0 .010
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F igure  5 .1 "a  and  b .  Loca t ion  o f  co l lec t ion  s i tes  fo r  cobbTes  in  the  San  0no f re  (5 .1

a)  and San Mateo (5 .1  b )  Ke lp  fo res ts .  Ke lp  dens i ty  contours  (# /100 mt )  a re  f rom

down' looking sonar est imates of  November 1985.
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F igu re  5 .2  Mean  dens i t y  ( 1og

sampl  ing s tat ions in  at  S0K,  SPIK,

Mean values +1 standar .d of  emor

ax' i  s .

(#/n0 cm2

and BK and

are g ' iven .

+  0 .01 ) )

cu ' l tured i  n

Col  I  ect i  on

on cobb'les col I  ected f rom

the 
' laboratory 

for 3 weeks.

dates are shown on the x-

5-21



Figure 5.2
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F igu re  5 .3  Mean  dens i t y  (1og  # /100  cmz)  o f  spo rophy tes  on  g ' l ass  s l i des  a f te r  2

weeks f ie ' ld  exposure and 3 weeks in  cu l ture (gametophyte set t lement) ,  on cobbles

af ter  3  weeks in  cu l ture (gametophyte s tanding s tock) ,  and on cobb' les examined

wi thout  cu ' l tur ing (sporophyte recru i tment) .  Col lect ion dates are ind icated on the

x -ax i s "

3 - L 5
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6.0 Production of Sporophytes from Gametophytes

6.1 In t roduct ion

A  p r imary  goa l  o f  ou r  s tud ies  a t  San  Ono f re  has  been  to  de f i ne  the  re la t i onsh ips

be tween  va r i ous  phys iochem ica l  f ac to r s  and  game togenes i s ' i n  t he  g i an t  ke1p ,

Macrocys t i s  py r i f e ra .  An  espec ia l l y  ' impor tan t  aspec t  o f  t hese  re la t i onsh ips  i s  t he

se t  o f  c r i t i ca l  boundar ies  fo r  va r i ous  fac to rs  w ' i t h in  wh ich  gametogenes is  can  occu r .

Fo r  examp ' l e ,  t he  l ower  th resho ld  fo r  i r rad iance  i s ' impor tan t  because  a  po ten t i a l

e f fec t  o f  t he  ope ra t i on  o f  S0NGS Un j t s  2  and  3  i s  i nc reased  tu rb id i t y  i n  t he  v i c in i t y

o f  t he  San  0no f re  ke lp  bed .  I nc reased  tu rb id i t y  cou ld  l ower  i r rad iance  l eve l s  on

the  bo t tom to  the  po in t  where  gametogenes is  wou ld  no t  occu r ,  t he reby  p reven t i ng  the

rec ru i tmen t  o f  spo rophy tes .  I t  ' i s  impor tan t ,  t he re fo re ,  t o  es tab l  i sh  the

re la t i onsh ips  w i t h  game togenes ' i  s  i n  o rde r  t o  assess  whe the r  changes  i n  t he

phys iochemica ' l  r eg ime  a t  San  0no f re  a re  adve rse ' l y  a f fec t i ng  spo rophy te  rec ru i tmen t .

The  sma l l  s i ze  o f  t he  gametophy te  genera t i on  o f  Mac rocys t i s  py r i f e ra  makes  the

d i rec t  s t udy  o f  t he ' i r  b i o l ogy  i n  t he  f i e l d  d i f f i cu l t .  Labo ra to r y  s tud ies  on  t h i s

s tage  have  been  conduc ted  fo r  many  yea rs  ( see  Ka in ,  ! 979 ,  f o r  rev iew  o f  l j t e ra tu re ) ,

bu t  on l y  recen t l y  has  a  coheren t  v iew  begun  to  emerge  o f  how the  va r ious

phys i cochemica l  f ac to r s  i n t e rac t  t o  con t ro l  game togenes i s  ( Lun ing ,1980 ) .  The

pr imary  reason  fo r  t h i s  l ack  o f  c la r i t y  has  been  i s  t ha t  many  o f  t he  s tud ies  used

gametophy te  g rowth  as  the  b io log i ca l  va r i ab le  by  wh ich  phys iochemica l  f ac to rs  were

assessed.  Gametophyte growth,  however ,  responds very d i f ferent ly  than gametophyte

fe r t i l i t y  t o  t he  same  su i t e  o f  env i r onmen ta l  f ac to r s .  Lun ing  and  Neushu l  ( i 978 ) ,

f o r  examp le ,  f ound  tha t  two  to  th ree  t ' imes  more  i r rad ' i ance  was  requ i red  to  i nduce

fe r t i f  i t y  t han  was  requ i red  fo r  max ' imum g rowth  o f  gametophy tes .  The re fo re ,  s tud ies

assess ing  the  e f fec ts  o f  phys ' i cochemica l  f ac to rs  on  gametophy te  g rowth  wou ld  reach
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ve ry  d i f f e ren t  conc lus i ons  t han  t hose  assess ing  f e r t i l i t y .  Game tophy te  f e r t i l i t y  i s

the more revelant  ecologica ' l  parameter  to  use wi th  respect  to  the gametophyte

genera t i on  and  has  been  exc lus i ve l y  used  i n  a l l  o f  ou r  s tud ies  o f  gametophy te

response  to  phys iochemica l  f ac to rs .  Th i s  chap te r  desc r ibes  a  se r ies  o f  bo th

labo ra to ry  and  f i e ld  expe r imen ts  wh ich  examine  the  e f fec ts  o f  i r rad iance ,

tempera tu re ,  nu t r i en t  concen t ra t i ons ,  and  ses ton  f l ux  on  spo rophy te  p roduc t i on  i n

Macrocys t i s .  Quan t i t a t i ve  re la t i onsh ips  be tween  spo rophy te  rec ru i tmen t  and  these

phys ' i  cochemical  factors  are prov ided

6.2 Laboratory Studies of Effects of lrradiance

6 .2 .1  In t roduc t i on

A  number  o f  recen t  s tud ies  have  i nves t i ga ted  the  impor tance  o f  l i gh t  quan t i t y

and  qua f  i t y  ' i n  con t ro l 1 i ng  
' l am ina r i an  

game togenes ' i s .  Lun ing  and  D r i ng  (L972 ,  1975 )

demons t ra ted  tha t  a  c r i t i ca l  dosage  o f  b lue  l i gh t  (360  -  500  nm)  i s  necessa ry  fo r

game togenes i s  i n  Lam ina r i a  saccha r i na ,  and  t ha t  t h i s  b l ue  l i gh t  r esponse  i s

' i  ndependent  of  photosynthesi  s  .  Lun i  ng and Neushul  (  1978)  ' i  nvest i  gated the

i r rad ' i ance  and  tempera tu re  requ i remen ts  fo r  gametogenes is  i n  Mac rocys t i s  py r i f e ra

and  e igh t  o the r  l am ina r ian  spec ies  f rom Ca l ' i f o rn ' i a .  They  found  tha t  gametogenes is

in  Mac rocys t i s  py r i f e ra  showed  a  l i nea r  dependence  on  quan tum i r rad iance  f rom i0  to

60  yE /n2 /s  w i th  no  fe r t i l i t y  a t  5  yE /n2 /s .  They  a l so  showed  tha t  Mac rocys t i s

gametophy tes ,  l i ke  gametophy tes  o f  Lamina r ia  sacchar ina ,  became fe r t i l e  on ' l y  i n  b lue

1 igh t ,  w i t h  50% fe r t i l ' i t y  i nduced  by  a  b ' l ue  l i gh t  dose  o f  2 .6  E /n2 .  Lun ' i ng  (1980 )

emphas ized  the  dependence  o f  gametophy te  fe r t i l i t y  on  quan tum dose  ra the r  t han

ins tan taneous  i r r ad iance  (pho ton  f l ux  dens i t y )  i n  h i s  wo rk  on  t h ree  spec ' i es  o f

Lam i  na r i  a .
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0ur  own laboratory work on the re la t ionsh ' ip  between Macrocyst is  gametophyte

fe r t i l i t y  and  i r r ad iance  cons i s ted  o f  two  s tud ies .  The  f i r s t  s t udy ,  conduc ted  i n

1980 ,  desc r i bes  t he  I owe r  c r i t i ca l  ' i r r ad iance  f o r  f e r t i f i t y  and  t he  i n te rac t j ve

e f f ec t s  o f  i ns tan taneous  i r r ad iance  (pho ton  f l ux  dens i t y )  l eve l  and  quan tum dose  on

th i s  p rocess .  Th i s  s tudy  was  conduc ted  a t  a  cons tan t  t empera tu re  o f  15oC s ince

p rev ' i ous  s tud ' i es  (  Lun ing  and  Neushu l  ,  1978 )  showed  tha t  15oC was  an  op t imum

tempera tu re  fo r  spo rophy te  p roduc t i on .  However ,  Lun ' i ng  (1980)  showed  tha t  t he

re la t i onsh ip  be tween  i r rad iance  and  fe r t i l i t y  i n  gametophy tes  .  o f  Lamina r ia

sacchar i  na was temperature dependent .  Thi  s  potent i  a f  i  n teract i  on between

i r rad iance  and  tempera tu re  l ed  us  tb  conduc t  a  second  s tudy  i n  1984  i n  wh ich  the

c r i t i ca l  i r r ad ' i ance  l eve l  was  i nves t j ga ted  ove r  a  tempera tu re  range  o f  11o  to  20oC.

Th is  second  s tudy  i s  desc r ibed  i n  the  fo l i ow ing  sec t j on  on  tempera tu re  e f fec ts

(Sec t i on  6 .3 )

The  pu rpose  o f  t he  f i r s t  s tudy  was  to  de te rm ine  the  l ower  c r i t i ca l  l i gh t

requ i remen ts  f o r  game togenes i s .  The  de te rm ina t i on  o f  t h i s  l owe r  l i gh t  l im i t

requ ' i r ed  an  assessmen t  o f  t he  i n te rac t i on  be tween  quan tum dose  and  i ns tan taneous

i r r ad iance  i n  con t ro l l i ng  game togenes i s .  Lun ing  and  Neushu l  ( 1978 )  showed  a  l i nea r

re l a t i onsh ip  be tween  b lue  l i gh t  dose  and  f e r t i l i t y  i n  a  dosage  range  f r om 1 .0  t o  5 .0

E /n2 .  F i f t y  pe rcen t  f e r t i ' l ' i t y  was  i nduced  by  2 .6  E /n2 ,  p rov ided  so le ' l y  by  b lue

quanta at  a  rate of  10 to  20 vE/nz/s .  However ,  they a lso found that  gametophytes

g rown  ' i n  a  con t i nuous  wh ' i t e  l i gh t  reg ime  (20? (  b lue ) ,  a t .  an  i ns tan taneous  i r rad iance

o f  5  uE lm2 /s  d id  no t  become fe r t i l e  even  when  the  b lue  l i gh t  quan tum dose  reached  2 .4

E /n2 .  The  l i nea r  r e l a t i onsh ip  deve ioped  w i t h  b l ue  l i gh t  i n  t hese  s tud ies  p red i c ted

tha t  a  f e r t i l i t y  o f  app rox ima te l y  40% shou ld  have  occu r red  a t  t h i s  dosage .  I t

appeared ,  t he re fo re ,  t ha t  t he  ' i ns tan taneous  ra te  a t  wh ich  gametophy tes  rece i ved  a

spec i f i ed  quan tum dose  a l so  i n f l uenced  game togenes i s .
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6.2.2 Methods

The zoospores used to produce gametophytes for  th is  laboratory exper iment  were

ob ta ined  f rom adu l t  spo rophy tes  i n  t he  San  0no f re  ke lp  fo res t .  Fe r t i l e  spo rophy l ' l s

we re  co l l ec ted  by  d i ve rs ,  s t o red  i n  p l as t i c  bucke t s  f i l l ed  w i t h  seawa te r ,  and

t ranspor ted  back  to  the  l abo ra to ry ,  w i th  ca re  taken  to  m inmize  i nc reas ' i ng  the  wa te r

temperature above ambi  ent .  The sporophyl  
' l  
s  were caref  u1 

' ly  
r i  n  sed wi  th  f  i  I  tered

seawater  to  remove detr i tus and d iatoms at tached to the sur face and then stored

ove rn igh t  i n  mo ' i s t  t owe l ' l i ng  a t  15oC .  Zoospo res  we re  re l eased  t he  f o l l ow ing  morn ing

by  p l ac i ng  t he  spo rophy l l s  i n t o  seawa te r  t ha t  was  p rev ious l y  f i l t e red  t h rough  a  0 .2

um f i l t e r .  The  resu l t i ng  zoospo re  so ' l u t i on  was  d i l u t ed  t o  p roduce  an ' i nocu la t i on

so l  u t i on  w i th  ;  zoospore  concen t ra t i on  o f  app rox ' ima te ' l y  i . 0  x  10u  spo res /m ' l  .

Zoospore  concen t ra t i on  was  de te rm ined  w i th  a  hemocy tomete r .

The  zoospores  were  i nocu la ted  on to  g lass  cove rs l i ps  (22  x  22  nn )  t o  ob ta in  a

dens i t y  o f  app rox ima te l y  150  gametophy tes /mm2.  These  cove rs l i ps  had  a  2  mm d iamete r

g ' l ass  tube  cemen ted  pe rpend i  cu l  a r ' l y  t o  one  co rne r  t o  f  ac i  I  ' i t a te  hand f  i ng  .

I nocu la t i on  o f  cove rs l i ps  was  conduc ted  i n  a  cons tan t  t empera tu re  room a t  15oC.  The

cove rs l i ps  we re  i nocu la ted  f o r  24  hou rs ' i n  Py rex  bak ing  d i shes  con ta i n i ng  L .5  l i t e r s

o f  t he  i nocu la t i on  so lu t i on .  A f t e r  i nocu la t i on ,  f ou r  cove rs l i ps  we re  p l aced  i n  each

cu l  t u re  vesse l  wh i  ch  con ta ' i  ned  250  m l  o f  P rovaso l  i  '  s  en r i  ched  seawa te r  (  PES)

nu t r i  en t  med i  um (  P rovaso l  i  ,  1968 )  .

Th ree  pho tope r iod  reg ' imes  were  used  i n  these  expe r imen ts :  24 :0  LD  ( l i gh t -

da rk ) ,  I 2 : ! 2  LD ,  and  8 :16  LD .  F i ve  t o  s i x  i ns tan taneous  i r r ad iance  
' l e ve l s  

we re  used

in  each  pho tope r iod .  These  l eve l s  were  se lec ted  as  to  p roduce  equa l  da i l y  quan tum

dosages  be tween  pho tope r iod  t rea tmen ts .  The  p rope r  i r rad ' i ances  were  ob ta ined  by

p lac i ng  t he  cu l t u re  vesse l s  a t  va r y i ng  d i s t ances  f r om day l i gh t  f i uo rescen t  bu lbs
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( t des t i nghouse  F40D 40 l / ) .  These  day l i gh t  f l uo rescen t  bu lbs  had  app rox ima te l y  27% o f

the ' i r  quan tum ou tpu t  i n  t he  b lue  po r t i on  o f  t he  spec t rum (360  -  500  nm)  (Ga ines ,

1 '977 ) .  Th i s  b lue  quan tum ou tpu t  i s  app rox ima te l y  716  h ighe r  t han  tha t  o f  coo l -wh i te

bu lbs  wh ich  a re  common ly  used  i n  a lga ' l  cu l t u re  expe r imen ts .  I r rad iances  were

measured  w i th  a  L I -COR mode l  L I -185  quan tum mete r .  Two  cu l tu re  vesse ls ,  each  w i th  4

cove rs f i ps ,  we re  p laced  a t  each  des ' i gna ted  ' i r r ad iance  and  pho tope r iod  t rea tmen t .

Gametophy te  cu l tu res  i n  t he  24 :0  LD  pho tope r iod  were  ma in ta ined  i n  a  cons tan t

tempera tu re  room and  the  l 2 : I 2  and  8 :16  LD pho tope r iods  were  ma ' i n ta ' i ned  i n  a  l ow

tempera tu re  i ncuba to r  (Lab -L ' i ne  Ins t rumen ts ) .  The  expe r imen ts  were  run  du r ing  two

separa te  t imes .  The  f i r s t  used  the  24 :0  LD  and  12 :12  LD pho tope r iods ,  and  the  second

used  24 :0  LD  and  3 :16  LD  pho tope r i ods .  A l l  cu l t u res  we re  g rown  a l  15oC .

0ne  cove rs l i p  was  removed  f rom each  i r rad iance  t rea tmen t  app rox ima te l y  eve ry

th ree  days  fo r  f e r t i l i t y  measuremen ts .  Seven  se ts ,  o f  ?5  fema le  gametophy tes  each ,

were  sco red  fo r  f e r t i l i t y  on  each  cove rs l i p .  Gametophy tes  were  chosen  randomly  on

the  cove rs f i ps  by  mov ing  the  mechan ' i ca l  s tage  o f  t he  m ic roscope  haphazard l y  be fo re

v iew ing .  Fe r t i f i t y  was  des igna ted  by  t he  appea rance  o f  spo rophy tes  o f  two  ce l l s  o r
' l a rge r ,  

a t tached  to  the  fema le  gametophy te .  Sporophy te  appearance ,  ra the r  t han  egg

produc t i on ,  was  used  as  an  i nd ' i ca to r  o f  f e r t i l i t y  because  egg  p roduc t i on  was

d i f f i cu l t  t o  obse rve  and  de f i ne .

6 .2 .3 .  Resu l t s

The  t ime  cou rse  o f  f e r t i l i t y  under

th ree  pho tope r i  ods  i  s  shown  i  n  F i  gu re

p roduc t i on  o f  spo rophy tes  was  10  days

' i r rad j  ances above 5 vE/n2 /  s ,  sporophyte

day  1ag  pe r i od  i n  a l I  t h ree  pho tope r i ods .

the  va r ious  quan tum i r rad iances  fo r  t he

6 .1 .  The  m in imum t ' ime  necessa ry  f o r

f rom zoospore  se t t l  emen t .  A t  quan tum

produc t ' i on  ' i nc reased  rap id ' l y  a f  t e r  t he  10

In  the  12 :72  and  24 :0  LD  pho tope r iods ,
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greater  than 80% f  er t i ' l  ' i ty  was reached i  n  approx imate ly  20 to  28 days at  a l  I

i r r ad iances  above  5  vE /nz /s ,  bu t  t h i s  l eve l  o f .  f e r t i l i t y  was  de layed  u .n t i l

app rox ima te l y  28  to  35  days  i n  t he  8 :16  LD pho tope r iod .  Sporophy te  p roduc t i on  ra tes

i n  gene ra l  we re  s i i gh t l y  dep ressed  i n  t he  8 :16  LD  pho tope r i od  as  compared  t o  t he

L2 :72  and  24 :0  LD  pho tope r iods .  The re  was  l i t t l e  spo rophy te  p roduc t i on  (<50%)  a t

i r r ad iances  o f  3  uE , /m2 /s  o r  l ess  i n  a l l  t h ree  pho tope r i ods .

The  re la t i onsh ip  be tween  the  spo rophy te  p roduc t i on  ra te  (exp ressed  as  the  t ime

t 'o  50% fer t ' i ' l i ty )  and the dal ly  quantum dose for  each of  the 3 photoper iods are shown

in  F igu re  6 .2 .  The  t ime  t o  50% fe r t i l i t y  was  de te rm ined  f r om a  reg ress ion  o f  po in t s

i n  t he  l i nea r  po r t i on  o f  each  cu rve  i n  F i gu re  6 .1 .  The  gene ra l  pa t t e rn  obse rved  was

the  p resence  o f  l owe r  c r i t i ca l  dosage  and  t he  p resence  o f  a  l owe r  c r i t i ca l  dosage

be low wh ich  spo rophy tes  were  no t  p roduced  and  a  qu i ck  l eve l i ng  o f f  o f  p roduc t i on

ra tes ,  a t  nea r  max imum leve l s ,  as  j r r ad iances  i nc reased .  The  exac t  f o rm  o f  t hese

func t i ons ,  however ,  va r i ed  w i th  pho tope r iod .  .  The  l ower  c r i t i ca l  dosage  was

app rox ima t , e l y  0 .2  E /nz /d  i n  t he  8 :16  and  12 :12  LD  pho tope r i ods ,  and  was

approx ima te l y  0 .4  E /nz /d  i n  t he  24 :0  LD  pho tope r iod .  The  spo rophy te  p roduc t ' i on

ra tes  reached  nea r  max imum leve l s  a t  a t  abou t  0 .8  E /n2 /d  i n  t he  24 :0  and  12 :12  LD

pho tope r i ods ,  bu t  p roduc t i on  ra tes  con t i nued  t o  i nc rease  a t  i r r ad iances  uD  to  1 .8

E /nz /d  i n  t he  8 :16  LD pho tope r iod .

The  d i f f e rences  i n  t he  cu rves  o f  spo rophy te  p roduc t i on  ra te  vs  quan tum dosage

fo r  t he  va r ious  pho tope r iods  appear  to  be  due  to  a  non l i nea r  accumu la t i on  o f  quan ta

i n to  t he  da i ' l y  dosage  a t  va r i ous  i ns tan taneous  quan tum i r r ad iance  l eve l s .  A t  l owe r

i r r ad iance  l eve l s  t he re  i s  a  c r i t i ca l  t h resho . l d  be low  wh i ch  i r r ad ' i ance  d ' i d  no t

con t r i bu te  to  the  e f fec t ' i ve  i r rad ' i a t i on  dose  fo r  gametogenes is .  Gametophy tes  i n  t he

24'hr  photoper i  od,  f  or  exampl  e,  never  reached 50% f  er t ' r l  ' i ty  a t  da i  ly  i  r rad i  a t i  on
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l e ve l s  l ess  t han  0 .4E /n2 /d  ( i ns tan taneous  ra tes  <5vE /n2 / s )  bu t  game tophy tes  i n  t he

72 :12  and  8 :16  LD pho tope r iods  reached  5076  fe r t i l i t y  a t  i r rad ia t i on  l eve l s  as  l ow  as

0 .15  E /nz /d  (3  vE /nz /s )  and  0 .25  E /n2 /d  (8  vE /nz /s ) ,  respec t i ve l y .  These

d i f f e rences  be tween  pho tope r iods  appear  to  be  re la ted  to  the  i nab i l i t y  o f

game tophy tes  t o  e f f ec t i ve l y  u t i l i ze  l ow  i ns tan taneous  i r r ad iances .  The

gametophytes in  the 24-hr  photoper iod at  an i r rad iance of  3  vE/n2/s were apparent ly

unab le  to  u t i l ' i ze  the  rad ian t  ene rgy  rece i ved .  The  th resho ld  i s  t he re fo re  be tween  3

and  5  vE /n2 /s  and  we  es t ima te  j t  a t  4  uE /n2 /s

A t  h i ghe r  i r r ad iance  1eve1s ,  t he  accumu la t i on  o f  quan ta  i n to  t he  e f f ec t i ve

quan tum dose  appears  to  sa tu ra te  a t  i ns tan taneous  i r rad iances  be tween  5  and  10

vE /n2 /s .  Th i s  sa tu ra t i on  o f  spo rophy te  p roduc t i on  a t  h ighe r  i r rad iances  i s

espec ' i a11y  ev iden t  i n  t he  8 :16  LD  pho tope r i od  (F ' i g .  6 .2 ) .  Game tophy tes  cu l t u red  i n

th i s  pho tope r iod  a t  i r rad ia t i on  doses  g rea te r  t han  0 .4  E /nz /d  ( i ns tan taneous  ra tes

>10 vE/nz/s)  took 4 to  9 days longer  to  reach 50% fer t j l ' i ty  than gametophytes

cu l tu red  under  the  same da i ' l y  quan tum dose  i n  the  l 2 : I 2  LD  pho tope r iod  wh ich  had

lower  i ns tan taneous  ' i r r ad iances .  Th i s  sugges ts  tha t  gametophy tes  i n  t he  8 :16  LD

pho tope r iod  were  ab le  to  u t i l i ze  on ' l y  a  po r t i on  o f  t he  i r rad ia t i on  dose  they

rece i  ved .

The  sa tu ra t i ng  i r rad iance  l eve l  was  more  p rec i se l y  es t ima ted  by  us ing  d i f f e ren t

sa tu ra t i on  va lues  be tween  5  and  l 0vE /n2 /s  and  ca l cu la t i ng  the  quan tum dose  requ i red

to  ach ieve  gametogenes ' i s  by  50% o f  t he  gametophy tes  ( c r i t i ca l  dose ) .  I t  j s  assumed

tha t  none  o f  t he  i r rad iance  above  the  sa tu ra t i on  l eve l  ' i s  ab le  to  be  u t i ' l i zed  by  the

gametophy tes .  The  p remi  se  was  tha t  a l  I  t r ea tmen ts  (  i  ns tan taneoud  i  r rad ' i  ance  x

pho tope r iod )  shou ld  y ' i e ' l d  equ iva len t  t o ta l  dosages  once  the  app rop r ia te  sa tu ra t i on

leve l  was  app i  i ed .  The re fo re ,  t he  sa tu ra t i on  l eve l  t ha t  p roduced  the  l owes t
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coe f f i c i en t  o f  va r i a t i on  i n  t o ta l  dose  among  t rea tmen ts  was  deemed  the  mos t

app rop r i a te .  hJe  d j d  t h i s  us i ng  a l l  l abo ra to r y  da ta  ob ta i ned  a t  e i t he r  I ? : I 2  LD  o r

8 :16  LD  pho tope r i ods  ( t hose  no rma l l y  encoun te red  i n  t he  f i e l d )  a t  a l l  i r r ad iance

leve l s  above  t he  es t ima ted  t h resho ld  l eve l  o f  0 .4  yE /m2 /s .  The  resu l t i ng  va lues  o f

to ta l  quan tum dose  showed  l i t t l e  va r i ab i l i t y  even  though  ins tan taneous  ra tes  and

to ta l  doses  w i thou t  sa tu ra t ' i on  l eve l  s  app f  i ed  va r ied  g rea t l y .  The  sma l  l es t

coe f f i c i en t  o f  va r i a t i on  i n  t o ta l  dose  was  ob ta i ned  f o r  a  sa tu ra t i on  l eve l  o f  6

vE /n2 / s .  The  ave rage  c r i t i ca l  dose  us ing  t h i s  6  vE /n2 / s  sa tu ra t i on . l eve l  was  3 .9

E /m2 .

tdh i l e  we  have  exp ressed  these  resu l t s  i n  t e rms  o f  t o ta l  quan ta  (400  -  700  nm) ,

we  know  tha t  game togenes i s  i s  a  f unc t i on  o f  on l y  t he  b l ue  l i gh t  po r t i on  o f  t he

spec t rum.  The  b lue  po r t ' i on  rep resen ted  27%of  the  to ta l  quan ta  fo r  t he  l i gh t  sou rce

used ' i n  ou r  s t udy  (Ga ines ,1977 ) .  Us ing  t h ' i s  r e l a t i onsh ip  o f  t o ta l  quan ta  t o  b l ue

quan ta ,  we  can  exp ress  t he  t h resho ld  l eve l ,  sa tu ra t i on  l eve l ,  and  t o ta l  dose  j n

te rms  o f  b l ue  quan ta .  Th i s  conve rs i on  y i e l ds  va lues  o f  1 .1  vE /n2 / s  f o r  t he

th resho ld  i r r ad iance  l eve1 ,  I . 6vE /nz / s  f o r  t he  sa tu ra t ' i ng  i r r ad iance  l eve1 ,  and  1 .1

E /n2  fo r  t he  to ta l  b lue  dose  requ i red  fo r  gametogenes is  by  50%of  the  spo rophy tes .

6 .2 .4  D iscuss ion

Bo th  the  i ns tan taneous  ra te  a t  wh ich  i r rad iance  i s  rece i ved  and  the  to ta l

i r rad ia t i on  dose  rece i ved  by  gametophy tes  a re  impor tan t  f o r  t he  p rocess  o f

game togenes i s .  The  i ns tan taneous  t h resho ld  i s  app rox ima te l y  1 .1  vE /m2 /s  o f  b l ue

f i gh t  and  t he  sa tu ra t i on  l eve l  i s  7 .6  uE /n2 / s .  The  na r row  range  i n  t h resho ld  and

sa tu ra t i on  va lues  i nd i ca tes  t ha t  t he  re l a t i onsh ip  be tween  i r r ad iance  and

game togenes i  s  i  s  essen t i a l  1y  a  s tep  f unc t i on .  Novaczek  (  1984 )  has  desc r i bed  a

s im i l a r  s t ep  f unc t j on  response  f o r  game togenes i s  i n  t he  b rown  a lga  Ek lon ' i a .
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Thresho ld  and  sa tu ra t ' i on  l eve l s  a re  impor tan t  i n  i n te rp re t i ng  gametogenes is  i n  t he

f i e ld .  I ns tan taneous  j r rad iances  on  the  bo t tom in  the  San  0no f re  ke lp  fo res t  a re

occas iona l ' l y  be low  the  th resho ld  l eve l  and  a re  o f ten  above  the  sa tu ra t i on  l eve l

(  F i  g .  6 .3 )  .

h le  have  desc r ibed  a  de f i n i t i ve  sa tu ra t i on  l eve l  f o r  gametogenes is ,  bu t  t he re

appea rs  t o  be  some  accumu la t i on  o f  usab le  quan ta  above  t h i s  l eve l .  Th i s  i s

i nd j ca ted  by  t he  i nc reas ing  ra te  o f  game togenes i s  w i t h  i nc reas ing  i r r ad iance ,

espec ' i a11y  i n  t he  8 : i 6  LD  pho tope r i od  (F ig .  6 .1 ) .  Howeve r ,  on l y  a  sma l l  p ropo r t i on

o f  ava i l ab le  quan ta  above  0 .6  vE /n2 /s  a re  apparen t l y  u t ' i l ' i zed .  Th i s  i s  sugges ted  by

the  sma l l  va r i ance  i n  t o ta l  dose  requ ' i r ed  t o  ach ieve  50% fe r t i l i t y ,  assum ing  a

sa tu ra t i on  l eve l  o f  0 .6  uE /n2 /s .

t t l h i l e  i t  i s  conven ien t  t o  exp ress  resu l t s  i n  t e rms  o f  t o ta l  quan ta  (400  -  700

nm) ,  t hese  va lues  a re  no t  ve ry  use fu l  i n  compar i ng  resu l t s  among  l ab  and  f i e l d

s tud ies  o r  among  lab  s tud ies  tha t  used  d i f f e ren t  l i gh t  sou rces .  Gametogenes is

responds  to  b iue  l i gh t  and  because  the  p ropo r t i on  o f  t o ta l  quan ta  tha t  a re  b lue  va ry

among  l i gh t  sou rces , ' i t  i s  bes t  t o  conve r t  va l ues  t o  b l ue  quan ta  be fo re  compar i son .

As  p rev ious l y  j nd i ca ted ,  i t ' i s  p robab ' l e  t ha t  spo rophy te  p roduc t i on  i s  dependen t

on  a  va r ie t y  o f  phys i cochemica l  f ac to rs  and  tha t  t hese  fac to rs  i n te rac t  t o  con t ro l

spo rophy te  rec ru i tmen t .  A  tempera tu re  o f  15oC,  wh jch  has  been  shown  to  be  i n  t he

op t ima l  r ange  f o r  game togenes i s ' i n  M .  py r i f e ra  ( Lun ing  and  Neushu l ,  1978 )  was  used

' i n  t h i s  s tudy .  Lun ing  (1980)  demons t ra ted  tha t  t he  to ta l  i r r ad ia t ' i on  dosage

.  necessa ry  f o r  game togenes i s  i n  Lam ' i na r i a  saccha r i na  i nc reases  exponen t i a l l y  as

tempera tu re  i  nc reases .  Th i  s  po ten t i  a i  ' i  n te rac t i  on  be tween  tempera tu re  and

i r r ad iance  ' i n  t he  con t ro l  o f  M t l g l ys t i s  f e r t i l i t y  i s  exp lo red  i n  t he  f o l l ow ing

sec t i  on .
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6.3 Laboratory Studies on the Effects of Temperature and Interactive Effects

of lrradiance and Temperature

6.3.1 In t roduct ion

Prev ious 
' laboratory 

s tudies on Macrocyst is  pyr i fera gametophytes showed that

the opt imal  temperature range for  gametogenesis  was between 12o and 17oC and that  no

game togenes i s  occu r red  a t  70  and  20oC  (Lun ing  and  Neushu l ,  1978 ) .  Th i s  was  a l so  t he

genera ' l  pa t te rn  they  found  fo r  gametogenes is  i n  4  o the r  spec ies  o f  Lamina r ja les

occu r r i ng  i n  sou the rn  Ca l i f o rn ia .  [ ' / o r k  on  Lamina r ia  sacchar ina  by  Lun ing  (1980)

showed  tha t  t he  i r rad iance  dose  fo r  50% fe r t i ' l ' i t y  i nc reased  a lmos t  exponen t ia l l y  i n

the  tempera tu re  range  be tween  10o  and  18oC.  Based  on  th i s  p rev ious  resea rch  and  on

the  range  i n  tempera tu res  obse rved  i n  s i t u  a t  SOK,  we  chose  the  tempera tu re  range  o f

L1o  to  20oC in  wh ich  to  i nves t i ga te  tempera tu re  e f fec ts  on  gametogenes is  and  the

po ten t i a l  i n t e rac t i ve  e f f ec t s  w i t h  i r r ad iance .

6.3.2 Methods

Gametophytes were grown on 91 ass mi  croscope s l  ides at  a  densi  ty  o f

approx imate ly  150 femal  e gametophytes/mm2 .  Procedures for inocul  a t i  ng the s l  ides

w i th  gametophy tes  were  i den t i ca l  t o  t hose  used  i n  the  i r rad ' i ance  expe r imen ts

desc r i bed  i n  Sec t i on  6 .2 .  Ge rman ium d iox i de  (0 .5  mg l1 )  was  added  t o  t he  i nocu la t i on

so lu t j on  t o  con t ro l  d i a tom con tam ina t i on  s i nce  con tam ina t ' i on  i s  p reva len t  a t  t he

h igh  tempera tu res  used  i n  these  expe r imen ts  (Lew in ,  1966 ;  Markham and  Hagme ie r ,

1982) .  The  g rowth  med ' i um fo r  t he  gametophy te  cu l tu res ,  however ,  d id  no t  con ta in

GeOt .  The  use  o f  GeO.  a t  s jm ' i l a r  concen t ra t i ons  and  du ra t i ons  has  been  shown  to  have

no  e f f ec t s  on  t he  deve lopmen t  o f  o the r  l am ina r i an  a l gae  (Markham and  Hagme ie r ,

1e82) .
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The gametophytes were grown i  n  PES medi  a  (  Provaso ' l  ' i  
,  1968)  ' in  p l  ex i  g l  ass

cu l tu re  con ta ine rs  (37  x  9  x  21  cm)  w i th  a  vo lume o f  6  c .  The  med ' i um was  changed

once  a f te r  3  weeks  o f  t he  6  week  cu l tu re  pe r iod .  Ten  s l i des  were  pos i t i oned  a t  m id -

dep th  i n  each  con ta ine r  by  a  removab le  ac ry l i c  f rame,  wh ich  a l l owed  fo r  easy

t rans fe r  o f  t he  s l i des  f r om the  i nocu la t i on  so lu t i on  t o  t he  cu l t u re  con ta ' i ne r .  The

s l i des  were  a t tached  to  the  f rame w i th  a  th in  bead  o f  s i l i cone  g rease .  The  med ium in

the  cu l tu re  con ta ine rs  was  c i r cu la ted  by  an  a i r  bubb le r  on  the  bo t tom o f  t he

con ta i  ne r .

The  i r rad iance  reg imes  used  i n  the  expe r imen ts  ranged  f rom 2 .9  to  3A  vE /n2 /s

( l p f r e r i ca l  i r r ad iance  400  -  700  nm)  (Tab1e  6 .2 ) .  The  des i r ed  i r r ad iance  l eve l s  we re

ob ta ined  by  ad ius t i ng  the  d i s tances  be tween  the  l i gh ts  and  the  con ta ine rs  and  by

shad ing  the  con ta ine rs  w i th  va r ious  g rades  o f  w ' i ndow sc reen .  I r rad iances  were

measured  underwa te r  a t  t he  l eve l  o f  t he  g lass  s l i des  w i th  a  L I -COR quan tum mete r

(mode1  182 )  f i t t ed  w i th  a  spher i ca l  underwa te r  quan tum senso r .  Spher i ca f  i r rad ' i ance

was  used  i n  th i s  s tudy  because  the  gametophy tes  g rown  on  the  c lea r  g ' l ass  s l i des

rece i ved  l i gh t  f r om a l l  d i r ec t i ons  w i t h ' i n  t he  cu l t u re  con ta i ne r .  Th i s  con f i gu ra t i on

was  d i f f e ren t  f rom the  p rev ious  l abo ra to ry  s tudy  i n  wh ich  the  gametophy tes  were

g rown  on  the  bo t tom o f  sma l l  cu l t u re  con ta ine rs  and  rece i ved  l i gh t  on l y  f rom above .

I r rad iance  i n  tha t  s tudy ,  t he re fo re ,  was  measured  w i th  a  f l a t  p1a te ,  cos ine -

co r rec ted  senso r .  A  10 :14  ( f  i gh t : da rk )  pho tope r i od  was  ma in ta i ned  y i e l d i ng  da i l y

i r r ad ' i a t i on  doses  o f  0 .1  t o  1 . IEn2 /d  (Tab1e  6 .2 ) .  I r r ad ia t i on  l eve l s  on  t he  bo t t om

in  sou the rn  Ca l i f o rn i a  ke lp  f o res t s  a re  o f t en  be1ow I  E /n2 /d  (Dean ,  i 985 ) .

Ten  t empera tu res ,  11o  t o  20oC  a t  one  deg ree  i n te r va l s ,  we re  used ' i n  each  o f  t he

i r rad iance  t rea tmen ts .  Th i s  i s  app rox ima te l y  t he  range  o f  t empera tu res  obse rved  on

the  bo t t om i n  sou the rn  Ca l i f o rn i a  ke lp  f o res t s  (Dean  and  Jacobsen ,  1984 ) .  The
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t empera tu res  were  ma in ta ined  w i th in  a  range  o f  +0 .ZoC by  keep ing  the  co ld room

tempera tu re  a t  10oC and  e leva t i ng  the  tempera tu re  o f  t he  med ium jn  each  cu l tu re

con ta ine r  t o  the  app rop r ia te  l eve l  w i th  an  aquar ium hea te r  con t ro l l ed  by  an

e lec t ron i c  t he rmos ta t  sys tem.

One  cu l tu re  con ta ine r  was  ma in ta ined  a t  each  o f  t he  70  tempera tu re - ' i r r ad iance

t rea tmen ts .  Rep l i ca t i on  o f  t he  t rea tmen ts  was  accomp i ' i shed  by  conduc t i ng  the  en t i re

exper i  ment  on two separate occasi  on s  .  Theref  ore,  er ror  due to  var i  ab i  I  i  ty  w ' i th ' i  n

t rea tmen ts  was  con founded  w i th  poss ib le  d i f f e rences  among  zoospores  co l l ec ted  f rom

d i f f e ren t  sou rces  a t  d i f f e ren t  t imes .  The  f i r s t  expe r imen t  was ' i nocu la ted  on  25

January  1984  and  the  second  on  4  Ap r i l  1984 .  The  zoospores  used  i n  bo th  o f  t he

exper imen ts  were  ob ta ined  f rom spo rophy ' l l s  co l l ec ted  f rom 3  to  5  randomly  se ' l ec ted

p l  an ts  ' i n  t he  San  Ono f  re  ke l  p  f  o res t .

Gametophy tes  were  samp led  on  two  randomly  se lec ted  s l i des  f rom each  con ta ' i ne r

dun ing  each  samp l i ng  pe r i od .  0n  each  s l i de ,  5  haphaza rd l y  chosen  se t s  o f  25  f ema les

were  sco red  fo r  p roduc t i on  o f  bo th  eggs  and  spo rophy tes .  I n  t he  f i r s t  expe r imen t ,

gametophy tes  were  samp led  a t  14 ,  21 ,  28 ,  35 ,  and  42  days  a f te r  i nocu la t i on ,  and  i n

the  second  exper imen t  t hey  were  samp led  a f te r  21 ,  35 ,  and  42  days .

The t ime requi red for  50%of the female gametophytes to  produce sporophytes was

de te rm ined  f r om a  l eas t  squa res  reg ress ion  o f  f e r t i ' l i t y  w i t h  t ime  i n  t he  pe r i od  f r om

14  days  to  e i t he r  t he  f i r s t  occu r rence  o f  t 00% fe r t i l i t y  o r  t he  end  o f  t he

exper imen t .  The  reg ress ' i on  was  bounded  a t  14  days  because  the re  i s  a  l a ten t  pe r iod ,

o f  app rox ima te l y  10  t o  14  days  a f t e r  zoospo re  se t t i emen t ,  du r i ng  wh i ch  no  f e r t i l i t y

w i l l  occu r  even  unde r  op t ima l  cond ' i t j ons  (Lun ing  and  Neushu l ,  ! 978 ;  Sec t i on  6 .2 ) .
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6 .3 .3  Resu l t s

D i f f e rences  i n  f e r t ' i 1 i t y  i n  t he  two  exper imen ts  were  tes ted  by  AN0VAs  ac ross

a l l  t empe ra tu res  a t  t he  0 .60  E /nz /d  i r r ad ia t i on  l eve l ,  be tween  11o  and  15oC  a t  0 .25

E /nz /d ,  and  ac ross  a l l  ' i r r ad ia t i ons  a t  20oC .  Unde r  a l l  o t he r  cond i t i ons ,  f e r t i l i t y

was  e i t he r  nea r  I 00%or  0% i n  bo th  expe r imen ts .  The  second  expe r imen t  had  s l i gh t l y

l ower  fe r t ' i 1 i t y  a t  t he  l ower  tempera tu res  a t  t he  0 .25  E /nz ld  i r rad iance  l eve ' l  ,  t han

the  f i r s t  expe r imen t  (Tab le  6 .3 ) .  I n  a l l  o t he r  cases ,  d i f f e rences  among  expe r imen ts

we re  no t  s ' i gn i f i can t

The  m in imum da i l y  quan tum dose  a t  i vn i c f r  f ema le  gametophy tes  p roduced

sporophy tes  ( ' i  . e . ,  t he  th resho ld  l eve l )  was  0 .25  E /m/ ' / d  a t  t empera tu res  up  to  15cC

and  s l ' i gh t l y  h ighe r  a t  t empera tu res  above  15oC (F ' i g .  6 .a ) .  A t  t empera tu res  be tween

110  and  15oC ,  d i f f e rences  i n  f e r t i l i t y  a t  t he  0 .25  E /n2 /d  i r r ad iance  l eve l  we re  no t

s i gn i f i can t  (Tab1e  6 .3 ) .  A l l  cu l t u res  excep t  t hose  a t  19o  and  20oC  had  nea r l y  100%

fe r t i f i t y  a t  i r r ad iances  above  A .25  E /nz /d  (F ' i g .  6 .4 ) .  A t  0 .60  E /n2 /d  pe rcen t

f e r t i ' l i t y  d i f f e red  among  t empera tu res ,  bu t  on l y  t he  f e r t i l i t i e s  i n  cu l t u res  a t  20oC

were  s i gn i f i can t l y  d i f f e ren t  t han  t hose  a t  l owe r  t empe ra tu res  (Tab1e  6 .4 ) .

The  t ime  t o  50% fe r t i l i t y ,  wh i ch  p rov ides  an  i ndex  o f  how  rap id l y  game togenes i s

occu rs ,  showed  the  same genera l  t r ends  as  max imum fe r t i l i t y .  A t  i r rad iances  nea r

the  t h resho ld  l eve l  ( 0 .25  E /n2 /d ) ,  i t  t ook  s l j gh t l y  l ess  t ime  f o r  50% fe r t f l i t y  a t

11o  and  l zoc  than  a t  t empera tu res  be tween  13o  and  19oC.  A t  20oC,  the  deve lopmen t

t ime  was  gene ra l l y  l onge r  t han  a t  l owe r  t empe ra tu res  (Tab1e  6 .5 ) .

6 .3 .4  D i scuss ion

The  va r j ous  re l a t i onsh ' i ps  be tween  game togenes i s  and  i r r ad iance  such  as  t he

m in imum i r r ad iance  t h resho ld ,  t he  l eve l  f o r  50% fe r t j l i t y ,  and  t he  sa tu ra t ' i on
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i r r ad iance ,  ag reed  we l l  be tween  the  two  exper imen ts  as  we l l  as  w i th  the  resu l t s  o f

p rev ' i ous  l abo ra to ry  expe r imen ts  wh ich  were  conduc ted  a t  1soc  (Sec t i on  6 .2 ) .  The

i r r ad iance  l eve ' l  r equ i red  f o r  50% fe r t i l i t y  i n  a  12 :12  LD  pho tope r i od  0 .4  E /n2 /d  i n

ou r  p rev ious  expe r imen ts  (Sec t i on  6 .2 )  and  was  be tween  0 .25  and  0 .60  E /nz /d  (a t

15oC)  i n  t hese  expe r imen ts .

The  s t rong  i n te rac t i on  be tween  i r rad iance  and  tempera tu re  i n  Lamjna r ia  spp .

(Lun ing ,  1980)  was  no t  obse rved  i n  Mac rocys t i s  py r i f e ra .  Some in te rac t i on  was  no ted

in  the  s l i gh t l y  g rea te r  f e r t i l i t y  a t  0 .25  E /nz /d  a t  t empera tu res  be low  15oC and  i n

the  s f i gh t l y  l owe r  f e r t i l i t y  a t  i r r ad iances  be tween  0 .60  and  1 . i  E /n2 /d  a t  20oC .

However ,  t hese  e f fec ts  were  sma l l  compared  to  the  exponen t ia ' l  i nc rease  i n  the

i r rad iance  dose  requ i red  fo r  50 i6  fe r t i l i t y  w i th ' i nc reas ing  tempera tu re  obse rved  i n

L .  saccha r i  na .

One  su rp r i s ' i ng  resu l t  was  tha t  spo rophy tes  were  p roduced  a t  t empera tu res  up  to

?0oC.  P rev ious  
' l abo ra to ry  

s tud ies  (Lun ing  and  Neushu l  ,  1978 )  ' i nd i ca ted  tha t  t he

i rppe r  t empera tu re  l im i t  f o r  gametogenes is  i n  t h i s  spec ' i es  was  be tween  17o  and  20oC-

However ,  we  found  100 i1  fe r t i l i t y  a t  19oC when  l i gh t  l eve l s  were  a t  o r  above  0 .92

E /n2 /d  and  g rea te r  t han  70% a t  20oC under  the  same i r rad iance  reg imes .  These

d i f f e rences  were  no t  due  to  j r rad iance  s ' i nce  the  i r rad iance  l eve l  used  by  Lun ing  and

Neushu l  (60  uE /n2 /s  o r  2 .15  E /n2 , /d )  was  we ' l l  above  the  l eve l  a t  wh ich  we  obse rved

h igh  l eve l s  o f  f e r t i l i t y .  The  d i f f e rences  i n  t he  resu l t s  o f  t hese  two  s tud ies  may

have  been  due  t o  geno typ i c  va r i ab ' i l i t y  among  ke lp  popu la t ' i ons  i n  d i f f e ren t  r eg ions

w i th  respec t  t o  t empera tu re  to le rances .  Lun ing  and  Neushu l  (1978)  used  gametophy te .s

p roduced  f rom spo rophy tes  i n  t he  San ta  Barba ra  a reas ,  whereas  ou r  gametophy tes  came

f rom a  popu la t i on  app rox ' ima te l y  300  km to  the  sou th .
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The occurrence of  I00% sporophyte product ion at  temperatures above 17oC a l  so

d i f f e r s  f r om the  resu l t s  o f  ou r  game tophy te  f i e l d  s tud ies  (Sec t ' i on  6 .5 )  i n  wh i ch

ve ry  l ow  spo rophy te  p roduc t i on  occu r red  a t  t empera tu res  above  16 .3oC even  when
:

i r rad iance  l eve l s  were  h igh .  The  da ta  f rom th i s  l abo ra to ry  s tudy  sugges t  t ha t  t he

lack  o f  spo rophy te  p roduc t i on  i n  t he  f i e l d  ou tp l an t s  was  no t  s imp l y  due  t o  h i i he r

tempera tu res ,  bu t  poss ib l y  due  to  a  fac to r  t ha t  co r re la ted  w j th  tempera tu re ,  such  as

nu t r i en t s .  The  ro l e  o f  bo th  mac ronu t r i en t s  and  m ic ronu t r i en t s  i n  con t ro l ' l i ng

game togenes i s  i s  d i scussed  i n  t he  f o l l ow ing  sec t i on .

6.4 Laboratory Studies on the Effects of Nutrients

6.4.  I  In t roduct ion

A  number  o f  s tud ies  have  shown  tha t  nu t r i en ts  a re  an  impor tan t  f ac to r

regu la t i ng  game togenes i s  i n  Mac rnocys t i s  py r i f e ra  and  o the r  l am ina r i an  spec ies .

Kuwabara and Nor th (  1980)  conducted an e1 egant  s tudy i  n  whi  ch Macrocyst ' i  s

gametophy tes  were  cu l tu red  i n  a  to ta l ' l y  de f i ned  a r t i f i c i a l  med ium.  In  th i s  s tudy ,

the  essen t i  a l  m ' i  c ronu t r i  en ts  fo r  gametogenes ' i  s  were  de f i  ned  and  va r i  ous

quan t ' i t a t i ve  re la t i onsh ips  be tween  fe r t ' i l  i t y  and  these  m ic ronu t r i en ts  were

de te rm ined .  However ,  n ' i t r ogen  was  ma in ta ined  a t  20  pM,  a  h igh  concen t ra t i on

re l a t i ve  t o  ave rage  l eve l s  i n  nea rsho re  wa te rs  o f  sou the rn  Ca l i f o rn i a ,  due  t , o

l ' im ' i t a t ' i ons  o f  t he  expe r imen ta l  des ign .  The  concen t ra t i on  a t  wh i ch  n i t r ogen  l im ' i t s

gametogenes is ,  t he re fo re ,  was  no t  de f i ned  i n  th i s  s tudy .  I n  a  s tudy  o f  Lamina r ia

saccha r i na  f r om B r i t ' i sh  Co lumb ia ,  Hs ' i ao  and  D rueh l  ( 1971 ,  1973a )  f ound  t ha t  t he

op t imum n i t rogen  concen t ra t i on  a t  wh ' i ch  gametophy tes  p roduced  spo rophy tes  i n

labo ra to ry  cu l tu re  was  600  uM.  Th is  concen t ra t i on  i s  more  than  100  t imes  the  no rma l

n i t r ogen  concen t ra t i on  i n  t ha t  spec ies r  na tu ra l  hab i t a t .  The  au tho rs  asc r i bed  t h i s

h igh  op t imum concen t ra t i on  t o  va r i ous  a r t i f ac t s  assoc ia ted  w i t h  t he  cu l t u re

methodo logy .  The re fo re ,  even  though  n i t rogen  has  been  shown  to  be  an  impor tan t
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factor  i  n  gametogenes ' i  s  o f  var i  ous I  ami  nar i  an

re la t i onsh ips  i n  t h i s  p rocess  a re  no t  we l l  known .

spec ' l  es , the quan t i  t a t i  ve

The  resu l t s  o f  ou r  l abo ra to ry  s tud ies  on  the  re la t ' i onsh ips  be tween  tempera tu re ,

i r r ad iance ,  and  game togenes i s  i n  Mac rocys t i s ,  p resen ted  i n  t he  p rev ' i ous  sec t i on ,

show tha t  under  op t ' ima ' l  nu t r i en t  cond i t i ons  popu la t i ons  o f  gametophy tes  can  have

100% sporophy te  p roduc t j on  a t  t empera tu res  up  to  19oC.  Th i s ' i s  i n  con t ras t  t o  t he

resu l t s  o f  t he  f i e ' l d  ou tp ' l an t  s t ud ies  wh i ch  show  a  s i gn i f  i can t  nega t i ve  co r re l a t i on

between sporophyte product ' ion and temperature,  a t  temperatures between 11 and 18oC,

w l th  few  spo rophy tes  p roduced  a t  t empera tu res  above  16oC (see  sec t i on  6 .5 ) .

These  resu l t s  sugges t  t ha t  some fac to r  re la ted  to  tempera t ,u re ,  bu t  no t

tempera tu re  i t se l f ,  i s  con t ro l ' l i ng  the  obse rved  co r re la t i on  be tween  tempera tu re  and

sporophy te  p roduc t ' i on  i n  t he  f i e ld .  Seve ra l  s tud jes  have  shown  tha t  n i t rogen  i s

co r re la ted  w i th  tempera tu re  i n  ke lp  fo res ts  i n  sou the rn  Ca l  i f o rn ' i a  ( Jackson ,  1977 ;

Zen ta ra  and  Kamykowsk i ,  19771 ,  Re ' i t ze l  and  Zab loud i l ,  1984 ;  Z immerman  and  K remer ,

1984 ) .  N i t r ogen  I eve l s  a re  gene ra ' l ' l y  l ow  ( . 1  uM)  a t  t empe ra tu res  above  iOoC ( f i g .

6 .5 )  i n  t he  nea rsho re  wa te rs  o f f  San  Ono f re .  Th i s  r e l a t i onsh ' i p  sugges t s  t ha t  l ow

n i t rogen  l eve l s  may  be  respons ib le  fo r  t he  l ack  o f  spo rophy te  p roduc t i on  i n  warm

wate rs .  The  pu rpose  o f  t h i s  l abo ra to ry  s tudy  was  to  exp io re  the  re la t i onsh ips

be tween  nu t r i en ts  (espec ia l l y  n i t rogen)  and  gametogenes is  under  op t ima l  cond ' i t i ons

o f  t empera tu re  and  i r rad iance .

6 .4 .2  Me thods

The  p rocedu res  used  t o ' i nocu la te  t he  game tophy te  cu l t u res  we re  i den t i ca l  t o

t hose  used  i n  t he  above  s tud ies  (Sec t ' i on  6 .3 ) .  The  bas i c  cu l t u re  med jum was  na tu ra l

seawa te r  en r i ched  w i t h  va r i ous  nu t r i en t  add i t i ves .  We  co l l ec ted  t he  seawa te r  f r om
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0 .5  m be low  the  sea  su r face  and  app rox ima te l y  15  km o f f sho re  to  ensu re  tha t  t he

unenr i ched  wa te r  had  a  l ow  n ' i t r ogen  concen t ra t i on .  The  wa te r  was  f i l t e red  th rough  a

0 .2  um capsu ' l e  f i l t e r  t o  e l im ' i na te  d i a toms  and  o the r  phy top lank ton .  The

gametophy tes  were  g rown  on  g lass  s l j des  i n  6  9 .  cu l t u re  vesse ls  tha t  were  ae ra ted

f rom the  bo t tom.  The  l a rge  vo lume- to -samp le  ra t i o  and  the  con t i nuous  movemen t  o f

t he  med ium i n  t he  cu l t u re  vesse l s  e l im ina ted  any  po ten t ' i a1  p rob lems  o f  nu t r i en t

deo l  e t i  on .

Th i s  s tudy  cons ' i s t ed  o f  a  se r i es  o f  3  expe r imen ts  f n  wh i ch  t he  f i nd ings  o f  each

exper imen t  were  more  fu11y  exp lo red  and  tes ted  i n  t he  nex t  expe r imen t .  Two

rep l i ca te  cu l tu re  vesse ls  were  used  fo r  each  o f  t he  t rea tmen ts  excep t  f o r  t he  th i rd

exper imen t  ' i n  wh ich  the re  was  on l y  one  vesse l  pe r  t rea tmen t .  Two  s l i des  were

randomly  samp ied  f rom each  c .on ta ine r  and  5  g roups  o f  25  haphazard l y  chosen  se ts  o f

f ema le  game tophy tes  we re  samp led  f o r  f e r t i l i t y  on  each  s l i de . .

The  ob jec t i ve  o f  t he  f i r s t  expe r imen t  was  to  de te rm ' i ne  i f  add i t i ons  o f

n i t r ogen ,  o r  n i t r ogen  and  i r on ,  t o  o f f sho re  su r f ace  seawa te r  wou ld  be  su f f i c i en t  t o

' i nduce  gametogenes is .  The  con t ro l  seawa te r  used  i n  th i s  s tudy  had  a  to ta l  n i t rogen

(NHu+Na;+pg+ ;  concen t ra t i on  o f  0 .4  uM.  Add i t ' i ons  o f  n i t rogen ,  as  NaN03 ,  w€r€  l r rdd€

to  th ' i s  con t ro l  seawa te r  t o  y ie ld  concen t ra t i ons  o f  5  and  10  uM to ta l  n i t rogen .  I n

the  f i e ld  ou tp lan t  expe r imen ts ,  h igh  l eve l s  o f  spo rophy te  rec ru i tmen t  were  obse rved

when  ave rage  n i t rogen  concen t ra t i ons  ranged  f rom 2  to  6  uM.

In  a  second  t rea tmen t ,  i r on  and  n i t rogen  were  bo th  enhanced  w i th  add ' i t i ons  o f

FeC1 . ,  EDTA,  and  T r i s  bu f f e r  a l ong  w i t h  t he  NaN0 . .  N i t r ogen  concen t ra t i ons  we re

aga in  ad jus ted  t o  5  and  10  uM the  o the r  cons t i t uen t s  we re  added ' i n  concen t ra t i ons

no rma l l y  f ound  i n  PES  g row th  med ium (Tab le  6 .6 ) .  S im i l a r  concen t ra t i ons  o f  FeC1 . ,
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EDTA and  T r i s ,  and  n i t rogen  a long  w i th  the  add i t i on  o f  n ' i t r ogen ,  have  been  shown  to

be  su f f i c i en t  t o  s t imu la te  game togenes i s  i n  Lesson ia  n i q rescens ' (Ho f fman  and

San te l i ces ,  1982) .  These  compounds  a re  a l so  ' impor tan t  componen ts  o f  t he  PES med ia

wh ich  we  rou t j ne l y  used  to  i nduce  gametogenes ' i s  i n  l abo ra to ry  cu ' l t u re  (Tab le  6 .6 ) .

The  f i na l  t r ea tmen t  i n  t he  f i r s t  expe r imen t  was  the  add i t i on  to  con t ro l  seawa te r  o f

the  comp ' l e te  se t  o f  PES add i t i ves  i n  wh ich  the  n i t rogen  concen t ra t ' i on  was  ad jus ted

to  p roduce  a  f i na l  concen t ra t i on  o f  10  uM.  PES med ia  no rma l l y  has  a  to ta l  n i t rogen

concen t ra t i on  o f  ove r  660  uM.

A  second  se t  o f  expe r imen ts  was  pe r fo rmed  to  tes t  f o r  t he  e f fec ts  o f  va ry ing

n ' i t r ogen  and  phosphorus  concen t ra t ' i ons  when  a l l  o the r  componen ts  o f  pES med ium

(phospho rus ,  me ta l s ,  v i t am ins ,  EDTA and  T r i s )  we re  kep t  cons tan t .  We  assumed  tha t

f ac to r s  o the r  t han  n i t r ogen  wou ld  no t  be  1 im ' i t i ng  i n  t h i s  case .  The  n i t r ogen

concen t ra t i ons  used  ranged  f r om 0 .4  t o  7 .0  uM.  I n  t h i s  expe r imen t ,  we  a l so  exam ined

the  e f fec ts  o f  add i t i ons  o f  n i t rogen  and  phosphorus  to  seawa te r .  N i t rogen  and

phosphorus  were  added  in  ra t i os  no rma l l y  encoun te red  i n  coas ta l  wa te rs  o f  sou the rn

Ca l i f o rn i a  ( Jackson ,  1977 ) .  The  h i ghes t  n i t r ogen  (7  uM)  and  phospho rus  (2 .8  uM)

concen t ra t i ons  a re  s im l l a r  t o  l eve l s  obse rved  i n  coas ta l  sou the rn  Ca l i f o rn i a  du r i ng

s t rong  upwe l l i ng  even ts  ( Jackson ,7977) .  The  con t ro l  sea  wa te r  had  a  to ta l  n i t rogen

concen t ra t i on  o f  0 .4  uM.

The  th i rd  expe r imen t  was  des igned  to  se rve  th ree  pu rposes .  The  f i r s t  was  to

con f i rm  t he  f i nd jngs  o f  t he  second  expe r imen t ,  wh i ch  showed  t ha t  game togenes i s  was

be ing  s t imu la ted  a t  much ' l owe r  n i t r ogen  l eve l s  t han  expec ted ;  t he  second  was  t o  t es t

f o r  poss ib l e  e f f ec t s  o f  t he  add i t i on  o f  t he  t h ree  PES v i t am ' i ns  and  t he  t h i r d  pu rpose

was  t o  add ress  t he  poss ib i ' l i t y  t ha t  add i t i ona l  n i t r ogen  was  be ing  supp l i ed  t o  t he

gametophy tes  by  n i t rogen- f i x i ng  bac te r i a  p resen t  i n  t he  cu l tu re  sys tem.  A  fac to r i a l
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des ign  was  used  i n  t h i s  expe r imen t  i n  wh i ch  we  had  3  l eve l s  o f  t r ea tmen t :  ( 1 )  con t ro l

seawa te r  (n i t rogen  concen t ra t i on  =  1 .9  u /M) ,  (Z )  seawa te r  and  me ta l s  +  25  uM Na-

g l yce rophospha te ,  (3 )  seawa te r  and  me ta l s  +  25  uM Na-g l yce rophospha te  +  660  uM

NaN0r .  Each  o f  t hese  t r ea tmen ts  was  c rossed  w i t h  v i t am ' i n  and  an t i b ' i o t i c  ( pen i c i l l i n

and  ch1  o ramphen i  co l  )  t r ea tmen ts  and  the i  r  respec t i  ve  con t ro l  s .  D i  f f e rences  among

fac to rs  and  the  i n te rac t i ons  among  fac to rs  were  examined  w i th  a  th ree -way ,  f i xed -

ef fect  AN0VA.

6 .4 .3  Resu l t s

The  on l y  t rea tmen t  i n  t he  f i r s t  expe r imen t  t o  p roduce  fe r t i l e  gametophy tes  was

the  add i  t i  on  o f  PES med i  um w i  t h  10  uM N  (Tab l  e  6 .  7 )  .  The  add i  t ' i on  o f  ne ' i t he r

n i t rogen  no r  n ' i t r ogen  and  i ron  by  themse lves  was  su f f i c i en t  t o  s t imu la te  gametophy te

p roduc t  i  on  .

I n  t he  second  expe r imen t ,  a l l  o f  t he  t r ea tmen ts  j n  wh i ch  v i t am ins ,  me ta l s  and

phosphorus  were  added  induced  fe r t i l i t y  (Tab1e  6 .8 ) .  Even  the  t rea tmen t  i n  wh ' i ch  no

n i t rogen  was  added  to  the  cu l tu re  p roduced  fe r t i l i t y  i n  68% o f  t he  fema le

gametophy tes .  The re  was  no  s ign i f i can t  d ' i f f e rence  i n  spo rophy te  p roduc t i on  among

n i t r ogen  l eve l s  when  PES componen ts  ( v i t am ' i ns ,  me ta l s ,  T r i s ,  and  phospha te )  we re

added .  The  add i t i on  o f  on i y  phospha te  and  n i t r ogen ,  a t  va r i ous  concen t ra t i ons ,

p roduced  a  max imum o f  on l y  4 .0% fe r t i l i t y .

The  resu l t s  o f  t he  th i rd  expe r imen t  con f i rmed  tha t  gametophy tes  cou ld  p roduce

eggs  w i thou t  add i t i ons  o f  n i t rogen  o r  v i t am ins ,  when  o the r  PES componen ts  were  added

to  the  seawa te r  (Tab1e  6 .9 ) .  As  h igh  as  9A% o f  t he  fema le  gametophy tes  became

fe r t ' i l e  i n  con t ro l  seawa te r

and  an t i b i o t i c s  we re  added .

4  pM n i t r ogen )  t o  wh i ch  on l y  me ta l s  and  phospho rus

the  ove ra l l  ana i ys i s ,  ne i t he r  t he  v i t am in  no r  t he

(0

In
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an t ib io t i c  t rea tmen t  had  a  s ign i f i can t  e f fec t  on  gametophy te  fe r t i l i t y .  However ,

the  t rea tmen ts  w i th  an t i b ' i o t i cs  had  g rea te r  f e r t i l i t y  t han  those  w i thou t  i n  t he

cases  when  no  n i t rogen  was  added  to  the  cu l tu re  med ium.  The  causes  o f  t h i s

d i f f e rence  a re  no t  known ,  bu t  may  be  re la ted  to  bac te r i a l  up take  o f  n j t rogen  i n  the

no  an t i b io t i c  t rea tmen t  and  subsequen t  compe t i t i on  be tween  bac te r i a  and

gametophy tes  fo r  nu t r i en ts .  However ,  t hese  resu l t s  sugges t  t ha t  bac te r i a ' l  supp ly  o f

n i t rogen  was  no t  an  un impor tan t  sou rce  o f  t hese  nu t r i en ts  fo r  gametophy tes .

6 .4 .4  D iscuss ion

These  l abo ra to ry  expe r imen ts  have  shown  gametogenes is  to  be  l ess  dependen t  on

n i t r ogen  concen t ra t i ons  t han  was  f i r s t  be l i eved ,  and  t ha t  o the r  m i c ronu t r i en t s  o r  an

in te rac t i on  be tween  mac ro -  and  m ic ronu t r i en t s ,  may  be  equa l l y  i f  no t  mo re ' impo r tan t

f o r  game togenes i s .  The  impo r tan t  r o l e  o f  m ' i c ronu t r i en t s ,  espec ia l l y  t r ace  me ta l s ,

i n  gametogenes is  o f  l am ina r ian  gametophy tes  has  been  shown  in  two  l abo ra to ry

s tud ies .  Kuwabara  and  Nor th  (1980)  cu i tu red  gametophy tes  i n  a  p rec ' i se1y  de f i ned

a r t i f i c i a l  med ia  (Aqu i1 )  and  es tab l i shed  9  e l emen ts  (N ,  P ,  Mn ,  Fe ,  Co ,  Cu ,  Zn ,  Mo ,

and  I )  as  be ing  essen t i a l  f o r  f e r t i l i t y .  The  m ' i n imum concen t ra t ' i on  needed  t o

p roduce  spo rophy tes  was  found  fo r  e igh t  o f  t hese  e lemen ts ,  bu t  was  no t  es tab l ' i shed

fo r  n ' i t r ogen  because  o f  l im i t a t i ons  i n  a  comp lex  expe r imen ta l  des ign .

Mo tomura  and  Saka ' i  ( 1984)  cu l tu red  gametophy tes  o f  two  Lamina r ia  spec ies  i n  a

w ide l y  used  a r t i f  i c ' i a l  med ium (ASPITNTA)  and  found  tha t  i r on  was  l  im i t ' i ng

game togenes i s  i n  t he  no rma l  f o rmu la t i on  o f  t h i s  med ium.  Th i s  f i nd ' i ng  i s  impo r tan t

because  i t  exp ia i ns  t he  resu l t s  o f  an  ea r l i e r  s t udy  by  Hs iao  and  D rueh l  ( 1973a )  t ha t

showed  an  op t ' ima l  n i t r ogen  concen t ra t i on  f o r  game togenes i s  i n  Lam ina r i a  sacha r r i na

o f  600  uM.  Hs iao  and  Drueh l  used  the  same bas i c  med ' i a  (ASpr )  as  Mo tomura  and  Saka i ,

and ' i t  appears  tha t  t he  h ' i gh  n i t rogen  requ i remen t  t ha t  t hey  demons t ra ted  was  the

resu l t  o f  i r on  l im i t a t i on .
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The  same t ype  o f  i n te rac t i on  be tween  m ic ronu t r i en ts  and  macronu t r i en ts

(n ' i t r ogen  and  phosphorus )  appears  to  be  i n f l uenc ing  gametogenes is  i n  Mac rocys t i s

py r i f e ra .  Our  l abo ra to ry  s tud ' i es  showed  tha t  when  h ' i gh  l eve l s  o f  t r ace  me ta l s  and

phospho rus  we re  supp l i ed ,  n i t r ogen  l eve l s  as  l ow  as  0 .4  uM/ l  we re  adequa te  t o  i nduce

gametogenes is .  When  t race  me ta l s  were  no t  added  to  the  cu l tu re ,  even  re la t i ve l y

h igh  n i t rogen  and  phosphorus  concen t ra t i ons  (10  uM N  and  3  uM P)  were  no t  su f f i c i en t

fo r  gametogenes i  s .

Th i  s  i  n te rac t i  on  was  a  I  so  sugges ted  by  the  resu l  t s  o f  a  f i  e l  d  nu t r j  en t

expe r imen t  conduc ted ' i n  t he  f a l l  o f  1981  (Sec t i on  6 .5 ) .  I n  t h i s  expe r imen t ,

game tophy te -ou tp l an t  subs t ra tes  we re  pu t  ' i n t o  t he  f i e l d  a t  SMK (0 ,  2 ,4 ,  and  6  m

above  t he  bo t t om) ,  bo th  w i t h  and  w i t hou t  0smoco te  f e r t i l i ze r .  Th i s  f e r t i l i ze r

p rov ides  n i t rogen ,  phosphorus ,  and  po tass ' i um bu t  no  t race  e lemen ts .  The  ave rage

tempera tu re  du r ing  the  two  ou tp lan ts  was  above  L6oC and  na tu ra l  n i t rogen  l eve l s  were

near  1 .0  uM.  Sporophy te  rec ru i tmen t  was  g rea te r  on  the  fe r t i l i zed  subs t ra tes  bu t

s t i l l  1ow compared  to  ou tp lan ts  conduc ted  a t  o the r  t imes ,  when  tempera tu res  were

iower  and  n i t rogen  l eve l s  were  app rox ima te l y  t he  same as  those  on  the  fe r t i l j zed

subs t ra tes .  I t  appea rs  t ha t  o the r  nu t r i en t  cons t i t uen t s ,  such  as  t r ace  me ta l s ,

wh i ch  a re  assoc ' i a t ed  a l ong  w i t h  n i t r ogen  i n  co lde r ,  upwe l l ed  wa te r  (Ande rson ,  1978 )

wa te r  a re  necessa ry  to  i nduce  h igh  dens i t ' i es  o f  spo rophy tes  f rom gametophy tes .

The  re la t ' i ve  ' impor tance  o f  t he  d i f f e ren t  m ic ronu t r i en ts  to  fe r t ' i 1 i t y ,  and  the

quan t i t a t i ve  re l a t i onsh ips  be tween  nu t r i en t  concen t ra t i ons  and  f e r t i f  i t y ,  howeve r ,

a re  no t  ye t  known .  The  l abo ra to ry  s tud ies  conduc ted  by  Kuwabara  and  Nor th  (1980)

a l l owed  t he  ca l cu la t i on  o f  t he  f r ee  i on  concen t ra t i on  o f  each  o f  t he  t r ace  me ta l s  i n

t he  cu l t u re  med ia .  I n  mos t  cases  t he  f r ee  i on  concen t ra t i on  was  much  l owe r  t han  t he

ana l y t i ca l  concen t ra t i on .  Th i s  was  due  t o  t he  p resence  o f  t he  che la to r ,  EDTA,  wh i ch
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b i  nds  w ' i t h  me ta l  i  ons .  Va r i  ous

che la to r s  and  i t  i s  t he re fo re

me ta l s  wh i ch  wou ld  be  ava i l ab le

o rgan ic  mo lecu les  ' i n  nea rsho re  seawa te r  a l so  ac t  as

d i f f i cu l t  t o  de te rm ine  t he  concen t ra t i ons  o f  t r ace

to the gametophytes.

6.5 ln Situ Studies of Production of Sporophytes from Gametophytes

6.5.  1  |  n t roduct ion

The  f i e ld  s tud ies  o f  spo rophy te  p roduc t i on  f rom gametophy tes  have  had  two

pr imary  ob jec t i ves .  The  f i r s t  was  to  se rve  i n  t he  "BACIP ' r  ana lyses  as  a  d i rec t

assessmen t  o f  any  impac ts  o f  S0NGS on  th i s  c r i t ' i ca l  l i f e  s tage  o f  Mac rocys t ' i s .  The

second  ob jec t ' i ve  was  to  deve lop  genera l  quan t i t a t i ve  re la t i onsh ' i ps  be tween  the

p roduc t i on  o f  spo rophy tes  and  va r jous  phys i cochemica l  va r i ab les .  These

re la t i onsh ips  w ' i l l  a l l ow  us  t o  l i n k  t he  phys i ca l  r eg ime  o f  t he  d ' i s cha rge  p i ume  w i t h

any  obse rved  changes  i n  the  pa t te rn  o f  spo rophy te  rec ru i tmen t  i n  t he  l oca l  ke lp

fo res t s .  The  re l a t i onsh ' i ps  deve loped  i n  t hese  f i e l d  s tud ies  a l so  se rve  t o  va l i da te

the  resu l t s  o f  t he  va r i ous  l abo ra to r y  s tud ies  d i scussed  i n  t he  p rev ious  sec t i ons .

BACIP  resu l t s  w i l l  be  p resen ted  e l sewhe re  (Vo l .  I I ,  The  E f f ec t s  o f  S0NGS) .  He re ,  we

inves t i ga te  t he  mechan i  s t i c  r e l a t i onsh ips  be tween  i n  s i t u  r ec ru i tmen t  o f

spo rophy tes  and  phys i cochemica l  f , ac to rs .

6 .5 .2  Me thods

0u tp lan t  and  Cu l t u re  Techn iques

The  p r imary  expe r imen ta l  t oo l s  i n  t h i s  s tudy  were  a r t i f i c i a l  subs t ra tes  tha t

were  i nocu la ted  w i th  Mac rocys t i s  py r i f e ra  zoospores  i n  t he  l abo ra to ry  and  ou tp lan ted

to  t he  f i e l d  s ta t i ons .  These  i nocu la ted  subs t ra tes  pnov ided  a  de f i ned  popu la t i on  o f

gametophy tes  f rom wh ich  the  rec ru i tmen t  o f  spo rophy tes  cou ld  be  quan t i f i ed .  The

subs t ra tes  cons i s ted  o f  p l ex i g l ass  p i a tes  (30 .5  x  L0 .2  x  0 .6  cm)  on to  wh i ch  p i eces

o f  ny ' l on  l i ne  (10  cm 1ong ,  0 .64  cm d iame te r )  we re  f as tened  w i t h  p ' l as t ' i c  cab le  t i es .
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Th ' i s  a r rangemen t  a l l owed  fo r  t he  s imu l taneous  i nocu la t j on  o f  a  i a rge  number  o f

samp f i ng  un i t s  wh i ch  cou ld  t hen  be  i nd i v i dua l l y  r emoved  f r om the  subs t ra te  f o r

t ranspor t  back  to  the  
' l abo ra to ry  

fo r  ana lys i  s .  Ny ' l on  I  i  ne  was  chosen  as  the

a r t i f i c i a l  subs t ra te  because  dense  spo rophy te  rec ru i tmen t  on to  th i s  subs t ra te  was

no ted  on  many  occas ' i ons  w i th in  the  San  Ono f re  ke lp  fo res t .

Zoospores  used  i n  the  i nocu la t i ons  were  ob ta ' i ned  f rom adu l t  Mac rocys t i s

py r i f e ra  i n  SOK.  Fe r t i l e  spo rophy l ' l s  were  co l l ec ted ,  p ' l aced  i n  p las t i c  bucke ts

f j l l ed  w i t h  seawa te r ,  and  immed ia te i y  r e tu rned  t o  t he  l abo ra to r y  t o  avo id ' l a rge

changes  i n  wa te r  t empera tu re  ove r  amb ien t .  I n  t he  l abo ra to ry ,  t he  spo rophy ' l l s  were

ca re fu l l y  r i nsed  w i th  f i l t e red  seawa te r  t o  remove  excess  mucus  and  d ia toms ,  s to red

ove rn igh t  i n  mo i s t  t owe l l i ng  a t  15oC ,  and  t hen  a l l owed  t o  r e l ease  zoospo res  i n

f  i  I  tered seawater .  The zoospore so l  u t i  on was d ' i  I  u ted to  produce an ' i  nocul  a t i  on

so l  u t i  on  w i  t h  a  zoospore  concen t ra t i  on  o f  i  . 0  x  105  spo res /m1  .  Zoospore

concen t ra t i ons  were  de te rm ined  w i th  a  hemacy tomete r .

I nocu la t i on  o f  subs t ra tes  was  conduc ted ' i n  a  cons tan t  t empera tu re  room a t  15oC.

Subs t ra tes  we re  i nocu la ted  f o r  24  hou rs  i n  Py rex  bak ing  d i shes  con ta i n i ng  1 .5  l ' i t e r s

o f  t he  i  nocu l  a t i  on  so l  u t i  on  .  A f te r  i  nocu l  a t ' i  on  ,  t he  subs t ra tes  were  s to red

ove rn igh t ' i n  f i l t e red  seawa te r  un t i l  ou tp l an t i ng  t o  t he  f i e l d  t he  nex t  day .

The  i n i t i a l  gametophy te  dens i t y  f o r  each  ou tp lan t  was  es t ' ima ted  by  tak ing  1  to

3  subs t ra te  l i nes  f rom each  p1a te ,  immed ia te l y  be fo re  the  p la tes  were  ou tp lan ted  to

the  f i e ld .  The  new ly  se t t l ed  gametophy tes  were  censused  in  10  quadra ts  o f  0 .03  mm2

a t  400X  us ing  a  d i pp ' i ng  cone  ob jec t i ve  f i t t ed  w i t h  an  ep i - i l ' l um ina t i on  sys tem.  Th i s

sys tem p rov ides  f o r  h i gh  magn i f i ca t i on  o f  ob jec t s  on  opaque  backg rounds .
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The  subs t ra tes  were  t ranspor ted ' i n to  the  f i e ld  36  hou rs  a f te r  t he  s ta r t  o f

i  nocu l  a t ' i on  .  They  were  t ranspor ted  ' i n  b l  ack  p l  ex i  g l  ass  con ta i  ne rs  s to red  j  n

insu la ted  ches ts .  Th i s  me thod  o f  t ranspor t  was  des igned  to  p ro tec t  t he  gametophy tes

f rom la rge  tempera tu re  changes  and  exposu re  to  d i rec t  sun l i gh t .

F i e l d  S ta t ' i ons  and  Samp l ' i ng  Schedu le

h /e  a t tached  the  ou tp lan t  p ' l a tes  a long  w i th  i ns t rumen ts  used  to  measure

phys i ca l  f ac to rs  on  an  a r ray  o f  racks  a t  each  s ta t i on  (F ig .  6 .6 ) .  Th . i s  t ype  o f  rack

has  been  used  s ince  1979 .  (An  ea r l i e r  rack  des ign  was  used  a t  S0KD45  in  1977  and

1978 ,  see  F ig .  5 .2  i n  Dean ,  1980a) .  The  p ' l a tes  were  kep t  i n  pos ' i t i on  by  PVC f rames

a t tached  to  a  s ta in less  s tee l  cab le  tha t  was  anchored  to  the  bo t tom by  a  23  kg  s tee l

p la te .  P la tes  were  p laced  on  the  bo t tom and  2  m above  the  bo t tom a t  each  o f  t he

s ta t i ons .  I n  add i t i on ,  p l a tes  we re  a l so  p l aced  a t  4  m  and  6  m  above  t he  bo t t om a t

the  SMK45  s ta t i on  du r ing  1981  and  1982 .  The  ra t j ona le  fo r  t he  p lacemen t  o f  t he

subs t ra tes  i n  t he  wa te r  co lumn was  to  p rov ide  a  w ide r  range  o f  phys i cochemica l

reg imes  than  wou ld  be  ava i l ab le  d i rec t l y  on  the  bo t tom.  The re fo re ,  even  though  the

na tu ra l  hab i ta t  f o r  spo rophy tes  i s  on  the  bo t tom,  the  use  o f  subs t ra tes  a t  2 ,  4  and  6

mete rs  above  the  bo t tom a ided  i n  desc r ib ing  the  re la t i onsh ips  be tween  spo rophy te

rec ru i tmen t  and  the  va r ious  env ' i r onmen ta l  f ac to rs  measured .

'  The f  i  e l  d  s tat ' ions used i  n  the gametophyte outp ' lants  var  j  ed between

exper imen ts .  The  s ta t i on  a t  S0KD45  was  used  con t j nuous ' l y  s ince  7977 ,  t he  s ta t i on  a t

S0KU45  was  added  in  June ,  1979 ,  and  the  con t ro l  s ta t i on  a t  BK55  was  added  in  Augus t ,

1980 .  Add ' i t i ona l  s ta t i ons  a t  S0KD35 ,  SMK45 ,  and  SMK-CAN were  added  in  Augus t ,  1981 ,

and  a  s ta t i on  a t  S0KU35  was  added  in  Oc tobe r ,  i 985 .  A  comp ' l e te  desc r ip t i on  o f  t he

s ta t i ons  i nc l uded  used  f o r  ou tp l an t ' i s  g i ven  i n  Append ' i x  E .  Va r i ous  comb ina t i ons  o f

s ta t i ons  and  dep ths  were  used  because  these  samp les  were  pa r t  o f  an  evo l v ' i ng  BACIP
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des ign  ( see  Sec t i on  1 .0 )  and  because ,  i n  i a t e r  ou tp l an t s ,  we  i nc reased  t he  number  o f

s ta t i ons  and  dep ths  samp led  i n  o rde r  t o  ob ta ' i n  a  w ide r  range  o f  phys i cochemica l

va r i  ab l  es  .

The  number  o f  rep i i ca te  p la tes  a t  each  f i e ld  s ta t i on  va r ied  be tween  ou tp ' l an ts .

Du r i ng  t he  i n i t i a l  ou tp l an t s ,3  p l a tes ,  each  w i t h  30  l i nes ,  we re  p l aced  a t  each

dep th .  I n  l a te r  ou tp lan ts ,  t he  number  o f  p la tes  was  reduced  to  2 ,  and  the  number  o f

l i nes  was  reduced  t o  14  and ,  f i na11y ,  t o  7  pe r  p1a te .  These  changes  i n  samp le  s i ze

were  due  to  a  reduc t i on  i n  t he  number  o f  t imes  each  ou tp lan t  was  samp led .  t de

re ta ' i ned  2  p la tes  on  2  separa te  racks  to  i nsu re  tha t  some da ta  f rom each  s ta t i on  were

ob ta ined  i n  the  even t  o f  l oss  o f  one  o f  t he  racks .  F rom Oc tobe r  to  December  1981 ,  on

the  bo t t om,  we  p laced  4  p l a tes ,  each  cons i s t i ng  o f  14  l i nes ,  t o  i nc rease  t he  chances

o f  de tec t . i ng  spo rophy tes .  The  2  ex t ra  bo t tom p la tes  were  d i scon t i nued  i n  1982

because  t hey  d i dn ' t  p rov ' i de  any  add i t i ona l  i n f o rma t i on  on  rec ru i tmen t .  Un inocu la ted

p la tes  were  pa i red  w i th  i nocu la ted  p la tes  to  de tec t  any  na tu ra l  rec ru i tmen t  o f

Mac rocys t ' i s  t ha t  m igh t  have  con founded  ou r  ou tp lan t  resu l t s .

As  i nd i ca ted ,  t he  samp l ing  schedu le  fo r  t he  gametophy te  ou tp lan t  subs t ra tes

va r ied  be tween  ou tp l  an ts .  Du r ing  the  ' i n i  t i  a l  ou tp ' l an ts  ,  subs t ra tes  were  samp l  ed

pe r i od i ca l l y  du r i ng  t he  cou rse  o f  t he  ou tp ' l an t  expe r imen t .  Beg inn ing  i n  1981 ,

gametophy te  ou tp ' l an t  expe r imen ts  were  censused  fo r  rec ru i t ed  spo rophy tes  on l y  once ,

a f te r  an  ou tp lan t  pe r iod  o f  app rox ima te ' l y  42  days .  Th ' i s  42 -day  pe r iod  was  se lec ted

because  t he  max imum spo rophy te  dens i t i es ,  i n  t he  ou tp l an t s  t ha t  we re  co l l ec ted

per iod ' i ca '11y ,  had  occu r red  a t  be tween  35  and  45  days  f rom the  da te  o f  ou tp lan t i ng

(F ig .  6 .7 ) .  The  d ' i s t r i bu t i ons  a re  peaked  because  spo rophy te  dens i t i es  on  t he

ou tp ' l an t  subs t ra tes  were  the  resu l t  o f  a  dynamic  ba lance  be tween  spo rophy te

rec ru ' i tmen t  and  spo rophy te  mor ta l i t y .  The  42 -day  t ime  pe r iod ' i s  adequa te  fo r  mos t
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gametophytes to  produce sporophytes and have them grow to a s ' ize (even under  sub-

op t ' ima l  cond i t ' i ons )  t ha t  cou ld  be  censused  a t  12  to  20x  under  the  m ic roscope .  Ve ry

l i t t l e  spo rophy te  rec ru i tmen t  cou ld  be  expec ted  a f te r  42  days ,  because  o f  t he  l ow

surv i va l  ra te  o f  gametophy tes  - l n  s i t u .  Gametophy te  su rv i va l  expe r imen ts  (Sec t i on

3 .0 )  showed  tha t  t he  ave rage  ha l f - l i f e  o f  gametophy tes  was  app rox ima te l y  16  days .

The  42 -day  ou tp lan t ' i n te rva l ,  t he re fo re ,  was  l ong  enough  to  max ' im ize  the  rec ru i tmen t

add i t i ons  to  dens i t y ,  even  under  subop t ima l  env i ronmen ta l  cond i t i ons  when

game togenes i s  cou ld  have  been  bu t  s t i l l  sho r t  enough  t o  m in im i ze . t he  mor ta l i t y

reduc t i ons  f rom the  f i na l  spo rophy te  dens i t y .

Du r i ng  t he  i n i t j a l  ou tp l an t s ,  wh i ch  we re  samp led  on  seve ra l  occas ' i ons ,  l i nes

were  removed  f rom the  p la tes  i n  t he  f i e ld  by  d i ve rs  and  re tu rned  to  the  l abo ra to ry

fo r  census ing .  I n  l a t e r  ou tp l an t s ,  en t i r e  p l a tes  we re  co l ' l e c ted  and  t he  l ' i nes  we re

removed  in  the  l ab .  I n  bo th  cases ,  subs t ra tes  were  t ranspor ted  back  to  the  l ab  i n

b l  ack  p l  ex ' i g ' l ass  con ta i  ne i s  f  i  I  I  ed  w i  t h  seawa te r .  These  con ta i  ne rs  were  kep t  coo l

and  p ro tec ted  f rom d i rec t  sun ' l i gh , t .  I n  t he  l ab ,  l i nes  were  s to red  i n  t he  da rk  a t  ZoC

un t i l  samp ' l ed .  A l l  l ' i nes  we re  obse rved  t ' l i ve t t ,  i . e . ,  w i t hou t  f i xa t i on  o r  chem ica l

p rese rva t i  on  .

The  me thods  used  f o r  census ing  t he  subs t ra te  l i nes  a l so  evo l ved  ove r  t he  cou rse

o f  t he  gametophy te  ou tp lan t  s tud ies .  I n  t he  f i r s t  two  ou tp lan ts ,  9  Nov  1977  and  23

June  1978 ,  an  a t tempt  was  made  to  quan t i f y  bo th  gametophy te  and  spo rophy te  dens ' i t i es

on  the  ou tp ' l an t  subs t ra tes .  Gametophy tes  were  coun ted  w i th  a  d ipp ing  cone  ob jec t i ve

on  a  compound  m ic roscope  f i t t ed  w i t h  an  ep ' i - i l l um ina t i on  sys tem.  The  rec ru i t ed

sporophy tes  were  obse rved  w i th  a  s tandard  d i ssec t i ng  m ic roscope .  D ' i r ec t  census ' i ng

o f  gametophy tes ,  however ,  was  abandoned  because  gametophy tes  were  o f ten  obscu red  by

sed jmen t  pa r t i c l es  on  t he  I  i nes .  I n  a l  I  l a t e r  expe r imen ts ,  on l y  r ec ru i t ed

sporophy tes  were  samp led .
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Census ing  o f  spo rophy tes  du r ing  the  i n i t ' i a l  gametophy te  ou tp lan t  was  done  in

sma l l  quadra ts ,  L  to  10  mm2 in  s i ze .  However ,  t he  va r iance  i n  the  es t ima te  o f

spo rophy te  dens i t y  us ing  th j s  quadra t  s i ze  was  unaccep tab l y  h igh  because  o f  t he

pa tchy  d i s t r i bu t i on  o f  spo rophy tes  on  the  l i nes .  Th i s  va r iance  was  reduced  in  l a te r

ou tp l an t s  by  i nc reas ing  t he  quad ra t  s i ze .  I n  ou tp l an t s  s i nce  Augus t  1978 ,  each  l i ne

was  cons ide red  a  separa te  sampf ing  un ' i t  w i th  an  a rea  o f  500  mm2.  Th i s  500  mm2 a rea

i s  t he  en t ' i r e  uppe r  ha l f  o f  t he  l i ne ' s  su r f ace .  Spo rophy tes  on  t he  l i nes  we re

coun ted  a t  a  magn i f i ca t i on  o f  12  to  20X .

Un i f o rm i t y  o f  t he  I nocu la t i on

One  o f  t he  assumpt ions  o f  t h i s  s tudy  was  tha t  t he  zoospores  se t t l ed  even ly  on

a l l  l i nes  on  a  p1a te ,  and  be tween  a l1  p l a tes  i n  a  s i ng le  ou tp l an t .  Th i s  assump t i on

was  tes ted  by  random sampf  i ng  o f  gametophy te  dens i t ' i es ,  on  f rom 6  to  8  l ' i nes ,  on  each

o f  3  p la tes ,  i n  a  p re l im ina ry  i nocu la t i on  conduc ted  on  7  0c tobe r  1977 .  Gametophy te

coun ts  were  taken  f rom f i ve  to  seve teen  0 .03 -mm2 quadra ts  on  each  l i ne .  D i f f e rences

in  l og - t r ans fo rmed  dens i t i es  among  p la tes ,  and  among  l i nes  w i t h i n  a  p1a te ,  we re

tes ted  us ing  a  nes ted  AN0VA.

E f fec ts  o f  T ranspor t i ng

The  e f fec t  o f  t r anspor t i ng  the  gametophy tes  i n to  the  f i e ld  were  mon i to red

dur ing  the  f i r s t  ou tp lan t  expe r imen t  i n  November  1977 .  Two  l ' i nes  were  removed  f rom

each  o f  two  p l  a tes  ' i n  t he  I  abo ra to ry  p r i  o r  t o  ou tp ' l an t i  ng .  The  p l  a tes  were  then

taken  i n to  the  f i e ld  and  re tu rned  on  the  same day  and  two  more  l ' i nes  were  removed

f rom each  p1a te .  A l l  l i nes  we re  t hen  cu l t u red  f o r  13  days  i n  t he  l abo ra to r y  and ,

a f t e r  cu l t u re ,  spo rophy tes  we re  coun ted  i n  each  o f  s i x  0 .03 -mm2 quad ra t s  pe r  l i ne .

Log - t rans fo rmed  dens ' i t y  i n  each  quadra t  were  ave raged  pe r  p la te  and  used  as  the

c r i t e r i on  va r i ab le .  We  tes ted  t he  hypo thes i s  t ha t  dens i t i es  d i d  no t  d i f f e r

s i gn i f i can t l y  among  t r ea tmen ts  us i ng  a  S tuden t t s  t - t es t .
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Effects  of  Densi ty  of  Gametophytes

The  inocu la t i on  p rocedure  was  des ' i gned  to  p rov ide  un i fo rm i t y  among

ou tp lan t i ngs .  Howeve r ,  i n i t i a l  dens i t i es  o f  game tophy tes  on  l i nes  some t jmes  va r i ed

by  more  than  two fo ld .  The  poss ib le  e f fec t  o f  i n j t i a l  dens i t y  on  spo rophy te

p roduc t i on  was  examined  du r jng  an  ou tp lan t  expe r imen t  i n  June  1981 .  One  p la te  was

inocu la ted  w i th  app rox ima te l y  7  t imes  the  no rma l  dens i t y  o f  gametophy tes  and

ou tp lan ted  to  S0KD45  a long  w ' i t h  2  p la tes  i nocu la ted  w i th  no rma l  dens i t i es .  Two

l i nes  pe r  p la te  were  co l l ec ted  p r i o r  t o  ou tp lan t i ng  and  the  number  o f  gametophy tes

were  coun ted  i n  ten  0 .03 -mm2 quadra ts  on  each  l i ne .  A f te r  6  weeks ,  t he  p la tes  were

co l l ec ted  and  spo rophy tes  were  coun ted  on  each  o f  7  l ' i nes  pe r  p1a te .  The  hypo thes i s

that  the sporophyte product ion rate d i f fered among t reatments was tested wi th  a two-

wdY,  f i xed -e f fec t  ANOVA,  us ' i ng  t ime  (a t  t he  beg inn ing  o r  end  o f  t he  obse rva t i on

pe r i od )  and  t r ea tmen t  ( no rma l  i n i t i a l  dens ' i t y  o r  7x ' i n i t i a l  dens i t y )  as  t he  c l asses .

Log - t r ans fo rmed  dens i t i es  pe r  r ope . (1n  f dens i t y  +  0 .4 )  we re  used  as  t he  c r i t e r i on

va r i ab le .  A  s i gn i f i can t  i n t e rac t i on  i n  t h i s  ana l ys i s  wou ld  sugges t  an  e f f ec t  o f

i n i t i a l  dens i t y  on  the  ra te  o f  spo rophy te  p roduc t i on  i n  s i t u .

Sporophy te  Rec ru i tmen t  and  Phys i ca l  Fac to rs

The  re l  a t i  onsh i  ps  be tween  spo rophy te  rec ru i tmen t  and  the  va r ious

phys i cochemica l  f ac to rs  were  de te rm ' i ned  w i th  mu ' l t ' i p ' l e  reg ress ion  ana lyses  (SAS,

1982) .  Sporophy te  rec ru i tmen t  was  exp ressed  as  the  p ropo r t i on  o f  f ema le

gametophy tes  p roduc ing  spo rophy tes .  The ' l og - t rans fo rmed  va lues  o f  spo rophy te

rec ru i tmen t  were  used  as  the  dependen t  va r i ab le  i n  t he  reg ress ' i on .  Th i s  was

compu ted  as :

Sporophy te  rec ru j tmen t  =

where  Dro  i s  t he  ave rage  spo ropny te+L

l - - l

log"L( ror t (10/2) )  *  (1  x  10 6 !

dens i t y  app rox ima te l y  42  days  a f te r
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and  I , . , ,  i s  t he  ave rage  i n ' i t i a l  dens i t y  o f  gametophy tes .  The  Dro  va lue  was  the  meanJ - ' - ' -  -  - 4 1

sporophy te  dens i t y  f rom the  co l l ec t i on  da te  c loses t  t o  42  days  a f te r  ou tp lan t i ng ;

co l l ec t i ons  made  less  than  38  days ,  o r  more  than  46  days  a f te r  ou tp lan t i ng  were

oml t ted .  The  i n i t i a l  dens i t y  was  d i v ided  by  2  so  tha t  on ' l y  f ema le  gametophy tes .  were

taken  i n to  accoun t  f o r  t h i s  ca l cu la t ' i on .  The  assump t i on  o f  an  equa l  p ropo r t i on  o f

ma le  and  fema le  gametophy tes  was  tes ted  i n  a  
' l abo ra to ry  

expe r imen t  ' i n  wh ich  the  sex

o f  gametophy tes ,  cu l t u red  under  op t imum cond j t i ons ,  was  de te rm ined  a f te r  7  days .  The

propor t i ons  o f  ma le  and  fema le  gametophy tes  d id  no t  d i f f e r  s ign i f i can t l y  f rom one

ano the r  (Tab i  e  6 .10 ) .

The  i ndependen t  va r i ab les  used  i n  the  ana lyses  were  mean  tempera tu re ,

i r r ad ia t i on ,  and  ses ton  f l ux  r a te  ( accumu ' l a t i on  o f  sed imen ts ' i n  p ' l as t i c  t ubes ) .

De ta i l  s  o f  me thods  o f  measuremen t  f o r  each  o f  t hese  fac to rs  a re  g ' i ven  ' i n  Append ix  C .

These  va r i ab les  we re  t he  ove ra l l  means  o f  t he  da ' i l y  va lues  measu red  du r i ng  t he  t ime

tha t  t he  ou tp l an t s  we re  i n  t he  f i e l d  i r r ad ia t i on  was  pu t  i n t o  t hese  ana l yses  as  a

dummy  va r i ab le  w i t h  a  va lue  o f  1  f o r  mean  i r r ad ia t ' i on  l eve l s  above  0 .4  E /n2 /d  and  a

va lue  o f  0  f o r  means  be low  th i s  t h resho ld  l eve l .  Th i s  dummy  va r i ab le  was  used

because  the  l abo ra to ry  s tud ies  had  shown  tha t  t he  re la t i onsh ' i p  be tween  i r rad iance

and  game tophy te  f e r t i l i t y  was  essen t i a l ' l y  a  s tep  f unc t i on ,  i n  wh ' i ch  f e r t i f  i t y

qu i ck ] y  reached  a  sa tu ra t i  on  I  eve l  a t  i  r rad i  a t i  on  I  eve l  s  above  the  c r i  t i  ca l

t h resho ld  l eve l  o f  0 .4E /nz /d  (Sec t i on  6 .2 .3 ) .  N i t r ogen  va lues  we re  no t  i nc l uded  i n

th i s  reg ress ion  mode l  because  n i t rogen  was  measured  too  i n f requen t l y .  N i t rogen

va ' l ues  a re  co r re l  a ted  w ' i t h  t empera tu re  and  da i  1y  n i  t r ogen  va i  ues  may  ac tua l  l y  be

bet ter  est i  mated by dai  
' ly  

temperatures than by I  ess f  requent ' ly  measured n ' i t rogen

concen t ra t i ons  (Z immerman  and  K remer ,  1984 ) .
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We have  used  to ta l  quan ta  (400  -  700  nm o f  l i gh t )  i n  ou r  ana lyses  even  though

game togenes i s  r esponds  on l y  t o  b l ue  1 i gh t .  I n  S0K ,  t o ta l  quan ta  a re  h i gh l y

co r re l a ted  w ' i t h  t he  b l ue  f r ac t ' i on  (R2  =  0 .91 )  and  t he  b l ue  f r ac t i on  can ,  t he re fo re ,

be  es t ima ted  f r om the  t o ta l  quan ta  us i ng  t he  equa t i on  (g i ven  i n  Re i t ze l  e t  a l . ,

1985 ,  p .  110 )  :

B l  ue  i  r rad i  ance  =  . (  
-1  .  17  +  I .  17  1og  to ta l  i  r rad i  a t ' i  on  )

} Je  have  a l so  used  to ta l  da i l y  dose  o f  quan ta , rece ' i ved  by  gametophy tes ,  even  though

the  to ta l  quan ta  u t i l i zed  depends  on  the  i ns tan taneous  ra te  a t  wh ich  quan ta  a re

rece i ved ,  as  we l l  as  the  to ta l  dose  rece i ved .  Game. tophy tes  have  th resho ld  and

sa tu ra t i on  l eve l s  o f  1 .1  vE /nz / s  b l ue  l i gh t  and  1 .6  yE /mz /s  b l ue  1 i gh t ,

r espec t i ve l y .  F i gu re  6 .8  shows  t he  re l a t i onsh ip  be tween  t o ta l  da i l y  dose  (E /n2 /d ) ,

as  used ' i n  ou r  ana l ys i s ,  v s  t he  t o ta l  dose  o f  b l ue  l ' i gh t  r ece i ved  ove r  42  days  g i ven

the  above  t h resho ld  and  sa tu ra t i on  l eve l s .  The  b l ue  dose  t h resho ld  ( 1 .7  E /m2)

requ i red  fo r  p roduc t i on  o f  spo rophy tes  by  50% o f  t he  gametophy tes  i n  t he  l abo ra to ry

i s  equ ' i va l en t  t o  a  da i l y  dose  o f  t o ta l  i r r ad ia t ' i on  (400  -  700  nm)  o f  0 .4  E /n2 /d  ove r

42  days .  Th i s  va lue  was  used  as  t he  t h resho ld  va lue  i n  ou r  r eg ress ion  ana l yses .

In  some ou tp lan t  expe r imen ts ,  a  fu11  comp iemen t  o f  da i l y  mean  measuremen ts  o f

tempera tu re  and  i r rad ' i a t i on  was  no t  ava j l ab le  because  o f  i ns t rumen t  f a i l u re  and

o the r  causes .  We  e l im ina ted  a l l  ou tp l an t ' i ngs  f r om ou r  ana l yses  t ha t  had  l ess  t han

21  days  o f  t empera tu re  da ta  o r  l ess  than  28  days  o f  i r rad ia t i on  da ta .  Us ing  a  f i n i t e

samp l i ng  d i s t r i bu t i on  (Coch ran ,  1977 ) ,  w€  ca l cu la ted  t ha t  g i ven  2 l  days  o f

tempera tu re  da ta ,  t he  t rue  42 -day  mean  tempera tu re  cou ld  be  es t ' ima ted  to  w i th in

+0 .zoc  fo r  68% o f  t he  t ime  o r  +0 .3oC fo r  95% o f  t he  t ' ime .  Fo r  i r rad ia t i on ,  28  days

o f  da ta  y ie lded  es t ' ima tes  o f  42 -day  means  w i th ' i n  +0 .15  E /nz /d ,  68% o f  t he  t ime ,  and

w i th in  j 0 .20  E /nz /d ,  95?6  o f  t he  t ' ime .

6 -30





i n i t i a l  ana lyses  were  pe r fo rmed  to  de te rm ine  whe the r  a  1og - t rans fo rmed  o r

un t rans fo rmed  reg ress ion  mode l  f i t  t he  da ta  bes t .  I t  was  de te rm ined  tha t  a  mode l

w i th  1og^ - t rans fo rmed  dependen t  and  i ndependen t  va r i ab les  had  the  h ighes t  ove ra l l" e

R2 .

A  p re l im ina ry  r eg ress ion  ana l ys i s  was  a l so  run  t o  f u r t he r  ve r i f y  t he  t h resho ld

va lue  used  f o r  se t t ' i ng  t he  i r r ad ia t i on  dummy  va r i ab le  (Tab1e  6 .11 ) .  I n  t h i s  t es t ,

t he  i r rad ja t i on  va lue  was  va r ied  f rom 0 .2  E /nz /d  to  0 .8  E /n2 /d ,  w i th  each  va lue

assumed  to  be  the  th resho ld  and  used  i n  se t t ' i ng  the  i r rad ia t i on  dummy va r iab le  to

e i the r  0  o r  1 .  A  th resho ld  va lue  o f  0 .4  E /n2 /d  p roduced  the  h ' i ghes t  R2  i n  the

reg ress ion  mode l .  Th i s  t h resho ld  i s  t he  same  as  t ha t  f ound  i n  ou r  l abo ra to r y

s tud i  es  on  i  r rad ' i ance  e f  f  ec t s  (  Sec t i  on  6 .2 )  .

The  reg ress ion  ana lyses  were  f  i r s t  pe r fo rmed  us ing  a l ' l  phys i cochemica l

va r i ab les  measu red  on  ou tp l an t s  a t  a l l  o f  t he  ke lp  bed  s ta t i ons  i n  t he  pe r i od  be fo re

SONGS Un i t s  2  and  3  began  ope ra t ' i ons  (November  1977  'December  1982)  and  f rom on ly

the  SMK45  s ta t ' i on  i n  t he  ope ra t i ona l  pe r iod  ( January  1983  -  Ju l y  1986) .  Da ta  f rom

s ta t j ons  i n  SOK du r ing  the  ope ra t i ona l  pe r iod  were  omi t ted  because  o f  poss ib ' l e

con found ing  e f fec ts  o f  S0NGS on  the  "no rma l "  phys io log i ca ' l  p rocesses .  0n l y  t hose

s ta t i ons  l oca ted  a t  dep ths  g rea te r  t han  8  m were  used  i n  these  reg ress ion  ana lyses .

Da ta  f r om sha l l owe r  s i t es  ( 7  t o  8  m) ,  samp ' l ed  i n  con junc t i on  w i t h  ou r  s t ud ies  o f  t he

e f f ec t s  o f  Un i t  1 ,  we re  no t ' i n c l uded  because  t hese  s ta t i ons  we re  no t  w i t h i n  t he

usua l  dep th  range  f o r  ke lp  a t  San  0no f re ,  and  because  l i t t l e  phys i cochemica l  da ta

was  ava i l ab le  fo r  t hese  s i t es .  Separa te  ana ' l yses  were  pe r fo rmed  fo r  each  samp ie

dep th  (0  m and  2  m above  the  bo t tom)  and  fo r  bo th  dep ths  comb ' i ned .  The  va r iab les

wh i ch  we re  no t  s i gn i f i can t  a t  P  <  0 .10  we re  e l im ina ted  and  t he  ana l ys i s  was  re run

us ing  on l y  t he  s i gn i f i can t  f ac to r s  as  i ndependen t  va r i ab les .  A  de ta ' i l ed  desc r i p t i on
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o f  me thods  used  fo r  measur ing  phys i cochemica l  f ac to rs  and  th i s  se lec t i on  p rocedure

a re  g i ven  i n  Append ices  C  and  D

Nut r i en t  En r i chmen t  S tud ies

The  e f fec ts  o f  nu t r i en ts  on  spo rophy te  rec ru j tmen t  were  tes ted  i n  a  f i e ld

expe r imen t ' i n  wh i ch  t he  l eve l s  o f  n i t r ogen  and  phospho rus  we re  e l eva ted  i n  t he

v i c in ' i t y  o f  ou tp lan ted  gametophy tes .  N i t rogen  l eve l s  were  e leva ted  above  amb jen t

w i t h  a  commerc ia l l y  ava i l ab le  s l ow- re l ease  i no rgan i c  f e r t i l i ze r  (Osmoco teu ,  S i . r r .

Chemica l  Co . ,  M i l p i t as ,  CA) .  Th i s  f e r t i l i ze r  i s  a  b l end  o f  ammon ium n ' i t r a te  and

phospha te  sa l t s  (26% N and  IL% P)  wh ' i ch  i s  pe l l e t i zed  and  coa ted  w i th  a

semipe rmeab ' l e  po l ymer  f i lm .  These  exper imen ts  used  ny lon  l i ne  subs t ra tes  a t tached

to  p l ex i g l ass  p l a tes  as  desc r i bed  p rev ious l y .  The  f e r t i l i ze r  was  p l aced  i n  a  ny l on

mesh covered t ray and at tached to a cut -out  p1ate,  thereby forming the bot tom of  the

p la te  (F i g .  6 .9 ) .  The  un fe r t i l ' i zed  p i a tes  had  a  so l i d  p i ex i g l ass  bo t t oms

Wate r  samp les  fo r  n i t rogen  de te rm ' i na t ' i ons  were  co l  l ec ted  a t  week ly  ' i n te rva l  s

du r ing  the  expe r imen ts .  Samp les  were  d rawn  by  vacuum p ressu re  th rough  pe r fo ra ted

po lye thy lene  tubes  wh ich  a l t e rna ted  w i th  the  ny lon  l i ne  subs t ra tes  on  the  ou tp ' l an t

p l a te  (F i g .6 .9 ) .  The  samp les  we re  co l l ec ted  i n  ac i d -washed  g iass  bo t t l es  and  we re

' immed ia te l y  t aken  back  to  the  boa t  where  they  were  f i l t e red  and  f rozen  on  d ry  i ce .

Analyses for  N0;+ | ' tQ;  and NHf,  were per formed by ECQsystems Management ,  Inc.  The

fe r t i l ' i ze r  t rays  were  rep laced  immed ia te l y  a f te r  t he  week ly  wa te r  samp les  were

taken .

The  nu t r i en t  en r i chmen t  expe r imen ts  were  pu t  i n to  the  f i e ld  on  6  Augus t  and  10

Sep tember  1981 .  Bo th  expe r imen ts  were  conduc ted  a t  t he  SMK 45  s ta t i on .  Each

expe r imen t  cons ' i s t ed  o f  4  ou tp l an t  a r rays  (F ig .  6 .6 )  w i t h  p ' l a t es  a t  0 ,  2 ,4 ,  and  6  m
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above  the  bo t tom.  P la tes  on  ha l f  o f  t he  a r rays  were  fe r t i l i zed  wh ' i l e  p la tes  on  the

o the r  2  a r rays  se rved  as  un fe r t i l i zed  con t ro l s .  The  un fe r t i l i zed  a r rays  were

I  ocated approx imate ' ly  10 m f  rom the fer t i  I  i  zed arrays.  Pre l  ' imi  nary exper iments

i  nd- icated that  th i  s  was far  enough away f rom the t reatments to  avoid any

con tam ina t i on  by  d r i f t  o f  t he  f e r t i l i ze r  (Sec t i on  10 .2 .5 ) .  Each  p l a te  w i t h

' i nocu la ted  l ' i nes  was  pa i red  w i th  an  un inocu la ted  p la te  a t  each  dep th  on  each  a r ray .

The  un inocu la ted  p la te  se rved  as  a  con t ro l  t o  mon i to r  t he  na tu ra l  rec ru i tmen t  o f

spo rophy tes .  0ne  l i ne  was  samp led  f rom each  p la te  p r i o r  t o  ou tp lan t i ng  and

gametophy tes  were  coun ted  i n  ten  0 .03 -mm2 quadra ts  pe r  1 ine .  A f te r  app rox ima te ' l y  6

weeks  i n  t he  f i e i d ,  T  l i nes  we re  co l l ec ted  f r om each  p l a te  and  t he  number  o f

spo rophy tes  one  each  l i ne  were  coun ted  as  above .  The  gametophy te  subs t ra tes  f rom

the two exper iments were co l  lected on 16 September and 22 0ctober  1981,

respec t i  ve1y .

A  th ree -way ,  f i xed -e f fec t  ana lys i s  o f  va r i ance  was  used  to  tes t  f o r  d i f f e rences

in  n i t rogen  concen t ra t i ons  among  dep ths  above  the  bo t tom,  t rea tmen ts  ( f e r t i l i zed  vs

con t ro l ) ,  and  expe r imen ts  (ou tp lan t  da tes ) .  A  th ree -way  i n te rac t ' i on  te rm was  no t

i nc l uded  because  t he re  we re ' i nsu f f i c i en t  deg rees  o f  f r eedom fo r  a  f u l l  r ank  mode l .

Di  f ferences i  n  sporophyte densi  ty  among fer t i  I  i  zed and unfer t i  I  i  zed contro l

t reatments and among depths were tested wi th  a two-way,  f ixed-ef fect  ANOVA; separate

tes ts  were  pe r fo rmed  fo r  each  expe r imen t .  Dep ths  a t  wh ich  mos t  obse rved  dens i t i es

were  ze ros  (6  m in  the  f i r s t  expe r imen t  and  0  m jn  the  second)  were  e l im ' i na ted  f rom

the  ana l yses .  Means  pe r  p1a te ,  o f  1og  t r ans fo rmed  dens i t i es  pe r ' l ' i ne  (1n  f dens i t y  +

0 .017 ] )  we re  used  as  t he  c r i t e r i on  va r i ab les .  The  cons tan t  0 .017  was  added  t o  t he

dens i t y  p r i o r  t o  t rans fo rma t ' i on  to  avo id  tak ing  l ogs  o f  ze ro  and  rep resen ts  the

sma l  l es t  poss ' i b l e  non -ze ro  dbns i t y .
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6 .5 .3  Resu l t s

Pre l  im ina ry  Exper imen ts

Pre l im ina ry  s tud ies  conduc ted  i n  7977 ' i nd i ca ted  tha t  t he re  were  no  s ign i f i can t

d i f f e rences  i n  game tophy te  dens i t i es  among  p la tes ,  o r  among  l i nes  w i t h i n  p l a tes ,

f o l l ow ing  i nocu la t i on  (Tab le  6 .12 ) .  A1so ,  we  f ound  no  s i gn i f i can t  e f f ec t  o f

t ranspor t i ng  subs t ra tes  on  the  even tua l  number  o f  spo rophy tes  p roduced  (Tab le  6 .13 )

and  the re  was  no  s ign i f i can t  e f fec t  o f  i n i t i a l  gametophy te  dens i t y  on  subsequen t

spo rophy te  rec ru i tmen t  (Tab le  6 .14 )

The  spo rophy te  dens ' i t i es  on  the  un inocu la ted  con t ro l  I  j nes  were  a lways

cons ide rab l y  l ess  t han  t hose  on  t he ' i nocu la ted  subs t ra tes .  The  max imum dens i t y  f o r

the  con t ro l s  was  app rox ' ima te l y  10%of  the  max imum fo r  t he  i nocu la ted  subs t ra tes ,  and

when  rec ru ' i tmen t  on  i nocu la ted  l i nes  exceeded  0 .01 /mm2,  con t ro l  dens i t i es  ave raged

less  than  4% o f  t hose  on  the  i nocu la ted  subs t ra tes  (Append ix  F ) .  Na tu ra l  se t t l emen t

o f  zoospores  on  the  subs t ra tes ,  t he re fo re ,  appeared  to  be  an  i ns ign i f i can t  f ac to r  i n

t hese  expe r imen ts .

Seasona l  T rends

The  p ropo r t i on  o f  gametophy tes  p roduc ' i ng  spo rophy tes  was  ex t reme ly  va r iab le

among  exper imen ts .  The  on l y  cons i  s ten t  seasona l  t rend  was  l ow  spo rophy te

rec ru i tmen t  a t  bo th  0  and  2  m above  bo t tom du r ing  Ju l y ,  Augus t ,  and  ea r l y  Sep tember

(F ig .  6 .10 ) .  A  Ch i - squa re  ana l ys i s  o f  r ec ru i tmen t  (Tab le  6 . i 5 )  showed  s i gn i f i can t l y

fewer  than  expec ted  ' i ns tances  o f  h ' i gh  (>0 .1%)  spo rophy te  p roduc t ' i on  i n  ou tp lan ts  pu t

' i n to  the  f i e ld  be tween  Ju l y  and  Sep tember ;  bo th  on  the  bo t tom (x t1  
O ,  

=  4 .18 ,

p<0 .05 ) ,  and  a t  2  m  above  t he  bo t t om ( * t 1  
d f  

=  9 .55 ,  p<0 .005 ) .  The re  we re  a l so

s ign i f i can t l y  more  than  the  expec ted  number  o f  i ns tances  o f  h igh  spo rophy te

p roduc t i on  ' i n  ou tp l an t s  made  i n  Ap r i l  t o  June ,  on  t he  bo t t om on l y  ( x ' ,  
d f  

=  21 .0 ,  P .
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. 005 ) .  Rec ru i tmen t  o f  spo rophy tes  was  l ower  on  the  bo t tom than  a t  2  m above  bo t tom

(pa ' i r ed  t - t es t ,  P  =  0 .02 ,  d f  =  126 ) .

Re la t i onsh ip  t o  Phys i cochemica l  Fac to r s

The  resu l t s  o f  t he  reg ress ion  ana lyses  o f  spo rophy te  rec ru i tmen t  vs

phys i cochem ' i ca l  va r i ab les  a re  g i ven  i n  Tab le  6 .16 .  Mean  dens i t i es  and  means  f o r

phys i cochemica l  da ta  a re  g i ven  i n  Append ix  G .  As  desc r ibed  p rev ious l y  ' i n  t he

Me thods  sec t i on ,  a  se r i es  o f  r eg ress ions  was  run  i n  wh i ch ' i ndependen t . va r i ab les  t ha t

we re  f ound  no t  s i gn i f i can t  a t  P  <  0 .10  we re  e l im ina ted  i n  success i ve  s teps .  On l y  t he

f i na l  r eg ress ion  resu l t s  (w i t h  t hose  i ndependen t  van iab les  s i gn i f i can t  a t  P  <  0 .10 )

a re  p resen ted  he re .  The  s i gn i f i can t  i ndependen t  va r i ab les  f o r  t he  subs t ra tes  a t  0  m

above  the  bo t tom were  tempera tu re ,  and  i r rad ia t i on .  A t  2  m above  the  bo t tom,  on l y

tempera tu re  was  s ign i f i can t .  The  R2  va lues  fo r  0  m and  2  m above  bo t tom reg ress ions

were  bo th  0 .24 .  The  reg ress ion  ana iys i s  f o r  bo th  dep ths  comb ined  found  tempera tu re ,

ses ton  f ' l ux ,  and  i r rad ' i a t i on  to  be  s ign ' i f i can t .  The  R2  fo r  t h i . s  mode l  was  0 .29 .  The

coe f f i c i en ts  fo r  t empera tu re  and  ses ton  f l ux  were  nega t i ve  and  the  coe f f i c i en t  f o r

' i r r ad ia t i on  was  pos i t i ve .

We fu r the r  i nves t i ga ted  the  re la t i onsh ip  be tween  spo rophy te  p roduc t ' i on  and

tempera tu re  and  i r rad ia t ' i on  by  p lo t t i ng  the  p ropo r t i ons  o f  gametophy tes  p roduc ing

spo rophy tes  aga ins t  bo th  t empera tu re  and  i r r ad ia t i on  (F ig .  6 .11 ) .  The re  we re  no

sporophy tes  p roduced  a t  t empera tu res  above  18 .1oC,  and  two- th i rds  o f  t he  ou tp lan ts

in  wh ich  tempera tu res  were  above  !7 .60  d id  no t  p roduce  spo rophy tes .  The  h ighes t

spo rophy te  rec ru i tmen t  ( r t% o f  gametophy tes )  occu r red  a t  t empera tu res  be low  15 .8oC.

The  lowes t  i r rad ia t i on  l eve l  a t  wh ich  any  spo rophy tes  were  p roduced  was  0 . I  E /nz /d ,

a t  t he  SMKCAN s ta t i on  (0  m)  du r ing  the  ou tp ian t  o f  13  May  1982 .  The  spo rophy te

dens i t y  i n  t h i s  ou tp l an t  was  0 .03  spo rophy tes / cm2  o r  0 .00011 i ,  o f  t he  ou tp l an ted
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gametophy tes .  Th i s  was  one  o f  on ' l y  two  cases  i n  wh ich  spo rophy tes  were  p roduced  a t

an  ave rage  i r r ad ia t j on  o f  l ess  t han  0 .25E /nz /d .  The  o the r  case  was  a t  S0KD45  (0  m) ,

i n  t he  ou tp ' l an t  o f  22  Apr i l  1982  i n  wh ich  an  ave rage  dens i t y  o f  0 .07  spo rophy tes /cm2

(0 .00027% o f  gametophy tes )  was  obse rved .  Re la t i ve l y  h igh  p ropo r t i ons  (>0 .7%)  o f

gametophy tes  p roduced  spo rophy tes  on l y  when  tempera tu res  were  be low  16 .3oC and

i  r rad i  a t ' i on  I  eve i  s  were  above  0 .4  E /n '  / d .  A t  t empera tu res  app roach ' i ng  15 .3oC,

h ighe r  r ec ru i tmen t  l eve l s  we re  obse rved  on l y  a t  h i ghe r  i r r ad ia t i on  1eve1s ,

sugges t i ng  a  poss ib ]e  i n te rac t i ve  e f fec t  o f  t empera tu re  and  i . r rad ia t i on  on

sporophy te  p roduc t i  on .

Nu t r i en t  En r i chmen t  S tud ' i es

The  nu t r i en t  en r i chmen t  f i e ld  expe r imen ts  were  des igned  to  separa te  the  e f fec ts

of  nut r i  ents  and temperature on sporophyte recru i  tment  f rom outp l  anted

game tophy tes .  They  p rov ided  a  un ique  se t  o f  cond i t i ons  i n  wh i ch  a  h i gh  nu t r i en t

env ' i r onmen t  occu r red  du r ing  a  t ime  o f  h igh  tempera tu res ,  a  s i t ua t i on  tha t  wou ld  no t

be  expec ted  to  occu r  under  na tu ra l  cond i t ' i ons .  The  n i t rogen  concen t ra t i on  i n  t he

v i c i n i t y  o f  t he  en r i ched  subs t ra tes  was  s i gn ' i f i can t l y  g rea te r  t han  amb ien t  du r i ng

bo th  expe r imen ts  (Tab le  6 .17  and  F ig .  6 .12 ) .  The re  was  no  s i gn ' i f i can t  d i f f e rence  i n

the  deg ree  o f  n i t r ogen  en r i chmen t  be tween  expe r imen ts ,  bu t  n i t r ogen  l eve l s ' i nc reased

w i th  dep th  i n  bo th  expe r imen ts .  The  reasons  fo r  t h i s  phenomenon  rema jn  unc lea r ,  bu t

i t  may  have  been  due  to  h ighe r  cu r ren t  ve ]oc ' i t i es  nea r  t he  sea  su r face  wh ich  caused

more  rap id  advec t i on  and  d ' i f f us ion  o f  t he  fe r t i l i ze r .  Tempera tu re  and  ' i r r ad ia t i on

leve l s  we re  re l a t i ve l y  h i gh  ( t 16 .6oC  and  >2 .3  E /n2 /d ,  r espec t i ve l y )  du r i ng  t hese

expe r imen ts  and  bo th  dec reased  w i t h  dep th  (Tab ie  6 .18 ) .

Mean  spo rophy te  dens i t ' i e s  we re  s i gn i f i can t ' l y  h i ghe r  on  t he  en r i ched  subs t ra tes

than  on  t he  un fe r t i l ' i zed  con t ro l s  i n  each  o f  t he  expe r imen ts  (Tab le  6 .19  and  F ig .
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6 .13 ) .  I n  t he  f i r s t  expe r imen t ,  spo rophy te  rec ru i tmen t  on  en r i ched  subs t ra tes

dec reased  w i th  d i  s tance  f rom the  bo t tom,  i n  a  manner  s im i  l a r  t o  n i t rogen

concen t ra t i ons .  However ,  ' i n  t he  second  exper imen t ,  spo rophy te  dens i t i es  were  no t

s i gn i f i can t l y  d i f f e ren t  a t  2 ,  4 ,  and  6  m  (Tab1e  6 .19 ) ,  and  we re  h ' i ghe r  t he re  t han  a t

0  m  (F jg .  6 .13 ) .  Th i s  may  have  been  because  o f  r e ]a t i ve l y  l ow  l eve l s  i r r ad ia t i on

reco rded  du r ing  the  second  exper imen t  and  poss ib le  i n te rac t i ons  be tween  l i gh t  and

nu t r i en t  up take .  A l though  the re  were  unexp la ined  i n te rac t i ons  among  dep ths  and

expe r imen ts ,  i t  i s  c l ea r  t ha t  f e r t i l i z ' i ng  t he  subs t ra tes  i nc reased  t he  spo rophy te

p roduc t i on  even  a t  t he  h igh  tempera tu res  obse rved  du r ing  these  expe r imen ts .

Wh i l e  t he  add i t i on  o f  n i t r ogen  and  phospho rus  i nc reased  spo rophy te  p roduc t i on ,

the  l eve l s  o f  rec ru i tmen t  t ha t  we  obse rved  on  fe r t i l i zed  subs t ra tes  were  l ow

compared  w i t h  t he  max imum dens i t i es  obse rved ,  a t  some  o the r  t imes ,  on  un fe r t i l i zed

subs t ra tes .  Sporophy te  dens i t i es  reached  12 /cnz  on  fe r t i l i zed  subs t ra tes  pu t  ou t

j n to  the  f i e ld  on  10  Sep tember  1981  a t  6  m above  the  bo t tom,  compared  w i th  dens i t i es

o f  >50 / cm2  (>0 .1% o f  game tophy tes  p roduc ing  spo rophy tes ) ' i n  some  fe r t i l i zed

subs t ra tes  pu t  i n t o  t he  f i e l d  when  a t  t imes  t empera tu res  we re  l ess  t han  15 .8oC .

6 .5 .4  D i scuss ion

Resu l t s  o f  t he  i n  s ' i t u  s tud ' i es  p resen ted  he re  co r robo ra te  the  bas i c

re la t ' i onsh ' i ps  be tween  spo rophy te  p roduc t j on  and  phys i cochemica l  f ac to rs  obse rved  i n

the  l abo ra to ry  s tud ies .  Sporophy te  p roduc t ' i on  was  a  func t i on  o f  i r rad iance ,

t empera tu re ,  and  ses ton  f l ux .  The  i r r ad ja t i on  dose  requ i red  f o r  50% fe r t i l ' i t y  o f

game tophy tes  i n  t he  l abo ra to r y  ( 1 .7  E /nz  b l ue  l i gh t )  i s  equ i va len t  t o  a  da i ' l y  t o ta ' l

dose  o f  i r r ad ia t ' i on  (400  -  700  nm)  o f  0 .4  E /nz /d  ove r  a  6 -wk  pe r i od ' i n  t he  f i e l d .

Spo rophy te  p roduc t i on  i n  t he  f i e l d  was  gene ra l l y  r es t r i c t ed  t o  i r r ad ia t i on  l eve l s
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above  0 .4  E /n2 /d .  0ccas ' i ona '11y ,  rec ru i tmen t  occu r red  a t  l ower  i r rad ia t i on  l eve l s

bu t  t h i s  was  , i n f requen t  and  dens i t i es  o f  spo rophy tes  p roduced  were  1ow (<0 .1?O.  The

few excep t i ons  to  the  0 .4  E /n2 /d  th resho ld  tha t  we  obse rved  may  have  been  due  to  ou r

i nab i l i t y  t o  accu ra te l y  measu re  i r r ad ia t i on  a t  l ow  l eve l s  ' i n  t he  f i e l d .  Anoma lous l y

low  i r rad ja t ' i on  va lues  can  resu l t  f r om the  i r rad iance  senso r  be ing  cove red  up  by

ke ' l p  o r  sed imen ts .  Such  occu r rences  a re  mos t  l i ke l y  t o  occu r  du r ing  s to rmy  pe r iods

when  amb ' i en t  l eve l s  o f  i r rad iaL ion  a re  a l ready  l ow .

Tempera tu re  exp la ined  the  h ighes t  p ropo r t i on  o f  t he  va r iab j l i t y  i n  spo rophy te

rec ru i tmen t  i n  ou r  f i e ld  s tud ies .  The  h jghes t  dens i t i es  o f  spo rophy tes  occu r red  a t

tempera tu res  be low  15 .80C and  the  upper  tempera tu re  l im i t  f o r  spo rophy te  p roduc t i on

by  more  than  0 .1% o f  f ema le  gametophy tes  (a  dens i t y  o f  app rox ima te l y  50

sporophy tes /cmz  )  was  16 .3oC.  Labora to ry  s tud ies  on  Macrocys t i  s  py r i  f e ra

gametophytes showed that  good recru i tment  occurred at  temperatures of  up to  19oC in

the  l abo ra to ry .  Thus ,  we  expec ted  tha t  h igh  dens i t i es  o f  spo rophy tes  wou ld  have

been  p roduced  in  the  ou tp ' l an t  expe r imen ts  a t  t empera tu res  up  to  19oC.  The  l ow

fe r t i ' l i t y  va lues  a t  t empera tu res  a t  16 .3oC and  above  sugges t  t ha t  some fac to r

co r re l a ted  w i t h  t empe ra tu re ,  such  as  nu t r i en t  ava i l ab i l i t y ,  was  ac t i ng  t o  i nh ib i t

rec ru i tmen t  a t  h igh  tempera tu res .  The  resu l t s  o f  t he  nu t r i en t  en r i chmen t  expe r imen t

suppo r t  t h ' i s  conc lus i on .  The  en r i chmen t  o f  n i t r ogen  and  phospho rus  i n  t he  v i c i n i r y

o f  t he  gametophy te  popu ia t i ons  i nc reased  spo rophy te  rec ru i tmen t ,  a lbe i t  a t  l ow

dens i t i es ,  a t  t empe ra tu res  up  t o  i 8 . 1oC .  i t  appea rs  t ha t  t he  s i gn i f i can t  e f f ec t  o f

t empe ra tu re ' i n  t he  reg ress ion  ana l yses  i s  a  r e f l ec t i on  o f  t he  co r re l a t i on  o f

tempera tu re  w ' i t h  n i t rogen  and  o the r  m ic ronu t r i en ts  ( Jackson ,  ! 977 ;  Zen ta ra  and

Kamykowsk ' i  ,  t 977  ;  Z immerman  and  K remer ,  1984 ;  Re i  t ze l  and  Zab l  oud i  I  ,  1984 ) .  Because

o f  t h ' i s  co r re l a t i on  and  t he  h ' i gh  f r equency  t empora l  va r i ab i f i t y  obse rved  i n  nu t r j en t

l eve ' l s ,  hou r l y  t empera tu re  reco rds  may  p rov ide  a  be t te r  es t jma t ion  o f  n i t rogen
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ava i l ab i l i t y  t han  b i -week l y  n i t r ogen  samp les  (Z immerman  and  K remer ,  1984 ) .  The  case

fo r  t empera tu re  se rv ing  as  a  p roxy  fo r  nu t r i en ts  i s  f u r the r  suppor ted  by  the

s imi lar i ty  o f  the upper  temperature boundary for  greater  than l% sporophyte

p roduc t i  on  (  16 .3oC)  ,  and  the  tempera tu re  
' l  
eve l  ( -16  .5oC)  above  wh i  ch  n i  t r ogen

concen t ra t i on  i s  un i f o rm ly  1ow  (F ig .6 .5 ) .  A l t hough  t empera tu re  may  no t  be  t he

fac to r  con t ro ' l 1 i ng  rec ru i tmen t ,  i t  se r ves  as  a  re l a t i ve l y  good  i ndex  va r i ab le

because  i t  i s  more  eas ' i 1y  measured  than  the  nu t r i en t  componen ts  o f  upwe l l ed  wa te r ,

such  as  n i t rogen  and  va r ious  t race  m ' i ne ra l s  wh ich  a re  essen t i a l  t o .  gametogenes is

(Kuwabara  and  Nor th ,  1980) .

Ab ras ion  and  bu r ia l  by  sed imen ts  a re  known  to  be  sou rces  o f  mor ta l i t y  f o r  ke lp

gametophy tes  (Dev inny  and  Vo1se ,  1978) .  Sma l l  amoun ts  o f  sed imen t  can  p rec lude  the

e f fec t i ve  se t t l emen t  o f  zoospores  and  k i l l  gametophy tes  a l ready  a t tached  to  the

subs t ra te .  I n  t he  l abo ra to ry  s tudy  o f  Dev inny  and  Vo lse  (1978)  a ' l aye r  o f  sed imen t

as  sma l l  as  8  ng /cn2  was  su f f i c i en t  t o  reduce  zoospore  su rv i va l  by  abou t  90%.  Fo r

gametophy tes  a l ready  a t tached  on  the  subs t ra te ,  a  sed imen t ' l aye r  o f  7A7  ng /cn2

(approx ima te ' l y  450u  th i ck )  was  enough  to  reduce  su rv i va l  by  90%.  Lack  o f

sedi  mentat i  on ,  therefore ,  appears to  be very i  mpor tant  for  surv i  va l  o f  the

gametophy te  s tage .  However ,  i t  i s  d i f f i cu l t  t o  ex t rapo ' l a te  these  quan t i t a t i ve

re l a t ' i onsh ips  i n to  t he  f i e l d  whe re  sed imen t  cove r  i s  t empo ra l l y  va r i ab le  and ,

t he re fo re ,  d i f f i cu l t  t o  measu re .  I n  ou r  expe r imen ts ,  ve r t i ca l  ses ton  f l ux  exp la i ned

I j t t l e  o f  t he  va r i ab i l i t y  i n  spo rophy te  rec ru ' i tmen t  and  was  a  s i gn i f i can t  f ac to r  i n

ou r  reg ress ion  ana lyses  on ' l y  when  0  and  2  m above  bo t tom dep ths  were  comb ined .  The

lack  o f  a  s t ronger  e f fec t  may  have  been  due  to  a  nega t i ve  co r re ' l a t i on  be tween  ses ton

f l ux  and  i r r ad ia t i on  (Dean ,  1985 ) .  I t  may  a l so  be  t ha t  ve r t i ca l  f l u x  o f  ses ton ,  as

measured  by  ses ton  tubes ,  co r re la tes  on l y  rough ' l y  w i th  the  cove r ing  o f  gametophy tes

by  sed imen t .
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The  re la t ' i onsh ip  be tween  spo rophy te  rec ru i tmen t ,  t empera tu re ,  and  i r rad ia t i on

deve loped  in  ou r  f i e ld  s tud ies ,  sugges ted  tha t  t he re  may  have  been  some in te rac t i on

be tween  i r rad ' i a t i on  and  tempera tu re  (o r  nu t r i en ts )  such  tha t  h ighe r  i r rad ' i a t i on

leve l s  were  requ i red  fo r  gametogenes ' i s  a t  h ighe r  t empera tu res .  However ,  t he

labo ra to ry  s tud ies  showed  no  such  i n te rac t i on  be tween  tempera tu re  and  i r rad ia t i on ,

a t  l eas t  ove r  t he  range  o f  t empe ra tu res  obse rved  i n  t he  f i e l d  ( I 2 .7o  t o  18 .4oC) .

There  may  be  some in te rac t i on  be tween  nu t r i en ts  and  i r rad ia t i on ,  as  sugges ted  by

i r rad iance -dependen t  n ' i t r a te  up take  i n  the  spo rophy te  s tage  ( l l i hee le r ,  1979 ;  Gera rd ,

1982b) .  0n  the  o the r  hand ,  t he  sugges ted ' i n te rac t i on  may  be  an  a r t i f ac t  due  to  the

lack  o f  l ow  i r r ad ' i a t i on  va lues  obse rved  a t  h i ghe r  t empe ra tu res  (F ig .6 .11 ) .

A l  t hough  p rope r  tempera tu re  and  ' i r r ad ' i a t i  on  I  eve l  s  a re  necessa ry  p re requ i  s ' i t es

fo r  t he  rec ru i tmen t  o f  spo rophy tes ,  no t  a '11  ou tp ' l an t i ngs  made  du r ing  pe r iods  o f  h igh

' i  r rad i  a t i  on and l  ow temperature resul  ted ' i  n  h ' igh l  evel  s  of  recru ' i tment .  Thi  s  l  ack

o f  rec ru i tmen t  cou ld  have  been  caused  by  a  number  o f  d i f f e ren t  f ac to rs .  One  l i ke l y

cause  cou ld  have  been  va r i ab ' i 1 i t y  i n  t he  t empera tu re -n i t r ogen  re l a t i onsh ip .

Somet imes ,  pe r iods  o f  l ow  tempera tu re  a re  assoc ia ted  w i th  l ow  n i t rogen  because  the

n i t r ogen  i n  t he  upwe l l ed  wa te r  i s  qu i ck l y  used  up  by  phy top lank ton  (Re ' i t ze1  and

Zab loud ' i l ,  1984 ) .  The re fo re ,  even  though  tempera tu res  a re  i n  t he  p rope r  range  fo r

rec ru i tmen t ,  nu t r i en t s  may  no t  be  p resen t  i n  concen t ra t i ons  su f f i c i en t  t o  s t imu la te

gametogenes i  s .  Fo r  examp l  e ,  a t  t empera tu res  be tween  14 .  5o  and  15 .5oC,  the

p robab i l i t y  t ha t  t he  N0 ;+  N0 ;  l eve l s  wou ld  exceed  1  uM i s  on ' l y  0 .29  (based  on  da ta

g i ven  i n  F i g .6 .5 ) .  0 the r  f ac to r s  t ha t  cou ld  have  p rec luded  rec ru ' i tmen t ' i nc l ude

va r i ous  b ' i o ' l og i ca ' l  p rocesses  t ha t  we re  no t  d i r ec t l y  assessed  i n  t h i s  s t udy .  One

fac to r  t ha t  cou ld  be  espec ia l l y  impo r tan t  i s  g raz ing .  The  e f f ec t  o f  t h i s  b i o l og i ca l

f ac to r  was  m in im i zed  i n  ou r  s t ud ies  by  t he  des ign  o f  t he  ou tp ' l an t  r acks  wh j ch  ra i sed

subs t ra tes  o f f  o f  t he  bo t t om s1 igh t1y .  Fu r t he rmore ,  when  i t  d i d  occu r ,  g raz ing
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appeared  to  be  ve ry  pa tchy  bo th  i n  space  and  t ime .  Some o f  t he  ou tp lan t  p la tes  had

l i nes  wh i ch  su f f e red  obv ious  g raz ing  damage ,  bu t  i n  none  o f  t hese  cases  d i d  a l l  o f

t he  l i nes  on  p l a tes  su f f e r  damage .  The re fo re ,  b i o l og i ca l  e f f ec t s  cou ld  have  been

expec ted  to  i nc rease  the  va r iance  i n  the  re la t i onsh ips  tha t  we  obse rved ,  bu t  no t  t o

s ' i gn ' i f i can t ' l y  a l t e r  t he  re l a t ' i onsh ips  t hemse l ves .
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Tab le  6 .2  Quan tum i r r ad ' i ance  l eve l s  measu red  w i t h  a  sphe r i ca l  senso r  ( 4n ) ,  and

da i l y  quan tum dose  f o r  a  10 :14  ( l i gh t : da rk )  pho tope r i od .

I r rad i  ance

4rr

ftr/nZ/s)
Dose

Gnz ta)

2.9
6 .7

16 .  5
22 .5
25.6
29.0
30 .0

0 .  i0
0 .25
0 .60
0 .8 i
0 .92
1  .04
1 .  10
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Tab le  6 .3  Summar ies  o f  ANOVAs  tes t i ng  d i f f e rences  i n  t he  pe rcen t  f e r t i l i t y  o f

fema le  gametophy tes  be tween  exper imen ts  and  tempera tu res .  A l l  t he  va lues  fo r

pe rcen t  f e r t i l i t y  were  a rcs ' i ne - t rans fo rmed  fo r  t he  ana lyses .  No  ' i n te rac t i on  te rm i s

inc luded  because  the re  were  i nsu f f i c i en t  deq rees  o f  f reedom fo r  a  fu l l  r ank  mode l .

A .  Rep l i ca tes  a t  a l l

Sou rce  DF

tempera tu res  a t  0 .60

Type  i I I  SS

9 1 .67
1  0 .02

at temperatures between 11
(a1 i  rep l i ca tes  be tween 16

E/n2 /d .

F  v a l  u e

8.28
r .26

PR>F

Temperature
Exper i  men t

B .  Rep l  i ca tes

0 .25  E /n2 /d

Source

Temperature
Exper i  men t

C .  Rep f  i ca tes

Source

I  r rad i  ance
Exper i  men t

0.005
0 .299

DF

and  15oC a t

and  20oC were  0 )

F  va l  ue  PR>FType  I I I  SS

0 .08
0 .?0

i r r ad iances  a t  20oC .

Type  I I I  SS

5.32
0 .  02

4
1

0.517
0 .036

PR>FF va l  ue

16 .99
0 .30

0 .96
9 .60

O L a l l

DF

R

1
0.002
0 .603
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Tab le  6 .4  Resu l t s  o f  ANOVA tes t i ng  f o r  d i f f e rences  i n  t he  mean  pe rcen t  f e r t i l i t y  a t

va r i  ous  tempera tu res  under  a  da i  l y  i  r rad ' i a t ' i on  o f  0 .60  E /n2  /d .  Le t te rs  i  nd i  ca te

g roups  o f  means  ( t empe ra tu res )  t ha t  d i d  no t  d i f f e r  s i gn ' i f i can t l y  a t  P<0 .05 .  A l l

pe rcen t  f e r t i l i t i es  were  a rcs jne  t rans fo rmed  fo r  t he  ana ' l ys i s .  Da ta  f rom the  two

exper imen ts  were  poo ' l ed  s ince  p rev ious  ana lyses  showed  no  s ign i f i can t  expe r imen t

e f fec t .

Ana i ys i s  o f  Va r i ance

So  u rce DF SS PR>F

Temperature
Er ror
Tota'l

9
R

T7

1 .706
0 .  185
1  .891

8 .  18  0 .  0035

Temperature

(oc)

o/
/o

Fert ' i  I  i  ty

Du  ncan

Group

l a
r L

T2
1 J

t4
15
16
77
18
19
20

93
97
99

100
100
93

100
96
86
26

A
t
A

A

A
A
A
A
A
A
B
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Tab le  6 .5  Days  to  f i f t y  pe rcen t  f e r t ' i 1 i t y  under  the  va r ious  i r rad iance  and

tempera tu re  reg imes .  Va lues  o f  g rea te r  t han  42  days  were  ex t rapo la ted .  The  cases

in  wh ' i ch  the  p ro jec ted  t ime  to  50 i6  fe r t i l i t y  exceeded  300  days  a re  des ' i gna ted  w i th  a

r r6 l r .  The  da i  1y  ' i r r ad iance  dose  (D ID)  i  s  i n  E /nz  /d .

DID
(E /n2  /d )

Tempera tu re  (oC)

z019181,716a ?
1 314137211

: : : : : : : @

32 31  29  33  30  31  3 i  72
24 26 24 28 28 28 28 31
24 24 22 26 27 26 27 28
28 28 28 30 20 30 26 28
22 2s  ?5  31  19  22  30  32

ia
34
L O

24
28
26

73
32
26
2t
28
?.2

0 .  10
0 .25
0 .60
0 .81
0 .9?
1  .04
1 .10
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Tab l  e  6 .6  Concen t ra t i  ons

(P rovaso l i ,  1968 )  as  added  t o

o f  t he  va r ious  componen ts

f i  l tered seawater .

of  PES nutr ient  medium

Componen t Concen t ra t ' i on

N i t r ogen  (Sod ium n i t r a te )

Phosphorus  (Na-g l yce rophospha te )

Tr i  s

Vi  tami  n s

Cyanocoba lami  n  (B te )

B i  o t i  n

Th i  am i  ne

Trace  Me ta l  s

Fe-EDTA

Z i  nc

Mangane  se

Coba l  t

Boron

Iod i  ne

660.00  uM
25 uM

660.00  uM

L.6  vg /n .
0 .8  ug /e .
20 vg/e.

7 ,200.00 uM
0.80  uM
7.30  uM
0.17  uM

185.00  uM
0.12  uM
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Tab le  6 .7  Pe rcen t  f e r t ' i ' l i t y  o f  gametophy tes  g rown ' i n  va r ious  cu l tu re  med ia  w i th

added  n ' i t r ogen  (as  N0 . ) .  A  dash  j nd ' i ca tes  tha t  t he  t rea tmen t  comb ina t i on  was  no t

i nc l uded  i n  t he  expe r imen ta l  des ign .

N i t rogen  Concen t ra t i on  (pM)

Cu l t u re  Med ia 0.4 i0

Cont ro l  seawa te r

Seawater  + Fe-EDTA and Tr i  s

Seawater  + Fe-EDTA, other

me ta l  s ,  T r i  s ,  v i  t am i  ns  and

pho  sphoru  s

0

100
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Tab le  6 .8  Pe rcen t  f e r t i l  i t y

added  n i t r ogen  (as  N0 . ) .  An

o f  phosphorus  were  added .  A l l

ana l ys i  s .

Cu l  t u re  med ' i a

Control  Seawater

0 .4  uM P

1.6  uM P

2.8  uM P

25 uM P + metal  s

v i tamins ,  una  f " i ,

o f  gametophy tes  g rown  in  va r ious  cu l tu re  med ia  w i th

ANOVA was per formed on the 4 t reatments in  which 25 uM

percen t  f e r t i l i t i es  were  a rcs ine - t rans fo rmed  fo r  t he

N i t rogen  Concen t ra t i on  ( xM)

0.4

0

68 .0

4 .0

0

92.2

0-

0 -
-0

96 .0  97  .6

.  Ana l ys i s  o f  Va r i ance
(M i  c ronu t r i en t  t rea tmen tson l  y )

Source d f SS PR>F

5.1  0 .076Ni t rogen  l eve l

Error

929.2

242 .6
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Tab le  6 .9 .  Pe rcen t  f e r t i l i t y  o f  game tophy tes  i n  t he  va r i ous  cu l t u re  med ia  w i t h  and

w i thou t  v i t am ' i ns  and  an t j b io t i cs  added .  The  ANOVA was  pe r fo rmed  on  the  mean

arcs ine - t rans fo rmed  pe rcen t  f e r t i l i t y  f rom each  cu l tu re  con ta ' i ne r .  No  i n te rac t i on

te rm was  genera ted  s ince  on l y  one  rep l i ca te  con ta ine r  was  used  pe r  t rea tmen t .

Con t ro l  Seawa te r

An t i  b i  o t i  cs
No  An t ' i b i  o t i  cs

An t ' i b i  o t i  cs
No  An t i b i o t i c s

An t i  b i  o t i  cs
No  An t i b i o t i c s

Source

Vi tam'i n s

0 .0
0 .0

No Vi tam'i n s

0 .0
0 .0

Meta l  s  &  Phosphorus
Vi  tam i  ns

90 .8
19 .6

Ana l ys i  s  o f

ss

Var i  ance

F

15.8
t .82
0 .04

No V i t am ins

86 .0
?0 .4

80.4
100 .  0

PR>F

0.0026
0 .2?
0 .84

Mqta l s  &  Phosphorus  &  N ' i t r ogen

93.2
i00 .0

d f

N,  P  &  Me ta l s
An t  i  b i  o t i  c
V i  t am i  n  s
Error

2
1
1
7

r .76
0 .  10
0 .002
0 .39
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Tab le  6 . i 0  D i f f e rences  i n  t he  p ropo r t i ons  o f  ma le  and  fema le  gametophy tes  i n

labo ra to ry  cu l tu res .  The  t - t es t  was  made  on  the  d i f f e rences  i n  1og - t rans fo rmed

dens i t i es  o f  ma le  and  f ema le  game tophy tes  obse rved ' i n  0 .03  mm 2  quad ra t s  on  s l i des

f rom labo ra to ry  cu l tu res .  Un t rans fo rmed  means  (# /nnz )  a re  tabu la ted  be low .

Sex Mean PR> t

Ma l  es

Femal  es

17.6

18 .  1

24

24
-1  .04  0 .31
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Tab le  6 .11  Compar i son  o f  t he  reg ress ion  mode l s  wh i ch  used  us ing  d i f f e ren t  va lues

fo r  t he  c r i t ' i ca l  t h resho ld  o f  t he  i r rad ia t i on  dummy va r iab le .  The  ana lyses  used

1og- t rans fo rmed  va lues  o f  t empera tu re  and  ses ton  f l ux ,  as  we1 ' l  as  dummy va r iab le  fo r

' i r r ad ia t i on ,  as  i ndependen t  va r i ab les .  The  R2  i s  f o r  t he  comp le te  mode l  and  t he  P

va lue  i  s  t he  s i gn i f i cance  l eve l  o f  t he  i r r ad ia t i on  va r i ab le  a l one .

Th resho ld  I r rad ia t i on
(E /nz /d )  R2

0.2
0 .3
0 .4
0 .5
0 .6
0 .7
0 .8

0 .26
0 .28
0 .29
0 .26
0 .26
4 .26
0 .26

0 .035
0 .007
0 .001
0  .034
0 .034
0 .110
0 .  153
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Tab le  6 . I2  Summary  o f  a  nes ted  ana lys i s

i n i t i a l  game tophy te  dens i t y  on  p l a tes ,  and

gametophy te  ou tp lan t  expe r imen ts .  Dens i t i es

o f  va r i ance  t es t i ng  t he  un i f o rm i t y

on  l i nes  w i t h i n  p l a tes ,  used  i n

we re  l og - t r ans fo rmed  (1n  dens i t y ) .

o f

the

Source d f SS F  PR>F

P l  a te
L ine  (p1a te )

0 . r7z  0 .38 0 .69
4.600 1 .13 0 .33

2
18
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6 .  13  S tuden t r  s  t - t es t  exami  n i  ng  the  e f fec t  o f  t r anspor t i  ng  i  nocu l  a ted  subs t ra tes

on  subsequen t  spo rophy te  p roduc t i on .  The  tes t  compared  t ranspor ted  and  con t ro l

p l a tes .  The  va r i a te  used  i n  t he  t es t  was  t he  mean ,  on  eacn  p1a te ,  o f  t he  l og -

t rans fo rmed  dens i t y  ' i n  each  quadra t  (1n  fdens i t y  *  33 ]  ) .

ourp lant  Days in  
'o^3:o '  (c)

Date  Cu l tu re  T ranspor ted  (T )

Sporophyte
densi  ty
(#/cn2) PR>F

28 Nov 77 13
2

2

T 22.48

24 .83
0 .06  0 .96
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Tab le  6 .14  Summary  o f  ana l ys i s  o f  va r i ance  exam in ing  t he  e f f ec t s  o f  i n i t i a l

gametophy te  dens ' i t y  on  spo rophy te  p roduc t i on .  Mean  in i t j a l  dens i t i es  (# / cmz)  and

the  p ropo r t i on  o f  gametophy tes  p roduc ing  spo rophy tes  a f te r  6  weeks  a re  g i ven .  The

ana l ys ' i s  used  l og - t r ans fo rmed  va lues  o f  mean  dens ' i t y  pe r ' l i ne  (1n  f dens i t y  +  0 .4 ) .

Treatment

Norma l  dens i t y
7x norma' l  densi  ty

In i t ia l  % gametophy tes
gametophyte produci  ng

dens i ty  sporophy tes

223 .5  0 .0018
1470.2  0 .0070

ANOVA SUMMARY

Source

Trea tme  n t
T ime  ( i n i t i a l  o r  f i na l )
Treatme n t * t ' ime

6.  15  0 .  021
235 .7 4 <0 .  001

3  .? I  0 .086

q cd f PR>F

1
1

5 .065
194.07I

2 .64 I
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Tab l  e  6 .  15

exper i  men ts

based on the

Ch ' i - squa re  ana lys i s  o f  rec ru i tmen t  da ta  f rom gametophy tes  ou tp lan t

a t  bo th  0  m and  2  m above  the  bo t tom.  The  th ree  rec ru i tmen t  c lasses  a re

pe rcen tage  o f  f ema le  gametophy tes  p roduc ing  spo rophy tes .

Bot tom
Rec ru i tmen t  c l  ass i  f i ca t i on

0% >0<0 . I%  >0 . I%

JAN-MAR
APR-JUN
JUL.SEP
OCT-DEC

6
7

i3
11

Overa ' l l

8
19
15
25

x2  =  24 .2 ,

I
15
1
2

p  <  0 .005

2 m above the bot tom
Recru i  tmen t  c l  ass i  f  i  ca t ' i on

0% >0<0 .1% >0 .1%

JAN-MAR
APR.JUN
JU L .SEP
OCT-DEC

0
3
6
4

Overa l  I

78
26 15
214
17  15

x2  =  13 .0 ,  p  <  0 .05
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Tab le  6 .16  Resu l t s  o f  mu l t i p l e  r eg ress ion  ana l yses  w i t h  t he  spo rophy te  rec ru i tmen t

(see  p .  6 -28  o f  t ex t )  as  the  dependen t  va r i ab le .  Log - t rans fo rmed  tempera tu re  and

ses ton  f l ux ,  and  a  dummy va r iab le  fo r  i r rad ia t i on ,  were  used  as  i ndependen t

va r iab les .  The  ana lyses  i nc luded  da ta  f rom a l l  s ta t i ons  du r ing  the  S0NGS p re -

ope ra t i ona l  pe r iod ,  and  i ro r  SMK45  du r ing  the  ope ra t i ona l  pe r iod .  0n l y  t he

s ign i f i can t  i ndependen t  va r i ab les  a re  p resen ted  i n  t h i s  t ab le .

0m

0ve ra l l  R2  =  0 .24
N=86

Source +

I  n te rcep t
Log Temperature
I  r rad ' ia t i  on dummy

Parameter
Es t i  ma te

36 .74
-18 .46

2 .70

PR>T

3.28  0 .002
-4 .38  <0 .001
3 .70  <0 .001

2n

Overa l l  R2  =  0 .24
N=90

Source

I  n tercept
Log Temperature

Parameter
Es t imate  t

39 .40  4 .27
- t7  .79  -5 .23

PR>T

<0 .001
<0 .  001

A l  I  Deo ths

Ove ra l l  R2  =  0 .29
N=160

Source

I  n te rcept
Log temperature
Log  ses ton  f l ux
I r rad ia t i on  dummy

Paramete r
Es t i  ma te

37  . 01
- i 8 .08
-0 .61

2 .35

4  . 87  <0 .00 i
- 6 .39  <0 .001
-3 .70  <0 .001

3 .32  0 .001

t PR>T

6-57



t

o

o



I
Tab le  6 .17  Summary  o f  ana l yses  o f  va r j ance  o f  concen t ra t i ons  o f  t o ta l  n i t r ogen

(N0 ;  +  N0 ;  +  NHf )  f rom the  nu t r i en t  en r i chmen t  expe r imen ts .  Th ree -way  i n te rac t i ons

were  no t  i nc luded  because  o f  i nsu f f i c i en t  deq rees  o f  f reedom.

To ta l  N i t roqen

Var i  ance

Source PR>FSSd f

Exper i  men t

Treatment

Depth

Exp  x  I  r ea t

Exp x Depth

Treat  x  Depth

Er ro r

46 .  3

257.2

172 .4

10 .  9

68 .  i

89 .  6

1857 .6

3.  1  0 .08

t7  .0  <0 .  01

3 .9  0 .  01

0 .7  0 .  39

1 .5  0 .21 ,

2 .0  0 .11

1

i

I
I

3

J

1?6

6- 58





Tabl  e  6.  18 Summary of

expe r imen ts  a t  SMK45 .

phys ' i ca l  f  ac to rs  obse rved  du r i  ng

Dashes  i nd i ca te  tha t  no  da ta  were

the  two  nu t r i en t  en r i chmen t

ava i l ab le .

06  Auqus t  1981 10  Sep tember  1981

Tempera tu re  I r rad ia t i on

(ec )  (E /n2 /d )

Temperature I r rad i  a t i  on

(oc) (E /n2  /d )
Depth

0m
2n
4m
6m

t9'u
18 .4

o. i
8 .6

11 .1

t : . t

18 .  1

2.3
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Tab le  6 .19  Ana l yses  o f  va r i ance  o f  dens i t ' i e s  o f  spo rophy tes  on  f e r t i l i zed  and

con t ro l  l i nes  a t  d i f f e ren t  dep ths .  Separa te  ana lyses  were  pe r fo rmed  fo r  expe r imen ts

o f  06  Augus t  1981  and  10  Sep tember  1981 .  The  f j r s t  ana l yses  i nc l uded  on l y  0 ,  2 ,  and

4  m dep ths  (d i s tance  above  bo t tom)  wh i l e  t he  second  jnc luded  2 ,  4 ,  and  6  m dep ths .

Dens i t i es  o f  spo rophy tes  on  each  l i ne  we re  1og - t r ans fo rmed  (1n  [ dens i t y  +  0 .017 ] )

and  then  ave rged  ove r  each  p la te  fo r  use  as  va r ia tes  i n  t he  ana lyses .

06  Auqus t  198 i

Va r i  ance  sou rce d f PR>Fss

Trea tmen t  (w i th  o r

wi  thout  f  er t i  
' l  
i  zer)

Dep th

Treatment*depth

9 .237

18 .376

0 .86

10 September 1981

9 .89  0 .026

9 .84  0 .019

0 .  46  0 .655

2

2

Var i ance  sou rce ssd f PR>F

Trea tmen t  (w i th  o r

w ' i t hou t  f e r t i l i ze r )

Dep th

Treatmentxdepth

26.786  10 .23  0 .019

9 .086  7 .74  0 .254

2 .267  0 .  51  0  .625

2

2
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F igu re  6 . i  Fe r t i l i t y  o f  Mac rocys t i s  gametophy te

pho tope r i od  reg imes  (1 i gh t : da rk )  :  24 :0 ,  12 :12 ,  and

(vE /nz / s )  used  f o r  t he  cu l t u res  a re  l i s t ed  w i t h  each

vs  t ime  fo r  each  o f  t he  th ree

8 :16 .  The  quan tum i r r ad iances

pho tope r i  od .

6 -61



F igure  6 .1

100

80

60

40

20

0
100

80

60

40

20

0
100

80

60

40

20

0

I
A- - - -a  3
|}__r 5
o - - -4  l 0
o--.-.-.o 20
.----.^..... 40

24:0 -: l,

! llt

o.. . . . . . . . . . . . . . . i .g: .g$

iv' '-ii;"-

tt)

F

G
Lll
lJ-

z,
lrj
c)
E
l!
CL

I

I
n- - -.r\ 2
0-- -<  4
.""""""o I
o--.- .--o l5
t-< JQ
o---  -a 60

8:l6

- - - rE-- ; - /

/
a

P+
v j

.""""'d
o

o

I ,P
!l ..o

15 20 25 30

D URATION (days)

- t t t " ' / ' 0

,- '{ i- r -

6-62



F igu re  6 .2  Re la t i onsh ip  be tween  the  number  o f  days  to  reach  50?J  fe r t i l i t y

da i l y  quan tum dose  fo r  each  o f  3  pho tope r iods .  Numbers  i n  pa ren theses  rep resen t

i ns tan taneous  quan tum ' i r r ad iance  f o r  each  t r i a l .

a n d

+ L r a
L I  I E
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F igure  6 .2
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F igu re  6 .3  D i s t r j bu t i on  o f  b l ue  quan tum i r r ad iance  on  t he  bo t t om ( i 5  m  dep th )  i n

the  San  0no f re  ke lp  fo res t  du r ing  November  1983 .  The  quan tum i r rad iance  va lues

p lo t ted  ( vE /nz /s )  a re  the  mean  i r rad iances  i n  each  1 -h r  i n te rva l  du r ing  the  day .

The  ve r t i ca l  ba rs  a re  +1  SD abou t  t he  mean .  The  ho r i zon ta l  re fe rence  l i nes  i nd i ca te

th resho ld  (1ower  dashed  1  i ne )  and  sa tu ra t ' i on  l eve l  s  (upper  dashed  1  i ne )  f o r

gametophyte fer t i  I  i ty .
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F. i  gure 6.3
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F ' i gu re  6  .

produc ' i  ng

du r i  ng  a

fer t i  I  i  ty

4 Mean fer t i  1  i ty  o f  gametophytes

sporophy tes )  cu l tu red  under  va r ious

42-day  cu l tu re  pe r iod .  Ve r t i ca l  ba rs

be tween  the  two  exper imen ts  (n=2 ) .

of  female gametophytes

and temperature regimes

standard error  o f  mean

(  pe rcen t

i  r rad ' iance

are  one
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F igure  6 .4
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F igu re  6 .5  Re la t i onsh ip  be tween  tempera tu re  and  to ta l  n i t rogen  concen t ra t i on  i n

the nearshore waters (depth contours f rom 9 to  2.0 m) of f  o f  San Onofre.  Water

samp ' l es  were  taken  a t  dep ths  th roughou t  t he  wa te r  co1umn.  A  "1 r t i nd i ca tes  one

observa t i  on  ;  a  r r2 r r  i  nd i  ca tes  two  obse rva t i  on  s .  e t c  .

6 -69



F jSure  6 .5
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F i  gu re

on the

1979.

6 .6  Des ign  o f  ou tp i an t

bot tom and at  2  m above

The  ins t rumen ta t i on  used

ar ray  show ing  the  racks  ho ld ing

the  bo t tom.  Th i s  des ign  has  been

fo r  measu r i ng  phys i ca l  va r i ab les

ou tp l  an t  subs t ra tes

used  s ince  January

i  s  a l  so  shown .
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F igure  6 .6
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F ' i gu re  6 .7  Re la t i onsh ip  o f  mean  spo rophy te  dens i t y  (# / cn2 )  w i th  du ra t i on  o f

ou tp lan t i ng  on  0  m and  2  m gametophy te  ou tp lan t  subs t ra tes .  Dens i t i es  a re  means

f rom a l l  o f f sho re  ou tp lan t  expe r imen ts  conduc ted  be tween  November  1977  and  January

7982  tha t  were  samp ied  more  than  one  t ime .  Dura t i ons  a re  g rouped  in to  5 -day

i  n te r va l  s  f o r  p1  o t t i  ng .
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F igure  6 .7
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Sporophyte Densit ies with Durotion
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F igu re  6 .8  Re la t i onsh ' i p  o f  b l ue  i r r ad ia t i on  dose  (400  -  500  nm)  rece ' i ved  ove r  t he

du ra t i on  o f  each  expe r imen t  ( - 42  days )  t o  t o ta l  da i ' l y  i r r ad ' i a t i on  (400  -  700  nm) .

B lue  dose  va lues  we re  ca l cu la ted  by  conve r t i ng  a i 1  hou r l y  va lues  o f  t o ta l  ' i r r ad ' i ance

to  b l ue  l i gh t  va lues  (us i ng  t he  equa t i on  g ' i ven  on  6 -30 ) ,  app ' l y i ng  t he  t h resho ld  and

sa tu ra t i on  l eve l s  ( i . 1  and  ! . 6  vE /n2 / s ,  r espec t i ve ' l y ) ,  summ' i ng  t he  hou r ' l y  va lues  f o r

each  day ,  and  mu l t i p ] y ing  by  42 .  The  p lo t  and  the  reg ress ' i on  ana lyses  used  da ta  f rom

1981  th rough  1986  tha t  were  measured  a t  gametophy te  ou tp lan t  s ta t i ons .
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F ' i gu re  6 .9  D ' i ag ram o f  t he  f  e r t i  I  i  zed  subs t ra te  and  n i  t r ogen  samp ' l  i  ng  dev i  ce  used

in  t he  nu t r i en t  en r i chmen t  expe r imen ts .
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F igure  6 .9
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F igu re  6 .10  Mean  pe rcen tage  o f  f ema le  gametophy tes  p roduc ing  spo rophy tes  a t  each

s ta t i on  du r ing  each  o f  t he  ou tp lan t  expe r imen t  ' i n  t he  S0NGS Un i t s  2  and  3  p re -

ope ra t i ona l  pe r iod  (Sep tember  1977  to  December  1982) .  The  means  a re  p io t ted  a t  t he

da te  on  wh ich  the  gametophy tes  were  ou tp lan ted  to  the  f i e rd .
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F i  gu re  6 .  11  P l  o t  o f  t he  mean  p ropo r t i  on  o f  f ema l  e  gametophy tes  p roduc i  ng

sporophy tes  vs  mean  tempera tu re  and  i r rad ia t i on  va lues  du r ing  the  ou tp lan t  pe r iod .

Means  a re  fo r  bo th  0  m and  2  m above  the  bo t tom,  a t  a l l  ke lp  fo res t  s ta t ' i ons  i n  t he

S0NGS Un i t s  2  and  3  p re -ope ra t i ona l  pe r iod  and  SMK45  in  the  ope ra t i ona l  pe r iod .

L i nes  a re  d rawn  des igna t i ng  t empera tu re  and  i r r ad ia t i on  bounda r i es  f o r  g i ven  l eve l s

of  sporophyte product ' ion
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F igu re  6 .12  Ave rage  t o ta l  n i t r ogen  l eve l s  on  t he  f e r t i l j zed  (en r i ched )  and

un fe r t i l i zed  ( con t ro ' l )  gametophy te  ou tp lan t  subs t ra tes  a t  0 ,  2 ,  4  and  6  m above  the

bo t tom in  the  two  nu t r i en t  en r i chmen t  expe r imen ts .  Ve r t i ca l  ba rs  a re  +1  s tandard

e r ro r  o f  t he  mean .  These  exper imen ts  were  ou tp lan ted  to  SMK45  on  6  Augus t  (A )  and  10

Sep tember  (B )  1981 .
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F igure  6 .12
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F igu re  6 .13  Mean  spo rophy te  dens i t i es  on  f e r t i l i zed  (en r i ched )  and  un fe r t i l ' i zed

(con t ro l )  gametophy te  ou tp lan t  subs t ra tes  a t  0 ,  2 ,  4  and  6  m above  the  bo t tom in  the

two  nu t r i en t  en r i chmen t  expe r imen ts .  Sporophy te  dens i t i es  were  de te rm ined  
:a

approx ima te l y  42  days  a f te r  ou tp ' l an t i ng .  These  expe r imen ts  were  ou tp lan ted  to  SMK45

on  6  Augus t  (A )  and  10  Sep tember  (B )  1981 .  Ve r t i ca l  ba rs  a re  +L  s tandard  e r ro r  o f

t he  mean .
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I
Append ' i x  - .  Compar i son  o f  dens i t i es  (# / cm2)  o f  spo rophy tes  on  i nocu la ted  and

con t ro l  subs t ra tes  i n  t he  gametophy te  ou tp lan t  expe r imen ts .  C lasses  a re  the

percen tages  o f  gametophy tes  p roduc ing  spo rophy tes .on  the  i nocu la ted  s l i des .

C l  ass

0  t o  0 .01%

0 .01  t o  0 .  1%

0 .1  t o  I%

> I%

Treatment  N

Inocu la ted  168
Contro l  162

Inocu la ted  63
Contro l  57

Inocu l  a ted  48
Con t ro l  47

lnocu l  a ted  4
Con t ro l  4

Max i mum

4.  i9
0 .60

36 .87
6 .35

415 .41
51  .57

878 .05
0 .  19

Mean

0.59
0 .04

76.23
0 .49

t24 .89
3 .72

655 .25
0 .05
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7.0 Growth and Surv iva l  o f  Microscopic  Sporophytes

7 . ' l  In t roduct ion

The  ob jec t i ve  o f  ou r  s tud ies  on  the  m ic roscop ic  spo rophy te  s tage  o f  Mac rocys t i s

py r i f e ra  has  been  to  p rov ide  da ta  to  de te rm ine  the  po ten t i a l  e f f ec ts  o f  S0NGS.  We

have  done  th i s  by :  1 )  compar ing  the  g rowth  and  su rv i va ' l  o f  m ic roscop ic  spo rophy tes

a t  SOK,  du r i ng  bo th  t he  p re -ope ra t i ona l  and  ope ra t i ona l  pe r i ods ,  r e l a t i ve  t o  a

con t ro l  s t a t i on  i n  SMK;2 )  exam in ing  t he  d i f f e rences  i n  g row th  and  su rv i va l  a t

impac t  and  con t ro l  s i t es  ' i n  re la t i on  to  the  p resence  o f  a  tu rb id  p lume caused  by  the

ope ra t i on  o f  SONGS;  and  3 )  exam in ing  t he  re l a t i onsh ' i ps  be tween  g row th  and  su rv i va l

w ' i t h  phys i cochemica l  f ac to r s ' i n  o rde r  t o  p rov ide  a  causa t i ve  l i n k  be tween  changes  i n

b ' i o i og i ca l  p rocesses  and  t he  phys i cochemica l  e f f ec t s  o f  S0NGS.  These  resu l t s  a re

p resen ted  e l sewhe re  (Dean  e t  a l . ,  1987 ) .  He re  we  p resen t  backg round ' i n f o rma t i on  on

the  quan t i t a t ' i ve  re la t i onsh ' i ps  be tween  phys i cochem' i ca l  f ac to rs  and  the  g rowth  and

su rv i va l  o f  m i c rospo rophy tes .  Th i s  i n f o rma t i on ' i s  necessa ry  t o  es tab l i sh  t he

mechan i sms  o f  po ten t i a l  SONGS ' impac t s .  These  re l a t j onsh ips  a re  based  p r ima r i l y  on

f i e i d  s tud jes .  l { e  a l so  p resen t  t he  resu l t s  o f  l abo ra to r y  s tud ies  t ha t  we re  used  as  a

s tanda rd  o f  compar i son  f o r  r e l a t i onsh ips  gene ra ted  by  t he  f i e l d  da ta .

I t ' i s ' impo r tan t  t o  quan t i f y  t hese  re l a t i onsh ips  f o r  m i c roscop i c  spo rophy tes

because  bo th  t he  g row th  and  mor ta l i t y  r e l a t i onsh ips  w i t h  phys i cochemica l  f ac to r s

appear  to  d i f f e r  f rom those  o f  o lde r ,  l a rge r  spo rophy tes .  The  d i f f e rences  a re

re l a ted  t o  t he  sma l l  s i ze  o f  t he  embryon ' i c  spo rophy te  and  i t s  pos i t i on  on  t he

sea f l  oo r ,  bo th  o f  wh j  ch  i  nc rease  the  p robab i  1  i  t y  o f  mor ta l  i  t y  f rom a  hos t  o f

f ac to r s .  I n  add ' i t i on ,  t he  monos t roma t i c  t ha l l us  o f  t he  m ic roscop i c  spo rophy te

a l l ows  a l l  ce l l s  t o  pho tosyn thes i ze  and  abso rb  nu t r i en t s  f r om the  su r round ing  wa te r .

I n  o lde r  spo rophy t ,es  the re  i s  a  l a rge  amoun t  o f  s t ruc tu ra l  ma te r i a l  t ha t ,  on  a

b iomass  bas i s ,  r educes  t he  e f f j c i ency  o f  g row th  and  pho tosyn thes i s .
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Mos t  s tud ies  on  l am jna r i an  spo rophy tes  have  dea l t  exc l us i ve l y  w i t h  adu l t

p lan ts .  The re  have  been  ve ry  few  s tud ies  on  embryon ic  spo rophy tes  o f  l am jna r ian

a lgae  (Ka ' i n ,  1969  1979)  and  the  on l y  p rev ious  s tudy  on  embryon ic  spo rophy tes  o f

Macrocys t i s  (Mur ray  and  Fa in ,  1982)  dea l t  w i th  pho tosyn thes i s  i n  l abo ra to ry  cu l tu re .

Ou r  s tud ' i es ,  t he re fo re ,  a re  t he  f i r s t  t o  quan t i f y  t he  re l a t i onsh ips  be tween  bo th

g row th  and  mor ta l  i t y  w i t h  va r i ous  phys i cochemica l  f ac to r s  ' i n  t h i s  spec ies .

7.2 Methods

7 .2 .1  Inocu la t i on  and  Cu l tu re  P rocedures

The  m i  c roscop i  c  spo rophy te  s tud ' i es  exam j  ned  the  e f  f  ec t s  o f  I  ' i gh t  on  g rowth  i  n

t he  l abo ra to r y  and  t he  e f f ec t s  o f  i i gh t ,  t empe ra tu re ,  ses ton  f l ux ,  and  n i t r ogen  on

g row th  and  su rv i va l ' i n  t he  f i e l d .  These  s tud ies ,  l i ke  t he  game tophy te  ou tp l an t

expe r imen ts  (Sec t ' i on  6 ) ,  u t i l i zed  rope  subs t ra tes  i nocu la ted  w i t h  Mac rocys t i s

zoospores .  The  gametophy tes  were  cu l tu red ,  under  op t ima l  cond i t i ons  fo r

game togenes i s ,  f o r  two  weeks  be fo re  be ing  used  i n  l abo ra to r y  o r  f i e l d  s tud ies .  Th i s

cu l tu re  reg ime  a l l owed  fo r  a lmos t  t o ta l  rec ru i tmen t ,  f r om the  gametophy te  genera t i on ,

the reby  p rov id ing  us  w i th  expe r imen ta l  spo rophy te  popu la t i ons  o f  app rox ima te ' l y

equa l  age ,  l eng th ,  and  dens i t y .

The  rope  subs t ra tes  and  i nocu la t i on  p rocedures  used  ' i n  t he  m ic rospo rophy te

exper imen ts  a re  i den t i ca l  t o  t hose  used  i n  the  gametophy te  ou tp lan t  expe r imen ts

(Sec t i on  6 .5 .2 )  w ' i t h  t he  excep t i on  o f  t he  concen t ra t i on  o f  zoospo res  used  i n  t he

inocu la t i on  med ium.  t l "  zoospo re  concen t ra t i on  used  i n  t he  spo rophy te  subs t ra te

i nocu la t i on ,  l  x  104  zoospo res /m l ,  i s  one - ten th  t ha t  used  i n  game tophy te  ou tp ' l an t

expe r imen ts .  Th i s  l ower  concen t ra t i on  was  used  to  avo ' i d  t he  c rowd ing  o f  spo rophy tes

rec ru i t ed  unde r  op t ' ima1  cond i t j ons  i n  t he  l abo ra to r y .  I he  h i ghe r  concen t ra t i on  used

in  the  gametophy te  ou tp lan t  expe r imen ts  was  necessa ry  to  o f f se t  t he  h igh  ra te  o f

mor ta l i t y  o f  game tophy tes  unde r  f i e l d  cond i t ' i ons .
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The  i nocu la ted  subs t ra tes  we re  cu l t u red  unde r  a  con t i nuous  i r r ad iance  reg ime

(pho ton  f l ux  dens i t y  =  45  vE /nz / s )  a t  15oC  i n  25 - l i t e r  p l as t i c  con ta i ne rs  ( 35  x  20  x

45  cm)  con ta ' i n i ng  10  l i t e r s  o f  P rovaso l i ' s  en r i ched  seawa te r .  0ne  ac ry ' l i c  p l a te

w i th  a t tached  ropes  was  suspended  a t  m id -dep th  o f  t he  cu l tu re  med ' i um in  each

con ta ine r  by  means  o f  a  PVC rack .  An  a i r s tone  was  p laced  on  the  bo t tom o f  each

cu l t u re  vesse l  t o  p rov ' i de  c i r cu la t i on  o f  t he  cu l t u re  med ium.  The  cu l t u re  med ium was

changed  once ,  ha l fway  th rough  the  14 -day  cu l tu re  pe r iod .

7 -2.2 Laboratory Studies on Microscopic sporophyte Growth

A t  t he  end  o f  t he  Z -week  cu l tu re  pe r iod ,  t he  subs t ra tes  w i th  a t tached

sporophy tes  were  t rans fe r red  i  n to  new cu l  t u re  con ta i  ne rs  under  p rede f i  ned

j r r ad ' i a t i on  reg imes  rang ing  f r om 0 .2  t o  4 .6  E /n2 /d .  0ne  p l a te  con ta ' i n i ng  seven

ropes  was  p l aced  i n to  each  con ta i ne r .  L i gh t  l eve l s  we re  con t ro i l ed  w i t h  l aye rs  o f

sc reen ing  and  measu red  w i t h  a  L I -COR 185  quan tum i r r ad jance  me te r .  Cu l t u re  med ium

was  changed  week ly  du r ing  the  cou rse  o f  t he  expe r imen ts .  Leng th  measuremen ts  were

de te rm jned  tw i ce ,  when  t he  spo rophy tes  we re  t r ans fe r red  i n to  t he  app rop r i a te ' l i gh t

reg ime  and  aga in  a f t e r  21  days  o f  cu l t u re .  0n  each  occas ion ,  two  ropes  we re  chosen

a t  random f rom each  p la te  and  es t ima tes  o f  spo rophy te  i eng th  were  ob ta ined  fo r  each

rope  by  measur jng  the  
' l eng th  

o f  t he  4  l onges t  spo rophy tes  ( se lec ted  based  on  v i sua l

i nspec t i on )  i n  each  o f  10  random 6 .25  mn tz  quad ra t s .

Cu l t u res  f o r  t hese  expe r imen ts  we re

December  1984 ,  and  27  January  1985 .  A l l

ob ta ined  f rom adu l t  spo rophy tes  g row ing

exper imen ts  conduc ted  i n  1980  had  a  Z4 -h r

had  a  12 -h r  pho tope r i od .

s ta r ted  on  5  Ap r i l  and  22  May  1980 ,  19

cu l tu res  were  s ta r ted  f rom spo rophy l l s

i  n  t he  San  Ono f  re  ke ' l p  f o res t .  The

pho tope r iod  and  the  l a te r  two  expe r imen ts
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7 .2 .3  F ie ld  S tud ies

In  t he  f i e l d  s tud ies ,  t he  subs t ra tes  w i t h  a t t ached  spo rophy tes  we re  ou tp l an ted

to  t he  same  se t  o f  s t a t i ons  used  i n  t he  game tophy te  ou tp l an t  expe r imen ts  ( see  F igs .

3 .1a  &  b ) .  immed ia te i y  p r i o r  t o  ou tp l an t i ng ,  one  rope  f r om each  p l a te  was  se lec ted

a t  r andom and  removed  f o r  de te rm ina t i on  o f  i n i t i a l  dens i t ' i e s  and  l eng ths .  Es t ' ima tes

o f  i n i t i a l  spo rophy te  dens i t y  were  made  by  census jng  seven  random 6 .25  mm2 quadra ts

on  each  rope .  Each  quad ra t  was  a  2 .5  x  2 .5  mm a rea  on  t he  t op  su r f ace  o f  t he  rope .

The  ave rage  dens i t y  o f  rec ru i t ed  spo rophy tes  a t  t he  end  o f  t he  two-week  cu l tu re

pe r iod  was  499  spo rophy tes /cmz .  Measuremen ts  o f  spo rophy te  l eng th  were  made  as

desc r ibed  above  fo r  t he  l abo ra to ry  expe r imen ts .  The  ave rage  spo rophy te  
' l eng th  

was

0 .  52  mm.

Transpor t  and  a t tachmen t  o f  subs t ra tes  i n  t he  f i e ' l d  were  the  same as  desc r ibed

fo r  t he  gametophy te  ou tp lan t  expe r imen ts .  Two  p la tes ,  each  con ta ' i n ' i ng  seven  ropes ,

we re  p l aced  a t  each  s ta t ' i on  and  dep th .  I n  ou tp l an t s  s i nce  1981 ,  subs t ra te  p ' l a t es

were  p l aced  on  t he  sea f l oo r  a t  6  f i e l d  s ta t i ons .  Du r i ng  ea r l  i e r  expe r imen ts ,

subs t ra tes  we re  a l so  p l aced  2m above  t he  sea f l oo r .

Schedu les  f o r  b r i ng ing  t he  subs t ra tes  i n  f r om the  f j e l d  va r i ed  be tween

ou tp ' l an ts .  S ince  1981 ,  a l l  _subs t ra tes  were  b rough t  back  to  the  l abo ra to ry  a f te r

app rox ima te l y  2 l  days  ( r ange  =  15  t o  22  days ) ,  wh i l e  ' i n  p rev ious  yea rs  t he

co l l ec t i on  t imes  va r j ed  f r om one  t o  t h ree  weeks  a f t e r  ou tp l an t i ng .  Fo r  t he  ana l ys i s

p resen ted  he re ,  we  have  used  on l y  the  Z l -day  da ta .  A  comp le te  l ' i s t ' i ng  o f  ou tp ' l an t

schedu l  es  and  s ta t i  ons  ' i  s  f  ound  i  n  Append i  x  H .

0nce  i n  the  l abo ra to ry ,  rope  subs t ra tes  were  removed  f rom the  ou tp lan t  p ' l a tes

and  p l aced  i n  p l as t " i c  v i a l  s  ma rked  t o  i nd i ca te  t he  p rope r  s ta t i on  and  dep th .
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Census ing  o f  t he  ropes  was  comp le ted  w i t h i n  3  days  o f  co l l ec t j on  t o  p reven t  any

de te r i o ra t i on  o f  t he  spo rophy tes  wh i l e  i n  s to rage .  The  ropes  were  s to red  i n  t he

da rk  a t  ZoC  to  p reven t  any  con t i nued  g row th  o f  t he  spo rophy tes  a f t e r  co l l ec t i on .

The re  was  no  ev idence  o f  g raz ing  by  he rb i vo res  wh i l e  t he  ropes  we re  i n  s t o rage .

Th ree  o f  t he  seven  ropes  f rom each  p la te  were  samp led  to  de te rm ine  dens i t i es  o f

su rv i v i ng  spo rophy tes .  The  ropes  w i t h  t he  denses t  cove r  o f  spo rophy tes  (based  on

v i sua l  i nspec t i on  o f  r opes  a f t e r  t he i r  r e tu rn  t o  l ab )  we re  chosen .  We  d id  t h i s  t o

m in im i ze  t he  e f f ec t s  o f  g raz ' i ng  and  ab ras ' i on  on  ou r  dens ' i t y  es t ima tes .  0n  many

occas ions ,  one  o r  mo re  o f  t he  ropes  we re  c l eaned  o f  a lmos t  a l l  o rgan i sms  wh i l e

ad iacen t  ropes  on  the  same p1  a te  had  I  uxu r ian t  s tands  o f  spo rophy tes .  Th i  s

sugges ted  t ha t  g raz ing  by  f i sh  o r  i nve r t eb ra tes ,  o r  scou r i ng  by  ke ' l p  f r onds  o r  o the r

deb r i s  may  have  caused  h i gh  mor ta l i t y  on  some  ropes .  S ' i nce  we  we re  p r ima r i l y

' i n te res ted  i  n  t he  e f  f  ec t s  o f  t he  phys ' i cochemi  ca ' l  env ' i r onmen t  on  spo rophy te  g rowth

and  su rv i va l ,  we  a t t emp ted  t o  m jn im i ze  t hese  o the r  unmeasu red  e f f ec t s  when  poss ' i b l e .

Sporophy tes  were  coun ted  i n  seven  randomly  chosen  2 .5  x  2 .5  mm quadra ts  on  each

roDe .

l , / e  measured  the  l eng ths  o f  40  spo rophy tes  on  two  o f  t he  f i r s t  t h ree  ropes

samp led  f rom each  p1a te .  The  two  ropes  were  chosen  a t  random and  the  spo rophy tes

were  chosen  by  se ' l ec t i ng  t he  f ou r  
' l a rges t  

i nd j v i dua l s  ( es t ' ima ted  by  v j sua l

i nspec t i on )  i n  each  o f  10  random 2 .5  x  2 .5  mm quad ra t s .  The  use  o f  t he  l a rges t

spo rophy tes  on  the  ropes  p rov ided  an  es t ima te  o f  max jmum sporophy te  g rowth  ra tes .

Measuremen ts  o f  i  r rad i  a t i  on  ,  t empera tu re ,  ses ton  f1  ux ,  and  n i  t r ogen

concen t ra t i on  were  made  a t  each  o f  t he  s ta t i ons  du r ing  the  t imes  tha t  t he  spo rophy te

ou tp l an t  expe r imen ts  we re  j n  p1ace .  These  measu remen ts  we re  made  i n  t he  same  manne r

as  i n  t he  game tophy te  ou tp l an t  expe r imen ts  (Append ' i x  C ) .
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7 .2 .4  Ana l yses

Growth  ra tes  o f  m ic roscop ic  spo rophy tes  rea red  under  d ' i f f e ren t  pho tope r iods  i n

the  l abo ra to r y  we re  compared  us ing  an  ana l ys i s  o f  cova r i ance  (SAS ,  1982 ) .  The

cova r i a te  i n  t hese  ana l yses  was  t he  da i l y  i r r ad ia t i on  unde r  wh i ch  t he  g row th  ra te

was  de te rm ined .  The  homogene ' i t y  o f  s l opes  was  tes ted  by  the  j n te rac t i on  o f  t he  ma in

e f f ec t  ( pho tope r i od )  and  t he  cova r i a te  ( l o9e  i r r ad ia t i on ) .  A  s im i l a r  ANCOVA was

per fo rmed  to  tes t  f o r  d i  f f e rences  i  n  t he  re l  a t j  onsh i  ps  be tween  g rowth  and

i r r ad ia t , i on  i n  t he  f j e l d  and  l abo ra to r y  s tud ies .

Reg ress ion  ana l yses  (SAS ,1982 )  we re  used  t o  exam ine  re l a t i onsh ips  be tween

g row th  ra te  and ' i r r ad iance  i n  t he  l abo ra to r y  expe r imen ts ,  and  be tween  g row th  ra te

and  i r r ad iance ,  t empe ra tu re ,  ses ton  f l ux ,  and  n i t r ogen  concen t ra t i on  (NOr -+  NOr -+
+

NH4 )  i n  t he  f i e l d  expe r imen ts .  P re l im ina ry  ana ' l y ses  we re  pe r f o rmed  t o  exam ine

whe the r ' l og - t r ans fo rmed  o r  un t rans fo rmed  mode l s  p rov ided  t he  bes t  f i t  t o  t he  da ta .

I n  t he  l abo ra to r y  s tud ies ,  we  a l so  exam ined  t he  g row th  vs  i r r ad iance  re l a t i onsh ip

us ' i ng  t he  von  Be r ta l an f f y  f unc t ' i on  (R i cke r ,  1975 )  us i ng  t he  SAS NL IN  p rocedu re

(Goodn igh t ,  1979 ) .

Sporophy te  g rowth  was  ca l cu la ted  bo th  as  an  un t rans fo rmed  and  l ogo  t rans fo rmed

ra te  :

L r  -  L t i  o g .  L 2  -  ' l o g .  
L ,

GRATE = and LNGRATE =
t z  -  t r t r ,  -  t r

where  L r  and  L2  a re  t he  mean  spo rophy te  l eng ths  a t  t imes  t ,  and  t r .  The  va r i ab les

GRATE and  LNGRATE a re  those  used  i n  a l  I  SAS ana ' l yses .
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Sporophy te  mor ta l i t y  was  a l so  ca l cu la ted  as  an  un t rans fo rmed  and  l ogo  ra te :

d r  -  d .

DRATE = and

1og .  d r  -  l oge (d r  +  0 .1 )

LNDRATE =

w h e r e  d ,  a n d

- f + - +
v l  v 2  L l

a re  t he  ave rage  dens i t ' i e s  a t  t imes  t ,  and  t r ,  r espec t i ve l y .

Reg ress ion  ana l yses  f o r  bo th  g row th  and  mor ta ' l i t y  r a tes  i n  t he  f i e l d

expe r imen ts  we re  pe r f o rmed  us ing  t he  phys i cochemica l  va r i ab les  measu red  a t  a l l

s t a t i ons  i n  t he  pe r i od  be fo re  SONGS Un i t s  2  and  3  began  ope ra t i on  (Augus t  1979  t o

Sep tember  i 983 )  and  f rom the  SMK45  s ta t i on  i n  t he  ope ra t i ona l  pe r iod  ( Ju l y  1984  to

Ju l y  1986 ) .  Da ta  f r om SOK i n  t he  ope ra t i ona ' l  pe r i od  we re  om i t t ed  t o  avo id  poss ib i e

con found ing  e f fec ts  o f  SONGS.  Separa te  ana lyses  were  pe r fo rmed  fo r  each  dep th  (0  m

and  2  m above  the  sea f l oo r )  and  fo r  bo th  dep ths  comb ined .  The  va r iab les  tha t  were

no t  s i gn i f i can t  a t  P  <  0 .10  we re  e l ' im ina ted  and  t he  ana l ys i s  was  re run  us ing  on ' l y  t he

s ign i f i can t  f ac to r s  as  i ndependen t  va r i ab ' l es .  A  de ta i l ed  desc r i p t i on  o f  t he  me thods

used  f o r  t h i s  se lec t i on  p rocedu re  i s  g i ven  i n  Append i x  D .

As  i n  t he  game tophy te  ou tp l an t  expe r imen ts ,  t he re  .we re  cases  when  a  f u l l

comp ' l emen t  o f  da ' i i y  means  o f  t empe ra tu re  and  i r r ad ia t i on  was  no t  ava i l ab le  due  t o

i ns t rumen t  f a i l u re  and  o the r  causes .  l , t l e  e l im ina ted  a l l  ou tp l an t s  f r om ou r  ana l yses

tha t  had  l ess  t han  11  days  o f  t empe ra tu re  da ta  o r  l ess  t han  10  days  o f  i r r ad iance

da ta .  Us ing  a  f i n i t e  samp l i ng  d i s t r i bu t i on  (Coch ran ,1977 ) ,  we  ca l cu la ted  t ha t

g i ven  11  days  o f  t empera tu re  da ta ,  t he  t rue  21 -day  mean  tempera tu re  cou ld  be

es t ima ted  t o  w i t h i n  j 0 .ZoC ,  68% o f  t he  t ime  o r  +0 .4oC ,  95% o f  t he  t ime .  Fo r

' i r r ad ia t i on ,  10  days  o f  da ta  y i e ' l ded  es t ima tes  o f  21 -day  means  w i t h i n  +0 .2  E /n2 /d ,

68% o f  t he  t ' ime  o r  +0 .4  E /m2  /d .  95% o f  t he  t ' ime .

+
u 2

Au 2
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7 .3  Resu l t s

7.3.1 Laboratory Growth Studies

The  f i r s t  s t ep ' i n  de f i n i ng  t he  re l a t i onsh ip  be tween  g row th  and  i r r ad iance  was

to  f i nd  the  func t i on  tha t  p rov ided  the  bes t  f i t  t o  t he  l abo ra to ry  da ta .  l r ' l e  f i t  f ou r

I  i nea r  l eas t - squa res  reg ress ' i ons  i n  wh i ch  bo th  t he  t r ans fo rmed  (LNGRATE)  and

un t rans fo rmed  (GRATE)  g rowth  ra tes  were  reg ressed  w ' i t h  bo th  un t rans fo rmed  and  1og .

t r ans fo rmed  va lues  o f  da i l y  i r r ad ia t i on .  We  a l so  used  a  non l ' i nea r  f unc t i on  s im i l a r

to  the  von  Ber ta lan f f y  g rowth  func t i on .  The  von  Ber ta lan f f y  mode l  and  the  l eas t -

squa res  reg ress ion  i n  wh i ch  bo th  g row th  and  i r r ad ia t ' i on  we re  l oge  t r ans fo rmed  f i t

t he  da ta  equa l l y  we1 ' l  ,  as  i nd i ca ted  by  res j dua l  mean  squa res  (Tab ' l e  7 .1 ) .  The

leas t - squa res  reg ress ion  was  chosen  as  t he  mode l  f o r  f u r t he r  ana l yses  because  o f  i t s

s imp l i c i t y  ove r  t he  von  Be r ta i an f f y  f unc t ' i on .

The  s l opes  o f  t he  g row th  vs ' i r r ad ia t i on  re l a t i onsh ips  d i f f e red  s i gn ' i f i can t l y

be tween  the  72  and  24 -h r  pho tope r iods  (Tab1e  7 .2 ) .  Growth  ra tes  i n  t he  12 -h r

pho tope r i od  we re  s f  i gh t l y  h i ghe r  a t  l owe r  da i l y  i r r ad ' i a t i on  
' l e ve1s ,  

bu t  t hen

appea red  t o  sa tu ra te  a t  l owe r  l eve l s  t han  t hose  i n  t he  24 -h r  pho tope r i od  (F ig .  7 .1 ) .

These  d i f f e rences  may  be  re l a ted  t o  t he  f ac t  t ha t  i ns tan taneous  i r r ad iances  i n  t he

12 -h r  pho tope r i od  we re  tw i ce  as  h i gh  as  t hose  i n  t he  24 -h r  pho tope r i od  a t

co r respond i  ng  da i  1y  i  r rad i  a t i  ons .  A t  t he  h i  ghe r  da i  l y  i  r rad i  a t ' i  on  1  eve l  s  ,

t he re fo re ,  t he  spo rophy tes  ' i n  t he  1Z-h r  pho tope r iod  may  have  been  exper ienc ing

sa tu ra t i ng  i r r ad ' i ance  l eve ' l s  and  t he re fo re  we re  us ing  ' i r r ad iance  l ess  e f f j c i en t l y .

Growth  appeared  to  sa tu ra te  a t  abou t  I  E /n2 /d  i n  t he  12 -h r  pho tope r iod  and  2E /n2 /d

o r  h i ghe r  i n  t he  24 -hou r  pho tope r i od .  The  co r respond ing  i ns tan taneous  i r r ad iance

leve l  s  we re  app rox ima te l y  22  vE /n2 / s  i n  bo th  cases ,  sugges t i ng  t ha t  t he

' i ns tan taneous  sa tu ra t i on  l eve l s  we re  t he  same  i n  bo th  pho tope r i ods .
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The  compensa t i on  i r r ad ia t i on  i eve l  es t ima ted  f r om the  reg ress ion  equa t i on  f o r

the  12 -h r  pho tope r iod  was  0 .04  E /m2 /d  and  0 .16  E /n2 /d  fo r  t he  24 -h r  pho tope r iod

(F iS .  7 .1 ) .  These  va lues  co r respond  t o  i ns tan taneous  i r r ad iance  l eve l s  o f  0 .9  and

1 .8  vE /m2 /s  r espec t i ve l y  (F i g .  7 .2 ) .  Con f i dence  i n te r va l s  f o r  t he  i ns tan taneous

j r r ad iance  l eve l s  f o r  compensa t i on  ove r l apped ,  sugges t i ng  t ha t  ou r  es t ima tes  o f

compensa t i on  d i d  no t  d ' i f f e r  s ' i gn i f i can t l y  be tween  pho tope r i ods  (Tab1e  7 .3 ) .

7 .3 .2  Growth  i n  t he  F ie ld  Ou tp lan t  Exper imen ts

A  p re i  im i  na ry  reg ress i  on  ana lys i  s  was  pe r fo rmed  to  exam ' i  ne  whe the r  I  og .

t r ans fo rmed  o r  un t rans fo rmed  va r i ab les  p rov ided  t he  bes t  f i t  t o  t he  da ta .  The  1og "

t r ans fo rmed  mode l  cons i  s t en t l y  p rov ided  t he  bes t  f i  t  (Tab1  e  7 .4 )  ,  as  i  n  t he

labo ra to ry  g rowth  s tud ies .  The  spo rophy te  l eng th  da ta  used  to  genera te  the  g rowth

ra tes  a re  f  ound  i  n  Append ' i x  I .

The  f i na l  r eg ress ion  ana l yses ,  wh i ch  used  on ' l y  t he  s i gn i f i can t  i ndependen t

va r i ab ' l es ,  showed  t ha t  j r r ad ia t i on  and  ses ton  f l ux  exp la i ned  a  s i gn i f i can t  po r t i on

o f  t he  va r i ance  i n  g row th  o f  spo rophy tes  on  bo t t om subs t ra tes  (R '=  0 .56 )  and  on

bo t t om and  2m subs t ra tes  comb ined  (R2  =  0 .52 )  (Tab le  7 .5 ) .  The  i n i t ' i a l  ana l ys i s  f o r

t he  subs t ra tes  a t  2m above  t he  bo t t om showed  no  s i gn i f i can t  i ndependen t  va r i ab les

fo r  spo rophy te  g row th .  The  re l a t i ve l y  h i gh  R -squa re  va lue  f o r  i r r ad ' i a t i on  i n  t h i s

ana i ys ' i s ,  howeve r ,  p romp ted  f u r t he r  ana ' l y ses  wh i ch  showed  a  s i gn i f i can t  pos i t i ve

re l a t j onsh ip  be tween  i r r ad ia t i on  and  spo rophy te  g row th  when  i r r ad ia t i on  was  t he  on l y

i ndependen t  va r i ab le  used  (Tab1e  7 .5 ) .  I r r ad ia t i on  exp la i  ned  44% o f  t he  va r i ance  i n

g row th  i n  t h ' i s  ana l ys i s .  I n  a l l  o f  t hese  ana l yses ,  i r r ad ia t i on  was  pos i t i ve l y

co r re ' l a ted  w i th  spo rophy te  g rowth  and  ses ton  f l ux  was  nega t ' i ve1y  co r re la ted .
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The  nega t i ve  re la t i onsh ip  be tween  ses ton  f l ux  and  g rowth  may  have  been  due  to

the  cove r i ng  o f  spo rophy tes  w i t h  sed imen ts  o r  t he  se lec t i ve  remova l  o f  l a rge r

i nd ' i v i dua l  s  f  r om the  popu la t ' i on  by  sed imen t  scou r .  Sed imen t  depos i t s  on  t he

ou tp l an t  p i a tes  wou ld  a l  so  resu l t  i n  t he  spo rophy tes  be ing  exposed  t o  l owe r

i r r ad iance  l eve ' l s  t han  ac tua l l y  r eco rded  by  ou r  senso rs .  Ses ton  f l ux  was  much  l owe r

a t  2  m  above  t he  bo t t om than  on  t he  sea f l oo r  (Append i x  I )  and  appa ren t l y  d i d  no t

a f fec t  g rowth  on  2  m subs t ra tes .

The  compensa t ' i ng  i r rad ia t i on  l eve ' l  f o r  ou tp ' l an ted  spo rophy tes ,  as  de te rm ined

f rom the  l eas t - squa res  reg ress ion  f o r  subs t ra tes  p l aced  on  t he  sea f ' l oo r ,  was  0 .3

E /n2  /d .  Growth  appeared  to  reach  max i  mum I  eve l  s  a t  a  sa tu ra t i  ng  ' i r r ad i  a t i  on  
' l  
eve l

o f  abou t  1 .5  E /nz /d .  These  va lues  a re  h i ghe r  t han  t he  co r respond ing  va lues  f o r

compensa t i on  (0 .08  E /n2 /d )  and  sa tu ra t ' i on  (app rox ima te l y  1  E /mz /d )  de te rm ined  i n  t he

labo ra to r y  unde r .a  12 -h r  pho tope r i od  (F ig .  7 .3 ) .  A1so ,  t he  i n te r cep t s  o f  t he

reg ress ion  l i nes  f o r  f i e l d  and  l abo ra to r y  popu la t i ons  d i f f e red  s ' i gn i f i can t l y  (Tab1e

7-6 ) .  The  func t ' i on  genera ted  fo r  t he  l abo ra to ry  da ta  appeared  to  fo rm an  enve lope

a round  t he  max jmum g row th  ra tes  obse rved  i n  t he  f i e l d  ou tp l an t s  (F i g .  7 .3 ) .

7 .3 .3  Mor ta l i t y  i n  t he  F ie ld  Ou tp lan t  Exper imen ts

The  spo rophy te  dens i t y  da ta  used  t o  gene ra te  t he  mor ta l i t y  r a tes  a re  g i ven ' i n

Append i x  J .  As  i n  t he  spo rophy te  g row th  s tud ies ,  a  p re l im ina ry  se t  o f  r eg ress ion

ana l yses  was  pe r f o rmed  w i t h  a l l  o f  t he  i ndependen t  va r i ab les  t o  show  whe the r

un t rans fo rmed  o r  l og . , t r ans fo rmed  va r i ab les  p rov ided  t he  bes t  f i t  t o  t he  da ta .

Reg ress ion  mode l s  w ' i t h  
' 1oge  

t r ans fo rma t i ons  o f  mo r ta l i t y  r a te  and  t he  i ndependen t

va r i ab les  p rov ' i ded  t he  g rea tes t  R2  f o r  0  m  da ta  and  da ta  f r om a l1  dep ths  comb ined .

Un t rans fo rmed  va r iab les  p roduced  the  h iqhes t  R2  fo r  da ta  f rom 2  m above  the  bo t tom

(Tab le7 .7 ) .
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The  on l y  i ndependen t  va r i ab le  t ha t  showed  a  s i gn i f j can t  co r re l a t i on  w i t h

spo rophy te  mor ta l i t y  was  ses ton  f l ux .  Th i s  va r i ab le  was  s i gn i f i can t  f o r  subs t ra tes

l oca ted  on  t he  bo t t om and  f o r  bo th  dep ths  comb ined  (Tab le  7 .8 ) .  Howeve r ,  i n  t he

ana l ys i s  f o r  t he  subs t ra tes  l oca ted  2m above  t he  bo t t om,  ses ton  f l ux  was  s i gn i f i can t

when  a l l  o f  t he  i ndependen t  va r j ab les  we re  ana l yzed  t oge the r ,  bu t  i t  was  no t

s ' i gn i f i can t  when  reg ressed  sepa ra te l y  w i t h  mor ta i i t y  r a te .  I n  t he  f i na l  ana l yses ,

ses ton  f l ux  exp la ' i ned  on l y  6% o f  t he  va r i ance  i n  mo r ta l i t y  r a te  f o r  subs t ra tes

l oca ted  on  t he  sea f l oo r  and  and7 i6  f o r  t hose  a t  a l 1  dep ths  comb ined .  The  co r re l a t i on

be tween  ses ton  f l ux  and  mor ta f i t y  was  pos i t i ve .  The  re l a t i ve l y  sma l l  p ropo r t i on  o f

t he  va r i ance  exp la ' i ned ,  howeve r ,  sugges t s  t ha t  o the r  f ac to r s ,  such  as  g raz ing  by

f i sh  and  j nve r t eb ra tes  o r  ab ras ion  by  d r i f t  p l an t s ,  a re  a l so  impo r tan t  sou rces  o f

mor ta l  i  t y  f o r  m i  c roscop i  c  spo rophy tes  .

Spo rophy te  mor ta l i t y  r a tes  ranged  as  h ' i gh  as  0 .39  day - r  and  ave raged  0 .09  day - !

on  the  bo t tom subs t ra tes  (Append i  x  J  )  .  The  I  a t t e r  ra te  ' i  nd i  ca tes  tha t  t he

popu ia t i on  s ' i ze  wou ld  be  ha l ved  eve ry  8  days .  Even  w i t h  ou r  e f f o r t s  t o  m in jm i ze  t he

con t r i bu t i ons  t o  mor ta l i t y  made  by  g raz ing  and  ab ras ion ,  mo r ta l i t y  r a tes  we re  qu i t e

h igh ,  espec ia l  l y  when  compared  w ' i t h  na tu ra l ' l y -occu r r i ng  adu l t  spo rophy tes  wh ' i ch

have  ha l  f - l ' i ves  on  t he  o rde r  o f  1  yea r  (Dean  e t  a l  .  ,  7987 ,  Sec t ' i ons  9  and  11 ) .

7 .4  D i scuss ion

The  g rowth  ra te  o f  m i  c roscop i  c  spo rophy tes  was  
' l a rge l y  

dependen t  on  ' i r r ad i  ance

leve l s .  Th i s  was  ev iden t  i n  bo th  ou r  f i e l d  ou tp l an t  expe r jmen ts  and  ou r  l abo ra to r y

s tud ies .  The re  we re  some  d i sc repanc ies  i n  t he  resu l t s  o f  f i e l d  and  l abo ra to r y

s tud ies  w t ' t h  r ega rd  t o  compensa t i ng ' i r r ad ia t i on  l eve l s ,  sa tu ra t , i ng  i r r ad ia t i on

1eve1s ,  and  max jmum g row th  ra tes .  The  reasons  f o r  t he  d j f f e rence  i n  t he  g row th -

i r r ad iance  re l a t ' i onsh ips  be tween  t he  l abo ra to r y - rea red  spo rophy tes  and  f i e l d
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ou tp lan t s  a re  no t  t o ta l l y  c l ea r .  The  mos t  l j ke l y  con t r i bu t i ng  causes  a re :  t ne

op t ima l  concen t ra t ' i ons  o f  nu t r i en t s  ava i l ab le  i n  l abo ra t . o r y  cu l t u re ,  t he  po ten t i a l

f o r  g raz ing  f i sh  and  i nve r t eb ra tes  i n  t he  f i e l d ,  and  va r i ab i i i t y  i n  t he

ins tan taneous  i r r ad iances  i n  t he  f i e l d .  The  cu i t u re  med ia  f o r  t he  l abo ra to r y

s tud ies  i nc l uded  va r i ous  m ic ronu t r i en t s ,  such  as  t r ace  me ta l s  and  v i t am ins ,  as  we l l

as  t he  mac ronu t r i en t s ,  n i t r ogen  (as  NaNOr )  and  phospho rus  (as  g l yce rophospha te ) .

These  op t ima l  nu t r i en t  cond i t i ons  may  have  a l l owed  h ighe r  g row th  ra tes  a t  h ' i ghe r

i r r ad iances ,  wh i l e  f i e l d  g row th  may  have  been  l im i t ed  by  t he  ava i l ab i l ' i t y  o f  one  o r

more  o f  t hese  nu t r i en t s .  I n  t he  f i e l d  ou tp l an t s ,  t he  l a rge r  spo rophy tes  may  have

been  sub jec t  t o  h i ghe r  g raz ing  p ressu re  t han  t he  sma l l e r  ones .  Th i s  se lec t i ve

g raz ing  wou ld  have  reduced  t he  mean  g row th  ra te  f o r  t he  f i e l d  popu la t i ons .

The  d i  s t r i bu t i on  o f  i ns tan taneous  i r r ad iances  i n  t he  f i e l d  wou ld  t end  t o

c rea te  l ower  g rowth  ra tes  fo r  f j e l d  spo rophy tes  when  compared  to  the  g rowth  ra tes  o f

spo rophy tes  rece i v i ng  equa l  i r r ad ia t ' i on  l eve l  s  i n  t he  l abo ra to r y .  I ns tan taneous

i r r ad iances  va ry  as  a  s i ne  f unc t i on  i n  t he  f i e l d  (Sec t i on  6 .0 )  compared  t o  a  squa re -

wave  f unc t i on  i n  t he  l abo ra to r y .  As  a  resu l t ,  f i e l d  popu la t j ons  cou ld  be  expec teo

to  rece ' i ve  some i r rad ' i ances  be low  the  compensa t ion  l eve l  and  some f rom above  the

sa tu ra t j on  l eve l .  Even  t hough  i r r ad iances  a t  bo th  o f  t hese  l eve l s  wou ld  con t r i bu te

to  the  i  n teg ra ted  da i  1y  i  r rad i  a t j  on  ,  t hey  wou l  d  no t  have  had  a  p ropo r t j  ona l

con t r i  bu t ' i on  to  spo rophy te  g rowth .

I t  i s  c l ea r ,  howev ,e r ,  t ha t  t he  compensa t i ng  i r r ad ia t i on  l eve ' l  was  ex t reme ly  1ow

(app rox ima te i y  0 .3  E /n2 /d )  f o r  f i e l d  popu la t i ons .  I r r ad ' i a t i on  l eve l s  on  t he

sea f l oo r  a t  San  0no f re  we re  se ldom be low  0 .3  E /n2 /d  (ECOsys temsr  F ina l  Repo r t ,  Vo l .

V I ,  Chap te r  3 ) .  Appa ren t l y ,  l ow  i r r ad iance  se ldom comp le te ' l y  i nh ib i t ed  g row th .  I n

con t ras t ,  t he  sa tu ra t i ng  i r r ad ' i a t i on  l eve l  o f  app rox ima te l y  1 .5  E /m2 /d  was  we l l
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wi  th i  n  t he  range  o f  i  r rad i  a t i  on  I  eve l  s  a t  San  0no f re .  0 f  t he  61  spo rophy te

ou tp lan ts  conduc ted  on  the  bo t tom in  the  SONGS a rea  ke lp  fo res ts  p r i o r  t o  S0NGS

ope ra t i on ,  abou t  75% had  i r r ad ia t i on  l eve l s  be low  the  sa tu ra t i on  l eve l .  Thus ,  t he

g row th  ra te  o f  m i c roscop i c  spo rophy tes  was  l im i t ed  by  l i gh t  on  mos t  occas ions .

The  compensa t ' i on  i r r ad iance  l eve l s  f o r  g row th  es t ima ted  f r om ou r  l abo ra to r y

exper imen ts  (0 .9  vE /n2 /s  fo r  t he  12 -h r  pho tope r iod  and  1 .8  vE /n2 /s  fo r  t he  24 -h r

pho tope r iod )  a re  app rox ima te l y  t he  same as  the  compensa t ion  i r rad iance  fo r

pho tosyn thes i s  o f  embryon ic  spo rophy tes  shown  by  Mur ray  and  Fa in  (1982)  and  Deysher

(1984 ) .  Mu r ray  and  Fa in  f ound  a  compensa t ' i ng  i r r ad iance  f o r  pho tosyn thes i s  a t  2 .8

vE /nz / s  ( equ i va len t  t o  0 . IE /mz /d  f o r  a  12 -h r  pho tope r i od )  and  showed  t ha t  t h i s  was

unchanged  a t  t empera tu res  be tween  10  and  20oC.  Deysher  found  a  compensa t i  ng

' i r r ad ' i ance  l eve l  o f  2 .5  vE /n2 / s  (=0 .1  E /n2 /d )  t ha t  was  cons tan t  f o r  spo rophy tes

be tween  6  and  25  mm in  l enq th .

The  sa tu ra t i ng  i r r ad iance  l eve l  f o r  pho tosyn thes ' i s ,  howeve r ,  i s  h i ghe r  t han

tha t  f o r  g rowth .  I n  ou r  l abo ra to ry  s tud ies ,  g rowth  appeared  to  sa tu ra te  a t  an

i r r ad iance  o f  app rox ima te l y  22  vE /m2 /s .  The  sa tu ra t ' i on  l eve l  f o r  pho tosyn thes i s

found  by  bo th  Mur ray  and  Fa ' i n  (1982)  and  Deysher  (1984)  was  75  vE /n2 /s  (3 .2  E /nz /d

fo r  a  72 -h r  pho tope r iod ) .  I t  t he re fo re  appears  tha t  some p rocess  o the r  t han

pho tosyn thes i s  j s  l ' im i t i ng  g row th  a t  h i gh  i r r ad iance  l eve l s .

G row th  o f  t he  m ic roscop ' i c  spo rophy tes  was  gene ra l l y  h i gh .  Max imum doub l i ng

t imes  obse rved  i n  t he  f i e l d  we re  l ess  t han  f ou r  days ,  and  even  p l an t s  g row ing  a t

i r r ad ia t i ons  o f  abou t  0 .4  E /m2 /d  gene ra l l y  doub led ' i n  l eng th  i n  l ess  t han  10  days .  A

quan t i t a t ' i ve  compar i son  o f  g row th  be tween  m ' i c roscop i c  spo rophy tes  and  j uven i l e

spo rophy tes  ' i s  d i f f i cu l t .  and  wou ld  need  t o  be  done  on  t he  bas i s  o f  b i omass .  I t  i s
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c lea r ,  howeve r ,  t ha t  a t  s im i l a r  i r r ad iance  l eve l s ,  m i c roscop i c  spo rophy tes  e ' l onga te

more  rap id l y  t han  i uven i l e  spo rophy tes ,  wh ' i ch  have  max imum doub l i ng  t imes  on  t he

o rde r  o f  3  weeks .  The ' l owe r  compensa t ' i ng  i r r ad iance  l eve l s  and  g rea te r  e l onga t i on

ra tes  o f  m i c roscop i c  spo rophy tes  p robab l y  r esu l t  f r om the  t h i n  t ha l l us  o f  t hese

sma l l  p l an t s .  Spo rophy tes  l ess  t han  1 .5  mm in  l eng th  a re  on l y  one  o r  two  ce l l s

t h i ck .  The re fo re ,  t he  max imum pho tosyn the t i c  capab i l i t y  o f  eve ry  ce l l  can  be

reached  a t  l ow  i r r ad iance  l eve l s  because  t he re  i s  no  se l f - shad ing  among  ce l l s .

41so ,  m i c roscop i c  spo rophy tes  may  e l onga te  f as te r  t han  j uven i l es  because  t hey  a re

g row ing  i n  two  d ' imens ions ' i ns tead  o f  t h ree .

The  ou tp l an t  expe r jmen ts  i n  1984  we re  conduc ted  du r i ng  some  o f  t he  h i ghes t

wa te r  t empera tu res  o f  t he  1983-84  E l  N ino  (Append ix  J ) .  Spo rophy te  g rowth  ra tes

were ,  howeve r ,  gene ra l l y  h i ghe r  t han  ave rage  a t  a ' 11  s ta t i ons  and  mean  g row th  ra tes

fo r  t hese  ou tp l an t s  had  a  good  f i t  t o  t he  p reope ra t i ona l  g row th  vs ' i r r ad ia t i on

re l a t i onsh ' i p  (F i g . i . 3 ) .  These  ou tp l an t s  r e i n fo r ce  t he ' impo r tance  o f  l i gh t ' i n  t he

con t ro l  o f  m ic roscop ic  spo rophy te  g rowth  even  a t  t empera tu res  up  to  20oC and  a t

be low  no rma l  nu t r i en t  concen t ra t ' i ons .  Th i s  i s  i n  con t ras t  t o  t he  g row th  o f  l a rge r

i uven i l e  spo rophy tes  t ha t  has  been  shown  to  be  co r re l a ted  w i t h  n i t r ogen  l eve l s  i n

labo ra to ry  expe r imen ts  (Whee le r  and  Nor th ,  1980) ,  and  wh ich  appeared  to  be  nu t r i en t

I im i t ed  du r i ng  t he  E l  N ino  pe r i od  (Dean  and  Jacobsen ,  1986 ) .  I t  appea rs  t ha t  sma l I

spo rophy tes  were  ab le  to  sus ta in  g rowth  du r ing  ' "he  E l  N ino  even  though  wa te r

t empera tu res  we re  h i gh  and  nu t r j en t s  we re  l ow .  Th i s  may  have  been  due  t o  t he i r  c l ose

p rox ' im i t y  t o  the  subs t ra te  where  they  cou ld  have  u t i l i zed  ammon ia  genera ted  by

va r i ous  bac te r i a l  p rocesses .

The  mor ta ' l i t y  r a te  o f  m i c roscop i c  spo rophy tes  was  de te rm ined  t o  a  s i gn i f i can t

ex ten t  by  ses ton  f l ux .  Wh j l e  tempera tu re  and  o the r  phys i ca ' l  f ac to rs  may  become
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l e t ha l  a t  ex t reme  va lues ,  t hey  had  no  s i gn i f i can t  e f f ec t  on  mor ta l i t y  w i t h i n  t he

ranges  obse rved  j n  ou r  ou tp lan t  expe r imen ts .  Labora to ry  expe r imen ts  ca r r i ed  ou t  by

Sch roe te r  e t  a l .  ( 1982 )  i nd i ca ted  t ha t  ben th i c  i nve r t eb ra tes ,  espec ' i a11y  t he

seas ta r  Pa t i r i a  m in i a ta  and  t he  he rn r i t  c rab  Pagu rus  9p . ,  can  g raze  heav i l y  on

m ic roscop i c  spo rophy tes .  I t  seems  l i ke l y  t ha t  g raz ' i ng  p ressu res  by  t hese  ben th i c

i nve r t eb ra tes ,  as  we l1  as  by  f i sh ,  may  f u r t he r  con t r i bu te  t o  t he  h i gh  mor ta l i t y  r a te

o f  sma l l  spo rophy tes ' i n  t he  f i e l d .  I n  add i t i on ,  ab ras jon  by  d r i f t i ng  ke lp  and  o the r

a lgae  appears  to  be  a  sou rce  o f  mor ta l i t y .  We  have  o f ten  obse rved  d r i f t  aTgae

en tang led  w j t h  and  rubb ing  aga ins t  ou r  a r t i f i c i a l  subs t ra tes .
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Tab l  e  7  . l  Compar i  sons

g rowth  func t i on  fo r  t he

i r r ad ' i a t i on  i n  l abo ra to r y

reg ress ion  mode l s  and  a  von  Be r ta l an f f y

be tween  m ic roscop ic  spo rophy te  g rowth  and

Mean  square
e r ro  r

o f  va r i  ous

re la t i onsh ip

s tud ies .

LEAST-SQUARES

Dependen t
va r i  ab l  e

REGRESSIONS

I  ndependen t
va r i  ab l  e R2

GRATE

LNGRATE

LNGRATE

GRATE

I  r rad i  a t i  on

I  r rad i  a t i  on

Log .  I r r ad ia t i on

Log .  I r rad j  a t i  on

? n

.75

.77

.41

0 .073

0 .001

0 .001

4 .062

0 .001

VON BERTALANFFY FUNCTION

GRATE I r rad ia t i on
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Tab le  7 .2  Resu l t s  o f  ANC0VA tes t i ng  f o r  d i f f e rences  i n

(LNGRATE)  i n  12 -  and  24 -h r  pho tope r iods  i n  t he  l abo ra to ry

was  l og "  i r r ad ia t i on .

Ana l ys i s  o f  Cova r i ance

Source d. f .  ss PR>F

sporophyte growth rates

s tud ies .  The  cova r ia te

Log  I r r ad ia t i on
Pho tope r i  od
Homogene i t y  o f  S lopes
Er ro r
Tota I

1
1
I

18
2T

0.064
0 .002
0 .003
0 .014
0 .083

83 .94  0 .000 i
2 .93  0 .  1039
4 .58  0 .  0463
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Tab le  7 .3  Summary  o f  t he  95% con f . i dence

I  eve  I  s  i  n  t he  12  and  24  hou r  pho tope r . i ods

con f i dence  I  im i t s  we re  ca l cu la ted  f r om

(LNGRATE)  and  l og .  I r r ad iance .

I  i  mi  ts  on the compensat i  on i  r rad ' i  ance

in  the  l abo ra to ry  expe r imen ts .  These

the  reg ress ' i on  be tween . | oge  g row th

Pho tope r i  od
(  h r )

Compensa t i  on
i  r rad  i  ance
(v /E /n ' /  s )

0.9

1 .8

Lower 95%
boundary
(vE /mz  /  s )

Upper 95%
boundary
fuE/n'/ s)

T2

24

0.3 1 .5

3 .3
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Tab le  7 .4  Summar jes  o f  i n ' i t i a l  r eg ress ion  mode l s  f o r  spo rophy te  g row th  i n  t he

f i e ld  ou tp lan t  expe r imen ts .  These  mode ls  used  un t rans fo rmed  g rowth  (GRATE)  and
' ' e9e  

t rans fo rmed  g rowth  (LNGRATE)  as  the  dependen t  va r i ab les  and  un t rans fo rmed

and  l og "  va lues  f o r  t he  va r i ous  j ndependen t  va r i ab les .  Temp  =  t empera tu re ,  I r r  =

r ' r r ad ia t i on ,  Ses  =  ses ton  f 1ux ,  and  Nu t  =  t o ta l  n i t r ogen  (NOS *  N02  *  NH4* ) .

0 meters above bot tom

Depe  nden t
var i  ab l  e

GRATE
LNGRATE
LNGRATE
GRATE

2 meters above bot tom

Dependen t
va r i  ab l  e

GRATE
LNGRATE
LNGRATE
GRATE

I  ndependen t
va r i  ab l  es

Temp ,  I r r ,  Ses ,  Nu t
Temp ,  I r r ,  Ses ,  Nu t .
Ln (Temp ,  I r r ,  Ses ,  Nu t )
Ln (Temp ,  I r r ,  Ses ,  Nu t )

R 2  S i g n i f i c a n t  d . f .
v a r i  a b l  e s

.47

.59

.63

.52

.27

.30

.37

.34

.47

.59

.63

.52

13
13
1 J

13

I r r ,  Ses
I r r ,  Ses
Ln I r r ,  LnSes
Ln I r r ,  LnSes

S ign i f i can t  d . f .
va r i  ab l  es

32
32
32
32

I  ndependen t
va r i  ab l  es

R2

Temp,  I r r ,  Ses
Temp ,  I r r ,  Ses
Ln (Temp ,  I r r ,  Ses )
Ln (Temp ,  I r r ,  Ses )

none
none
none
Ln I r r

Bo th  dep ths  comb ined

Dependen t
var i  ab l  e

GRATE
LNGRATE
LNGRATE
GRATE

I  ndependen t
va r i  ab l  es

Temp ,  I r r ,  Ses ,  Nu t
Temp ,  I r r ,  Ses ,  Nu t
Ln (Temp ,  I r r ,  Ses ,  Nu t )
Ln (Temp ,  I r r ,  Ses ,  Nu t )

I r r ,  Ses
I r r ,  Ses
Ln I r r ,  LnSes
Ln I r r ,  LnSes

R2 S ign i  f i can t
va r i  ab l  es

d . f .

32
3?
5 Z

32
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Tab le  7 .5  Resu l t s  o f  mu l t i p l e  r eg ress ion  ana l yses  w i t h  l oge  spo rophy te  g row th  as  t he

dependen t  va r i ab le .  The  ana i yses  i nc l uded  da ta  f r om a l l  s t a t i ons  du r i ng  t he  SONGS

pre -ope ra t ' i ona l  pe r iod ,  and  f rom SMK45  du r ing  the  ope ra t i ona l  pe r iod .  0n l y  t he

s ' i gn i f i can t  i ndependen t  va r i ab les  a re  p resen ted ' i n  t h j s  t ab le .  A l l  o f  t he  l og

t rans fo rma t i ons  a re  t o  t he  base  e .

0m

Overa l l  R2  =  0 .56
N=63

So u nce

T n t o n r o n i

Log  i  r rad ' i a t i  on
Log  Ses ton  f l ux

Parameter
e  s t  i  mate

0  .097
0  .028

-0  .030

PR>T

8.  16  0 .0001
3 .  54  0 .0008

-3 .50  0 .0009

+

2n

0ve ra l l  R2  =  0 .44
N=18

Sou  rce
Paramete r
es t ima te PR>T

i  n te rcep t
Log  I r r ad ia t i on

0.066  8 .  50  0 .  0001
0 .056  3 .69  0 .  0018

Al  I  Dep ths

Ove ra l l  R2  =  0 .52
N=63

Source

I  n te rcep t
Log  I r r ad ia t i on
Log  Ses ton  f l  ux

Parameter
e st ' imate

0 .097
0 .028

-0 .030

+

8.  16
3 .54

-3 .  s0

PR>T

0.000 i
0 .  0008
0 .  0009
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Tab l  e  7 .6  Resu l  t s

(  LNGRATE) between the

was  l og .  i r r ad ia t i on .

o f  ANC0VA tes t i ng  fo r  d i f f e rences

labo ra to r y  expe r imen ts  and  f i e l d

in  spo rophy te  g rowth  ra tes

ou tp l an t s .  The  cova r i a te

Ana l ys i  s  o f  Cova r i ance

Sou  rce d. f .  ss PR>F

Log  I r r ad ia t i on
Exper imen t  Type
Homogene i t y  o f  S lopes
Error
To ta l

1
1
1

89
92

0.  120
0 .048
0 .001
4 . t27
0 .297

83  .  54  0 .0001
33 .84  0 .0001
0 .70  0 .4054
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Tab le  7 .7  Summar ies  o f  i n i t i a l  r eg ress ion  mode l  s  f o r  spo rophy te  mor ta l i t y  i n

t he  f i e l d  ou tp l an t  expe r imen ts .  These  mode l s  used  un t rans fo rmed  mor ta l i t y

(DRATE)  and  l og^  t rans fo rmed  mor ta l i t y  (LNDRATE)  as  the  dependen t  va r i ab les  and"e

un t rans fo rmed  and  
' , o9e  

va lues  fo r  t he  va r ious  i ndependen t  va r i ab les .  Temp =

tempera tu re ,  I r r  =  ' i r r ad ia t i on ,  Ses  =  ses ton  f ' l u x ,  and  Nu t  =  t o ta l  n i t r ogen  (N0 :

+  N0^  +  NH, * )
I  + '

0  me te rs  above  bo t tom

Dependen t
va r i  ab l  e

DRATE
LNDRATE
LNDRATE
DRATE

2 mete rs  above  bo t tom

Dependent
var i  ab l  e

DRATE
LNDRATE
LNDRATE
DRATE

I  ndependen t
va r i  ab l  es

S ign i  f i can t
va r i  ab l  es

d . f .
R2

Temp,  I r r ,  Ses ,  Nu t
Temp ,  I r r ,  Ses ,  Nu t
Ln (Temp ,  I r r ,  Ses ,  Nu t )
Ln (Temp ,  I r r ,  Ses ,  Nu t )

.  t J

.19

.28
t <

Ses  35
Ses ,  Nu t ,  35

Ln (Temp ,  Ses ,  Nu t )  35
LnSes  35

S ign i f i can t
va r i  ab l  es

d . f .I  ndependen t
va r i  ab l  es R2

Temp,  I r r ,  Ses
Temp ,  I r r ,  Ses
Ln (Temp ,  I r r ,  Ses )
Ln (Temp ,  I r r ,  Ses )

.54

.29

.33

.47

.13

. i9

.28
l <

Ses
n0  ne
Ln I r r
LnSes

i 3
13
1 J

L J

Both  Dep ths  Comb ined

Depe  nden t
va r i  ab l  e

DRATE
LNDRATE
LNDRATE
DRATE

I  ndependen t
va r i  ab l  es

Temp ;  I r r ,  Ses ,  Nu t
Temp ,  I r r ,  Ses ,  Nu t
Ln (Temp ,  I r r ,  Ses ,  Nu t )
Ln (Temp ,  I r r ,  Ses ,  Nu t )

S ign i f i can t
va r i  ab l  es

Ses
Ses ,  Nu t

Ln (Temp ,  Ses ,  Nu t )
LnSe  s

d . f .
R2

35
35
5f,

35
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Tab l  e  7 .8  Resu l  t s  o f  mu l  t i  p1  e  reg ress i  on  ana lyses  w i  t h  spo rophy te  mor ta l  i  t y  as

the  dependen t  va r i ab le .  The  ana ' l y ses  i nc l uded  da ta  f r om a l l  s t a t i ons  du r i ng  t he

SONGS p re -ope ra t i ona l  pe r iod ,  and  f rom SMK45  du r ing  the  ope ra t i ona l  pe r iod .  0n l y

the  s i gn i f i can t ' i ndependen t  va r i ab les  a re  p resen ted  i n  t h i s  t ab le .  A l l  o f  t he

1og  t r ans fo rma t i ons  a re  t o  t he  base  e .

0m

Dependen t  va r iab le
Ove ra l l  R2  =  0 .06
N=70

Source

= LNDRATE

Pa rameter
e  s t ' ima te PR>T

I  n te  r cep t
Log Se ston f  

' l  
ux

2.74  0 .0001
2 .74  0 .0359

0 .056
0 .  028

2n

Dependen t
0ve ra l  I  R2
N=18

Source

I  n te rcep t
Ses ton  f l  ux

In te r cep t
Log  Ses ton  f l ux

Var iab le  =  DRATE
=  0 .09

Parameter
es t imate  t

11 .01  2 .50
9 .25  7 .32

Parameter
es t ' imate  t

0 .070  6  .37
0 .  020  2 .54

PR>T

0.023
0 .203

Dependen t  Va r iab le  =  LNDRATE
Overa l l  R2  =  0 .07
N=89

Sou  rce PR>T

0.0001
0 .0129
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F igu re  7 .1  G row th  ra te  o f  m i c roscop i c

da i l y  i r r ad ia t i on  l eve l s  i n  t he  12 -h r  and

sporophytes (  LNGRATE)

24-h r  pho tope r i  ods .

p l o t t ed  aga ins t
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F i  gu re  7  . 2

i  ns tan taneous

Growth  ra te  o f  m ic roscop ic

i r r ad iance  i n  t he  12 -h r  and

sporophytes (  LNGRATE)

24-h r  pho tope r iods .

p1  o t t ed  aga i  ns t
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F igu re  7 .3  Growth  ra te  o f  m ic roscop ic  spo rophy tes  (LNGRATE)  ' i n  t he  f i e ld

ou tp l an t  expe r imen ts  p l o t t ed  aga ins t  da i l y  i r r ad ia t i on .  The  g row th  ra te  da ta  i s

f rom a l l  s ta t i ons  and  dep ths  i n  t he  SONGS p re -ope ra t i on  pe r iod  and  SMK45  in  the

ope ra t i ona ' l  pe r i od .  The  reg ress ion  show ing  t he  re l a t i onsh ip  be tween  t he  g row th

o f  m i c rospo rophy tes  and  i r r ad ja t i on  i n  t he  l abo ra to r y  i s  a l so  shown .  C ' i r c l ed

va lues  i nd i ca te  obse rva t i ons  made  du r i ng  t he  E l  N ino  t ha t  occu r red  f r om fa l l  1982

un t r ' l  f a l  I  1984 .
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8.0 Growth

By Stephen C.  Schroeter

Blade Stage Macrocystis

Thomas  A .  D .an2 ,  and  John  D .  D ixon l

of

1

8.  1  ln t roduct ion

A  p r ima ry  goa l  o f  t he  Mar i ne  Rev iew  Commi t t ee ,  I nc .  (MRC)  has  been  t o  de te rm ine

how the  ope ra t i on  o f  t he  San  Ono f re  Nuc lea r  Gene ra t i ng  S ta t i on ' s  (SONGS)  Un i t s  2  and

3  a f f ec t s  t he  d ' i s t r i bu t i on  and  abundance  o f  g i an t  ke lp ,  Mac rocys t i s  py r i f e ra .  The

i i f e - cyc le  o f  Mac rocys t i s  cons i s t s  o f  seve ra l  ob jec t i ve l y  de f i nab le  s tages ,  each  o f

wh i ch  may  be  a f f ec ted  d i f f e ren t l y  by  b i o l og i ca l  and  phys ' i cochem ica l  f ac to r s  i n  t he

env ' i r onmen t .  I n  ou r  s tud ies ,  we  have  adop ted  the  s t ra tegy  o f  examin ' i ng  each  s tage

sepa ra te l y ,  hop ing  t o ' i n t eg ra te  t he ' i n f o rma t i on  i n to  a  mode l  o f  t he  e f f ec t s  o f  SONGS

on  the  en t  j  r e  popu l  a t ' i on

We have  exce l l en t  da ta  on  t he  t empora ' l  and  spa t i a i  pa t t e rns  o f  t he  d i s t r i bu t i on

and  abundance  o f  b l ade  s tage  ke lp  ( p l an t s  w i t h  a  s i ng le  b l ade ,  gene ra l ' l y  l ess  t han

30  cm i n  he igh t )  i n  t he  f i e l d  (Sch roe te r  e t  a l . ,  i 987 ) .  Howeve r ,  mos t  o f  t he  ea r l ' i e r

mechan i s t i c  wo rk  on  g i an t  ke lp  concen t ra ted  on  game tophy tes ,  m i c rospo rophy tes ,

j uven i l es  ( p l an t s  w i t h  two  o r  mo re  f r onds ) ,  and  adu l t s  (Neushu l  &  Haxo ,  1963 ;  No r th ,

! 967 ,1971 ,7972 ;  Dev inny  &  Vo1se ,  1978 ;  Lobban ,  r gTg ;  Neushu l ,  1978 ,  1981 ;  Whee le r

&  No r th ,  1981 ;  Dean  &  Deyshe r ,  i 983 ;  Z immerman ,  1983 ;  Ge ra rd ,  1984 ;  Dean  &  Jacobsen ,

1984 ,1986 ) .  The  p resen t  r epo r t  summar j zes  t he  resu l t s  o f  two  f i e l d  expe r imen ts

wh i ch  exam ined  t he  e f f ec t s  o f  l i gh t  and  t empera tu re  (a  p roxy  f o r  nu t r i en t  l eve ' l s )  on

b lade  s tage  ke1p .  I n  t hese  expe r fmen ts  t he re  we re  two  sou rces  o f  va r i a t i ons  i n

l i gh t  l eve l s :  1 )  l i gh t  l eve l s  we re  expe r imen ta l l y  man ipu la ted  by  c l ea r i ng  ke lp  ' i n

one  p i o t  and  l eav ' i ng  und ' i s t u rbed  canopy  i n  a  nea rby  p1o t ,  and  2 )  l i gh t  and

tempera tu re  reg imes  d i f f e red  d rama t i ca l l y  i n  t he  two  yea rs  o f  t he  expe r imen ts .

1'Ke lp 
Forest  lnver tebrate Ecology pro ject ,  U.S.C.

)-Ke lp  
Eco logy  P ro jec t ,  U .C .S .B .
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The  f i r s t  expe r imen t  was  conduc ted  i n  the  l a te  summer  o f  1983  du r ing  the

7982 /84  E1  N ino  even t  (F i ed1e r ,  1984 ;  S impson ,  1984 ) .  The  o the r  was  i n  t he  l a te

summer  o f  1986 .  I , r / a t e r  c l a r i t y  and  l  i gh t , 1eve1s  we re  two  t o  t h ree  t imes  h i ghe r  i n

1983  t han  ' i n  1986 .  I n  add ' i t i on ,  t empe ra tu res  we re  h i ghe r  and  nu t r j en t  l eve l s  l owe r

i n  1983  t han ' i n  1986 .  These  phys i cochemica l  d j f f e rences  a l l owed  us  t o  exam ine  t he

e f f ec t s  o f  l i gh t  ( as  a f f ec ted  by  t he  canopy  o f  adu l t  p l an t s )  on  t he  g row th  o f  b l ade

s tage  ke ip  du r i ng  pe r i ods  o f  h i gh  and ' l ow  nu t r i en t  cond i t i ons .  Th i s  i n f o rma t i on ,

comb i  ned  w i th  know l  edgq  o f  t he  e f  f  ec t s  o f  SONGS on  I  i  gh t  and  nu t r i en t  I  eve l  s ,  w ' i  I  I

a i d  ou r  unde rs t . and ing  o f  t he  mechan i sms  o f  t he  appa ren t  e f f ec t s  o f  t he  p l ume  o f

Un ' i t s  2  and  3  on  t he  rec ru i tmen t  o f  b l ade  s taEe  ke lp  i n  t he  San  Ono f re  ke lp  bed  (SOK)

(  Sch roe te r  e t  a l  .  ,  1987 )  .

8 .2  Me thods

Two  g row th  expe r imen ts  w i t h  b1ade  s tage  g i an t  ke lp  we re  pe r f o rmed .  I n  Ju l y

1983  two  s i t es  we re  es tab l i shed  a t  a  dep th  o f  app rox ima te l y  13  me te rs  i n  t he  San

Ma teo  ke lp  bed  (SMK)  (F igu re  8 .1 ) .  One  s ' i t e  was  unde r  a  r e l a t i ve i y  dense  s tand  o f

adu l t  Mac rocys t i s ,  and  t he  o the r  was  abou t  50  me te rs  away ' i n  an  a rea  w i t hou t  adu l t

ke1p .  S i x  10 -m  x  4 -m  t r ansec t s  we re  es tab l i shed  a t  each  s i t e .  The  t r ansec t s

ex tended  rad  j  a ' l  l y  f  r om a  cen t ra l  po ' i n t  and  were  marked  by  s tee l  sp i  kes  d r i  ven  i  n to

the  subs t ra te  a t  1 -me te r  i n t e r va l s .  Us ing  t he  sp i kes  as  re fe rence  po in t s ,  t he

pos i t i ons  o f  100  b l ade  s tage  p l an t s  r ang ing  i n  s i ze  f r om 4  t o  30  cm we re  mapped  a t

each  s i t e .  Numbered  p l as t i c  t ags  we re  a t t ached  t o  t he  subs t ra te  nex t  t o  each  p l an t .

To  con t ro l  f o r  t he  poss ib ' l e  e f fec ts  o f  subs t ra te  s i ze  and  b lade  s tage  dens ' i t y  on

su rv i va l  and  g row th ,  on l y  p ' l an t s  on  s tab le  bou lde rs  ( g rea te r  t han  30  cm ' i n  l onges t

d iamete r )  were  used ,  and  on l y  one  to  th ree  p lan ts  spaced  20  cm o r  more  apa r t  we re

se lec ted  on  a  bou lde r .  0 the r  Mac rocys t i s  we re  removed .  P lan t s  we re  t agged  and

f i r s t  measu red  on  Ju l y  13 ,  i 983 .  Su rv i v i ng  i nd ' i v i dua l s  we re  censused  and  re -
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measu red  on  Ju l y  28 ,  Augus t  15 ,  and  Sep tember  13 ,  1983 .  A t  bo th  s i t es  t he  i n teg ra l

o f  da i l y  i r r ad iance  was  measu red  on  t he  bo t t om w j t h  L I - 182  quan tum ' i r r ad iance

senso rs  ( L I -COR,  I nc . ,  L i nco ln .  NB) .  Tempera tu re  was  measu red  w i t h  YS I  t he rmo l i nea r

the rm i  s t e r s  (Ye1  1ow  Sp r i ngs  i ns t r umen ts ,  Ye1  1ow  Sp r i ngs ,  0H) .

In  1983  the  su r face  canopy  s loughed  o f f  a f t e r  Ju ' l y  28 ,  abou t  two  weeks  a f te r

t he  s ta r t  o f  t he  expe r imen t .  Th i s  no  doub t  r educed  t he  t r ea tmen t  e f f ec t ,  bu t  l i gh t

l eve l s  we re  s t i l l  h i ghe r  i n  t he  a r t i f i c i a l  c l ea r i ng .  The  l oss  o f  canopy  was

assoc ia ted  w i t h  h ' i gh  t empera tu re  and  l ow  nu t r i en t  concen t ra t i ons  ( see  resu ' l t s  be low)

assoc ja ted  w i t h  t he  s t r ong  7982 /84  E1  N ino  (F ied le r ,  1984 ;  S impson ,  1984 ) .  S im i l a r

canopy  d i e -o f f s  have  been  obse rved  e l sewhe re  ( Jackson ,7977 ;  Tegne r  &  Day ton ,  1987 ) ,

and  a re  though t  t o  be  caused  by  p ro l  onged  pe r i  ods  o f  j  i  t t l  e  o r  no  upwe l  1  i  ng

(Jackson ,  1977 ) .  We  a l so  no ted  a  h i gh  ' i n c i dence  o f  b l ack  ro t  i n  t he  ke lp  canopy ,  a

d i sease  o f  unknown  e t ' i o l ogy  t ha t  i s  a l so  assoc ia ted  w i t h  h i gh  t empera tu res  and  l ow

nu t r i en t  cond i t i ons  (Sco t t en  ,  I 97 I ) .

I n  1986 ,  t ransp lan ts  were  pe r fo rmed  abou t  400  me te rs  f rom the  s ' i t es  used  ' i n  t he

1983  expe r imen t ,  and  a t  t he  same  dep th  (F i gu re  8 .1 ) .  As  i n  1983 ,  one  s i t e  was  unde r

a  re l a t i ve l y  dense  s tand  o f  adu l t  Mac rocys t i s ,  and  t he  o the r  was  abou t  50  me te rs

away ' i n  an  a rea  f r om wh i ch  adu l t  ke l p  was  c l ea red .  B lades  10  t o  15  cm i n  i eng th

a t t ached  t o  sma l  I  cobb les  we re  co l  l ec ted  i n  s i t u  ' i n  sea led  p l as t i c  con ta i ne rs ,

cove red  w j t h  b l ack  p l as t i c  t o  sea l  ou t  a l l  1 i gh t ,  and  t r anspo r ted  t o  t he  t r ansp lan t

s i t es .  S ' i x t een  b l ades  we re  t r ansp lan ted  t o  t he  canopy  s i t e  and  15  t o  t he

expe r imen ta l  c l ea r i ng .  The  cobb les  we re  secu red  w i t h  ny l on  cab le  t i es  t o  1O-me te r

l eng ths  o f  cha in ,  wh ' i ch  we re  f as tened  t o  t he  subs t ra te  w i t h  s tee l  r e ' i n f o r c i ng  ba rs .

The  cha ins  we re  spaced  abou t  3  me te rs  apa r t  and  l a i d  i n  pa ra11e1  a r rays .  Numbered

p las t i c  l ags  we re  a t t ached  t o  t he  cha ins  nex t  t o  t he  p l an t s ,  wh i ch  we re  spaced  20  cm

x -  <





apa r t .  P l  an t s  we re  f i  r s t

and  re -measured  on  Augus t

tempera tu re  were  measured

abou t  100  me te rs  away .

Re l  a t i  ve  g rowth

Ju ly  13  to  Sep tember

measu red  on  Augus t  8 ,

2 I ,  Sep tember  19 ,  and

as  i n  1983 ,  bu t  we re

1986  and  we re  subsequen t l y  censused

Oc tobe r  27 ,  i 986 .  I r r ad i  ance  and

made  a t  canopy  and  c l ea r i ng  s i t es

ra tes  we re  ca l cu la ted

13 ,  1983 ,  and  Augus t  8

two  app rox ' ima te l y  equa ' l  pe r i ods  (  f  r om

October  27 ,  7986)  as  fo l l ows :

f o r

RGR

Where RGR

I-1

I
L

i  Los(  L ,  )  -  Los(  L1  )  )  / (  t2 - t1  )

ne la t i ve  g rowth  ra te

t o t a l  f r o n d  l e n g t h  a t  t i m e  t ,

t o t a l  f  r o n d  1  e n g t h  a t  t ' i m e  t ,

Gru* (  1 -exp {  K (  I - I o )  i  )

obse rved  re la t i ve  g rowth  ra te

upper  asympto t i c  g rowth  ra te

cons tan t  desc r jb ing  ra te  o f  app roach  to  asympto te

obse rved  i  r rad i  ance

compensa t ' i ng  i  r rad i  ance

The  re l a t j onsh ip  be tween  re l a t i ve  g row th  ra te  and  i r r ad ' i ance  was  exam ined

g raph i ca l l y .  We  f i r s t  p l o t t ed  t he  re l a t i ve  g row th  ra tes  o f  b l ades  aga ins t  ave rage

da ' i 1y  i r r ad iance .  Two  cu rves  o f  g row th  ra te  ve rsus ' i r r ad ' i ance  f o r  j uven i l e  ke ' l p

were  then  super imposed  on  these  p1o ts .  One  cu rve  was  fo r  da ta  ob ta ined  du r ing  the

Ig82 /84  E l  N ino ;  t he  o the r  cu rve  was  f i t  t o  da ta  f rom non-E l  N ' i no  yea rs .  The  cu rves

were  f i t  us i ng  t he  f o l l ow ing  mod i f i ed  f o rm  o f  t he  von  Be r ta l an f f y  equa t i on  (Dean  &

Jacobsen ,  1984 ,  1986 )

' n

where G

max

K

T
I

l -

o

u-+





max and  Io  were  es t jma ted  f rom the  da ta

D j f f e rences  i n  nu t r i en t  r eg imes  be tween  1983  and  i 986  we re  exam ined  by

compar i ng  t he  number  o f  days ' i n  t h ree  t empera tu re  ca tego r i es :  <140C,  be tween  14oC

and  I7oC,  and  t17oc .  These  ca tego r ies  were  based  on  work  wh ich  showed  tha t  a t

t empe ra tu res  l ess  t han  14oC ,  t o ta l  n i t r ogen  concen t ra t i ons  ave rage  abou t  3 .0

m ic romo la r ,  and  j nc rease  rap id l y  as  rempera tu re  dec reases .  Be tween  14oC  and  170C ,

to ta l  n i t r ogen  concen t ra t i ons  a re  be tween  1  and  2  m jc romo la r ,  and  a re  0 .5  m ic romo la r

o r  l ess  a t  t empe ra tu res  g rea te r  t han  17oC  (F igu re  8 .2 ) .  Th i s  r e l a t i onsh ip  i s  mo re

p rec i  se l y  exp ressed  as :

N (T )  =  b / z { (Te - I ) ( i  +  e r f {TB -T /o } )  *  o / ( n )1 /2e *p { - (TA -T )2 t r7 ) l

Whe re :  N  =  concen t ra t i on  o f  N0 r - (umo1)

T  =  t empera tu re  (oC)

T ,  =  ave rage  tempera tu re  a t  base  o f  pho t i c  zone

0  =  pa rame te r  desc r i b i ng  sha rpness  o f  bend  a t  i n f l ec t i on  po jn t

b  =  s t ra i  gh t - ' l  ' i ne  s l  ope  be ' l ow  T ,

e r f  =  no rma l  e r ro r  f unc t i on

(  f rom Re i  t ze l

concen t ra t i  on  s

d l . ,  1 9 8 7 b )

1 9 8 3  a n d  1 9 8 6

Th i s  r e l a t i onsh ip  was  used  t o  es t ima te  n i t r a te

The  e f f ec t s  o f  adu l t  ke l p  canopy  and  t he  yea r  o f  t he  expe r imen t  on  i r r ad iance

and  tempera tu re  were  examined  by  ana lys ' i s  o f  t he  pa i red  d ' i f f e rences  be tween  canopy

and  c l ea r i ng  t r ea tmen ts .  S ince  da i l y  t empe ra tu re  and  l i gh t  measu remen ts  ( and

d ' i f f e rences  o f  t hose  measu remen ts  be tween  s i t es )  o f t en  exh ib i t  se r i a l  co r re l a t ' i on

(Re i t ze l  e t  a l . ,  1987a ) ,  t he  ana i ys i s  used  was  PR0C AUT0REG,  wh i ch  es t ima tes  au to -

e t

i n
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co r re  I  a ted

i  nd i  ca to r

i s :

e r ro r s  (F reund  &  L j t t e l l ,  1986 ) .  The  e f f ec t  o f  yea r  was  mode l l ed  as  an

va r i ab le ,  w i t h  a  va lue  o f  0  f o r  1983  and  1  f o r  1986 .  The  resu l t i ng  mode l

1 . .
1 1

T
l . 'I

E'o

R - R' o  1

R.
P l

I

B +  B "T .  +  f . .
o  1  ' l  t J

i t h  d i f f e rence  be tween  canopy  and  c l ea r i ng  s i t es  i n  yea r

0  fo r  i 983 ,  1  fo r  1986

canopy -c l ea r i ng  i n  1983

canopy -c1  ea r i  ng  i  n  1986

d i f f e rences  be tween  1983  and  1986  d i f f e rences

D i f f e rences  be tween  canopy  and  c l ea r i ng  t r ea tmen ts  i n  each  yea r ,  and  t he  d i f f e rences

o f  t hese  d i f f e rences ,  we re  t hus  es t ima ted  as  I  i nea r  comb ina t i ons  o f  t he

au to reg ress i ve  coe f f i c i en t s  (D rape r  &  Sm i th ,  198 i ) .

The  e f fec t  o f  adu l t  canopy  and  yea r  on  re la t ' i ve  g rowth  ra tes  was  examined  w i tn

a  f i xed -e f f ec t s ,  two -way  ana ' l y s i s  o f  va r i ance .  Ma in  e f f ec t s  and  i n te rac t i ons  we re

tes ted  ove r  t he  res i dua l ,  o r  e r ro r  mean  squa re  (W ine r ,  1971 ) .  A  two -way ,  f i xed

e f f ec t s  ana l ys i s  o f  va r i ance  was  a l so  done  t o  compare  t o ta l  l eng ths  o f  p l an t s  i n

canopy  and  c l ea r i ng  t r ea tmen ts  a t  t he  beg inn ing  and  end  o f  t he  i 983  expe r imen t .

F i na " l ' l y ,  a  ca tego r i ca l  ana l ys i s  (PROC CATMOD,  SAS,  1985 )  was  done  t o  es t ima te

the  e f f ec t s  o f  t r ea tmen t  and  yea r  on  t he  p ropo r t i on  o f  s i ng ie  and  doub le  f r ond

p lan t s  a t  t he  end  o f  each  expe r imen t .

8 .3  Resu l t s

Oceanograph ic  cond ' i t j ons  va r ied  marked ly  be tween  1983  and  1986 .  Ave rage

' i r r ad iance  l eve l s  i n  1983  we re  abou t  t h ree  t imes  h i qhe r  t han  f o r  a  s im i l a r  t ime
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per iod  i n  1986  (Tab le  8 .1a ) .  I r rad iance  was  20? (  to  30?d  
' l ower  

under  the  canopy  than

in  t he  c l ea r i ngs  ' i n  bo th  yea rs  (Tab1e  8 .1a  &  b ) .  The  reduc t i on  i n  i r r ad iance  i n  1983

was  somewha t  su rp r i s i ng  j n  v i ew  o f  t he  d ' i sappea rance  o f  t he  su r f ace  canopy ,  and  was

mos t  I ' i ke l y  due  t o  shad ' i ng  by  subsu r f  ace  f  r onds .

Ove ra l l  t empe ra tu res  we re  abou t  2 .5  deg rees  h i ghe r  i n  1983  t han  i n  1985  (Tab le

8 .2a  &  b ) .  Th i s  d i f f e rence  re f l ec ted  t he  f ac t  t ha t  i n  1983 ,  t empe ra tu res  exceeded

17o  two- th i rds  o f  t he  t ime ,  and  the re  were  no  days  on  wh ich  tempera tu res  were  be low

140 .  I n  con t ras t ,  i n  i 986  t empera tu res  we re  l ess  t han  140  abou t  40  pe rcen t  o f  t he

t ime ,  and  exceeded  77o  on l y  abou t  9  pe rcen t  o f  t he  t ime  (Tab1e  8 .3 ) .  Us ing  t he

tempera tu re /nu t r i en t  r e l a t i onsh ip  p rov ided  by  Re i t ze ' l  e t  a l . ,  ( 1987b )  (F ' i gu re  8 .2 ) ,

t h i s  d i f f e rence  i n  t empe ra tu re  reg imes  t r ans la tes  i n to  two  t o  t h ree  o rde r  o f

magn i t ude  h i ghe r  nu t r i en t  concen t ra t i ons  i n  1986  compared  t o  1983  (Tab le  8 .3 ) .

The re  were  s t ' gn i f i can t  e f fec ts  o f  t r ea tmen t  and  t rea tmen t -by -yea r  i n te rac t i ons

on  t he  g row th  o f  b l ades  (Tab le  8 .4a  &  b ) .  G row lh  was  h ' i ghe r  ( bu t  t he  d i f f e rence  was

no t  s t a t ' i s t ' i ca l l y  s i gn i f i can t )  a t  t he  c i ea r i ng  t han  t he  canopy  s i t e  j n  1983 ,  and

s ign i f i can t l y  h i ghe r  ( abou t  f ou r  t imes  as  h i gh )  a t  t he  c l ea r i ng  s ' i t e  i n  1986  (Tab1e

8 .4a ;  F i gu re  8 .3 ) .  Desp ' i t e  t he  l ack  o f  s ' i gn i f i can t  d i f f e rences  i n  t he  ana l ys i s  o f

r e l a t j ve  g row th  ra tes !  ana l ys ' i s  o f  changes  i n  t o i a l  f r ond  l eng ths  i n  canopy  and

c lea r i r r g  t r ea lmen ts  j n  1983  r ' nd i ca te  a  s i gn i f i can t  t r ea tmen t  x  t ime  j n te rac t i on

(Tab1e  8 .5a  &  b ) ,  a rgu ' i ng  t ha t  t he re  was  a  rea l  ,  t hough  sma l l e r  d i f f e rence  be tween

t rea tmen ts .

The re  was  a  s ' i gn i f i can t  pos i t i ve  co r re l a t i on  be tween  re ' l a t i ve  g row th  ra te  and

i r r ad iance  ( s1ope  =  0 .006 ,  R2  =  0 .04 ,  p  =  . 017 )  (F i gu re  8 .3 ) .  The  sma l l  RZ  re f l ec t s

a  poo r  f i t  r esu l t i ng  f r om the  non - l i nea r  r e l a t l onsh jp  be tween  re l a t i ve  g row th  ra te
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and  i r r ad iance .  The  appa ren t  f i t  ' i s  much  be t t e r  w ' i t h  a  mod j f i ed  f o rm  o f  t he  von

Ber ta l an f f y  equa t i on  wh j ch  was  used  t o  desc r i be  t he  re l a t i onsh ip  be tween  i r r ad iance

and  t he  g row th  o f  j uven ' i l e  ke lp  (F i gu re  8 .3 :  Dean  &  Jacobsen ,  1984 .  1986 ) .

The  re l a t i onsh ip  be tween  re ' i a t ' i ve  g row th  and  i r r ad iance  f o r  b l ades  was  s im i l a r

t o  t ha t  f o r  i uven ' i l e s  du r j ng  t he  non -E l  N ino  cond i t i ons ,  bu t  was  ve ry  d i f f e ren t  i n

1983  du r i ng  t he  oceanog raph i c  cond i t i ons  assoc ia ted  w i t h  t he  1982 /84  E l  N ino  (F igu re

8 .3 ) .  I n  1983  t he  r . e l a t i onsh ip  be tween  l i gh t  and  b l ade  g row th  more  c l ose l y

resemb led ' "he  re l a t j onsh ip  be tween  l i gh t  and  j uven i l e  g row th  du r i ng  non -E l  N ' i no

cond i t j ons  (F igu re  8 .3 ;  Dean  &  Jacobsen ,  1986 ) .

I n  add j t i on  t o  d i f f e rences  i n  g row th  ra te ,  t he re  we re  d i f f e rences  i n  t he  f o rm

o f  g row th  be tween  yea rs .  The  p ropo r t i on  o f  one - f r ond  b l ades  was  h i ghe r  a t  t he  end  o f

the exper jment  in  1986 (77ia to  87%) than in  1983 (O,e i ,  & 2271)  (Tab1e 8.6a & b) .  The

lowe r  r a tes  o f  t r ans fo rma t i on  t o  two - f r ond  p l an t s  i n  1986  we re  assoc ia ted  w ' i t h  l owe r

ave rage  l eng ths  a t  t he  end  o f  t he  expe r imen t .

8 .4  D i scuss ion

The  resu l t s  o f  t he  p resen t  s t udy  i nd i ca te  t ha t  t he  g row th  o f  b l ade  s tage  ke ' l p

i s  l jm j t ed  by  l j gh t  i n  ke lp  f o res t s .  I n  bo th  1983 .  du r i ng  t he  1982 /84  E l  N ino ,  anc l

1qe6  : f r on  +h6  E l  N ino ,  j r r ad iance  and  b l ade  g row th  we re  reduced  by  t he  su r f ace

canopy  o f  adu l t  ke1p .  A  s im i l a r  e f f ec t  o f  canopy  has  been  no ted  f o r  b l ade  s tage  ke lp

du r i ng  non -E l  N ino  cond i t i ons  (Neushu l  ,  198 i ) .

| { e  cou ld  f i nd  no  ev idence  t ha t  t he  g row th  o f  b l ade  s tage  ke lp  was  nu t r i en r

l im i t ed ,  as  p i an t s  i n  t he  c l ea r r ' ngs  g rew  a t  abou t  t he  same  ra te  i n  1983  (when

nu t r i en t  l eve l s  we re  1ow)  and  1986  (when  nu t r i en t  l eve l s  we re  h i gh ) .  Th i s  i s ' i n

8-8





con t ras t  t o  r esu l t s  f r om l abo ra to r y  s tud ies  (Whee le r  &  No r th ,  1980 )  wh i ch  i nd i ca ted

tha t  t he  g row th  o f  b l ade  s tage  ke lp  was  d i r ec t l y  co r re l a ted  w i t h  amb ien t  l eve l s  o f

n i t r ogen .  I t  a l so  con t ras t s  w i t h  bo th  expe r imen ta l  ev i dence  (Dean  &  Jacobsen .  1986 )

and  anecdo ta l  obse rva t i ons  (Day ton  &  Tegne r ,  i 984 )  i nd i ca t i ng  t ha t  t he  g row th  o f

s i i gh t l y  l a rge r  j uven i l es  was  nu t r i en t  l im i t ed  du r i ng  t he  E l  N ' i no .

The  l ack  o f  ev ' i dence  f o r  nu t r i en t  l im i t a t i on  may  have  been  t he  resu l t  o f

con found ing  e f f ec t s  o f  l i gh t  and  nu t r i en t s .  Even  t hough  n i t r ogen  l eve l s  we re  l owe r

i  n  1983 ,  1  i  gh t  I  eve l  s  we re  subs tan t i  a1  1y  h i  ghe r  and  may  have  compensa ted  f o r

d ' i f f e rences  i n  nu t r i en t  ava ' i l ab ' i l i t y .  S inee  we  d id  no t  man ipu ia te  l i gh t  and

nu t r i en t s  f ac to r i a l l y  i n  ou r  expe r imen ts ,  such  a  poss ib i l i t y  canno t  be  ru l ed  ou t .

A l t e rna t i ve1y ,  b i ade  s tages  may  have  been  ab le  t o  ob ta ' i n  mo re  nu t r i en t s  t han

la rge r  ke lp  and  avo id  nu t r i en t  l im i t a t i on  because  o f  t he i r  p rox im ' i t y  t o  t he

subs t ra te  and  t he i r  p ropo r t i ona l l y  l a rge  amoun t  o f  t i s sue  t ha t  i s  capab le  o f  up take .

Re la t i ve ' l y  l a rge  amoun ts  o f  ammon ja  can  be  gene ra ted  f r om the  sed ' imen t  nea r  t he

b lades  (Ha r tw ig ,  1974 ) ,  and  t hese  amoun ts  may  be  more  ava ' i l ab l e  t o  b l ade  s tage  ke lp

tha t  have  more  abso rp t i ve  t ' i s sue  nea r  t he  bo t t om.

How do  t hese  resu l t s  r e l a te  t o  t he  poss ib l e  e f f ec t s  o f  SONGS on  t he  g row th  and

rec ru i tmen t  o f  b l ades?  De tec tab le  r educ t i ons  i n  g row th  occu r red ' i n  bo t i r  yea rs  as

the  resu l  t  o f  reduc t ' i ons  i  n  i  r rad i  ance  be tween  20? { ,  and  30%.  Recen t  s tud i  es  o f  t he

p ' l ume  o f  Un j t s  2  and  3  sugges t  t ha t  such  reduc t i ons  w i l l  occu r  r ou t i ne l y ,  due  t o  t he

ope ra t i on  o f  SONGS (Re i t ze ' l  e t  a l . ,  1987b ) .  Thus ,  we  can  expec t  t he  g row th  o f  b l ades

to  be  nega t i ve l y  a f f ec ted  by  reduc t ' i ons  i n  i r r ad jance  due  t o  t he  ope ra t i on  o f  SONGS.

The  e f f ec t s  w i l l  be  mos t  ex t reme  du r i ng  non -E l  N ino  cond j t i ons  when  l i gh t ' l e ve l s  a re

I  ower .
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.  Nu t r i  en t s  and

fo rn i  a  .  L i  mno l  .

p roduc t i  on  o f  g i  an t  ke1  p ,  Mac rocys t i  s  py r i  f e ra ,

0ceanog r  .  22 :979 -995 .

L o b b a n ,  C .  S .

(  P h a e o p h y c a e a ,

1978 .  The  g rowth  and

Lami  na r i  a1  es )  .  Phyco l  og i

dea th  o f  t he  Macrocys t i  s  spo rophy te

a  17 :196 -272 .

Neushu l ,  M .  1978 .  The  domes t ' i ca t i on  o f  t he  g i an t  ke lp ,  Mac rocys t i s ,  as  a  mar i ne

p lan t  b i omass  p roduce r .  I n :  R .  K rauss ,  ed .  The  mar j ne  b i omass  o f  t he  Pac i f i c

No r thwes t  coas t .  0 regon  S ta te  Un ' i v .  ,  Co rva l  l ' i s .  pp .  163 -191 .

Neushu i ,  M .  i 98 i .  The  domes i j ca t i on  and  cu l t j va t i on  o f  Ca l ' i f o rn i an  mac roa lgae .  J_1 ,

P roc .  Ten th  I n t .  Seaweed  Symp .  Pe rgammon  P ress ,  New Yo rk .  pp .  7 i - 96 .

Neushu l ,  M .  and  F .T .  Haxo .  1963 .  s t ud ies  on  t he  g i an t  ke lp ,  Mac rocys t i s .

o f  young  p lan t s .  Amer .  Jou r .  Bo t .  50 :349 -353 .

Growth

x - t l





Nor th .  W.J .

I n :  T .A .  0 l

I n te r sc i  ence

1967 .  I n teg ra t i  on  o f

sen  and  F . J .  Bu rgess ,

,  New York.  pp.  195-222

env ' i r onmen ta l  cond i t i ons  by

eds .  Po l  I  u t i  on  and  mar i  ne

a  mar r  ne  o rgan r  sm .

eco l  ogy .  f i i  l ey

No r th .  t , { . J .

Mac rocys t i  s .

Ca l  i f o rn i a .

I971 .  Growth

In :  lV . J .  No r th

Nova  Hedw ' i g i a  32 :

o f  i n d i v i d u a l  f r o n d s

,  e d .  T h e  b . i o l o g y  o f

1 2 3 - 1 6 8 .

o f  t he  ma tu re

g ian t  ke ip  beds

g ian t  ke lp ,

(Mac rocys t j  s )

No r th ,  W.J .  1972 .  0bse rva t i on

M.  Ku rog i  ,  eds .  Con t r i  bu t i  ons

no r th  Pac i f i c .  Japanese  Soc ie t y

on  popu la t i ons  o f  Mac rocys t i s .  I n :  I .A .  Abbo t

t o  t he  sys tema t j cs  o f ' uhe  ben th i c  ma r j ne  a l gae  o f

o f  Phyco log i s t s ,  Japan .  pp .75 -92 .

ano

J-  ha

Re i t ze l , J . ,  H .  E iwany ,  M .R .  E rdman ,  and  K .  Zab loud i l .  1987a .  SONGS phys i ca l  and

chemi  ca l  oceanog raphy ,  Vo l  .  V I -3 .  D ra f t  f  i  na l  r epo r t  t o  t he  Mar i  ne  Rev i  ew

Commi t t ee ,  I nc .  da ted  May  31 ,  7987 .

Re i t ze l ,  J . ,  H .  E lwany ,  M .R .  E rdman ,  and  K .  Zab loud i l .  1987b .  The  re l a t i on  o f

d i sso l ved  n ' i t r a te  t o  t empe ra tu re  o f f  San  0no f re .  Vo l .  i I - 1 ,  SONGS phys i ca i  and

chemica l  oceanog raphy .  D ra f t  f i na l  r epo r t  t o  t he  Mar i ne  Rev iew  Commi t t ee ,  I nc .  da ted

November 7987 .

SAS  Use r ' s  Gu ' i de :  S ta t i  s t i c s .

No r th  Ca ro l  i  na .

1985 .  Ve rs i  on  5  Ed i  t i  on SAS Ins t i t u t e ,  I nc . ,  Ca ry ,

Sch roe te r ,  S .C . ,  J .D .  D i xon ,  and  T .A .  Dean .  1982

Un ' i t s  2  and  3  on  pa t t e rns  o f  ke lp  r ec ru j tmen t  i n

f i na l  r epo r t  t o  t he  Mar i ne  Rev iew  Commi t t ee ,  I nc .

F f fec ts  o f  t he  ope ra t i on  o f  SONGS

the  San  Ono f re  ke lp  f o res t .  D ra f t

da ted  Ju l y  3 ,  1987 .
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Sco t t en ,  H .L .  1971 .  M i c rob io l og i ca l  aspec t s  o f  t he  ke lp  bed  env i r onmen t .  i n :  l + , . J

No r th ,  ed .  The  b i o i ogy  o f  g i an t  ke ' l p  beds  (Mac rocys t i s )  i n  Ca l i f o rn i a .  Nova

Hedw i  g i  a  32 :315 -318 .

S impson ,  J . J .  1984 .  E l  N ino - i nduced  onsho re  t r anspo r t  j n  t he  Ca l i f o rn i a  cu r ren t

du r i ng  1982 -1983 .  Geophys i ca l  Resea rch  Le t t e r s .  17 :24 I -242 .

Tegne r ,  M .J .  and  P .K .  D .av ton .

f  o res t  commun ' i t . i es  .  Adv  .  Eco l

i 987 .  E l  N i  no  e f f ec t s  on  sou the rn  Ca l  i  f o rn i a  ke l  p

Res .  17  : 243 -279 .

Whee i  e r ,  P

and  g rowth

Phyco l  .  16 :

A .  and  \ { .  J  .  No r tn

ra te  o f  j uven j l e

577-582.

1980 .  E f f ec t  o f  n i t r ogen  supp l y

Macrocys t i  s  py r i  f e ra  (  Phaeophy ta )

on  n i t r ogen  con ten t

spo rophy tes .  J .

Whee le r ,  P .A .  and  W.J .  No r th .  1981 .  N i t r ogen  supp l y ,

g rowth  ra tes  f  o r  Mac rocys t ' i s  p . y r i  f e ra  o f  f  t he  coas t  o f

B ' i o l  .  64 :59 -69 .

Z jmmern ran ,  R .C .  1983 .  Seasona l  pa t t e rns

(Mac rocys t i s  py r i f e ra )  f o res t :  t he  e f f ec t

Un ' i v .  o f  So .  Ca l ' i f  .  ,  Los  Ange l  es .  182  pp .

t ' i  ssue  compos i  t i  on  and  f  rond

sou the rn  Ca l  i f o rn ' i a .  Ma r .

t he  p roduc t i v i t y  o f  a  g i an t  ke lp

nu t r i en t  ava ' i l ab i l j t y .  Ph .D .  d i ss

Wine r ,  B . J .  I 971 .  S ta t ' i s t i ca l  p r i nc i p l es  i n  expe r imen ta l  des ign .  Znd  ed i t i on .

McGraw-H i  1  1  ,  New York .  907  pp .

1 n

o f
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Tab l  e  8 .  1a .  Ave rage  da i  l y  ' i r r ad i  ance

1983  ( Ju l y  13  t o  Sep rember

Yea  r

1983

1 986

(E /nZ /aay )  a t  canopy

28 )  and  i 986  (Augus t  B

and  c l ea r i ng  s i t es

to  0c tobe r  27 ) .

? l  Reduct ' i  on
Under  Canopy

29%

4 1 0 /
L  t /o

5 .96 < .001

13.21  <0 .0001

-4  .25  0 .0001

t n

Ave rage  Da i  l y  I r r ad iance

Canopy

3 .36

0 .97

C  I  ea r i  ng

4 .74

1 .23

8 .1b .  Resu l t s  o f  ana i ys i s  o f  va r i ance  us ing  dummy  va r i ab les  and  PROC AUTOREG

to  tes t  f o r  d i f f e rences  i n  ' i r r ad jance  (E /mL /day )  be tween  canopy  and

c lea r i ng  s i t es  i n  1983  anc i  1986 ,  and  t he  d i f f e rences  o f  t he  d i f f e rences

be tween  yea rs .  The  e r ro r  t e rm  i n  t he  ana l ys i s  i s  an  au to - co r re l a ted

e r ro r  w i t h  a  l aq  o f  two  davs .

Compar i  son T-va l  ue  P>Td f

I1 :

L :

Canopy -C l  ea r i  ng

Canopy -C l  ea r i  ng

1 -2

1983

1986

MSE =  0 .32 d f  =  104

8-  14





Tab l  e  8 .2a Ave rage  da i l y  t empe ra tu re  (oC)  i n  canopy  and  c l ea r i ng  t r ea tmen ts  o f

b ' l ade  t r ansp lan t s  i n  1983  ( Ju l y  13  t o  Sep tember  28 )  and  1986  (Augus t  8

to  Oc tobe r  27 \ .

A v e r a g e  D a i  l y
0 ^I  e m p e r a r u r e  u

Yea  r

1983

1986

0.1

u . L

C a n o p y

1 1  f

14 .0

f l o r n i n n

1 1  Ar t . +

1 A  1

Di  f f e rence

8 .2b .  Resu l t s  o f  ana l ys i s  o f  va r i ance  us ing  dummy  va r i ab les  and  PR0C AUTOREG

to  tes t  f o r  d ' i f f e rences  i n  t empera tu re  be tween  c lea r ing  and  canopy

t rea tmen ts  o f  b l ade  t r ansp lan t s  i n  1983  and  1986 ,  and  t he  d ' i f f e rences

o f  t he  d ' i f f e rences  be tween  yea rs .  The  e r ro r  t e rm  i n  t he  ana l ys i s  i s

au to - co r re l  a ted  w i t h  a  1ag  o f  two  days .

Compar i  son

1983

1  986

A €u l

I

l

1

P>T

0 .  20

.59

0 .  l i

T-va  I  ue

0 .30

1 :

L i

C a n o p y - C l  e a r i n g

C a n o p y - C i  e a r i  n g

r L

MSE =  0 .04 d f  =  105
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Tab l  e  8 .3 . D i  s t r i bu t ' i on  o f  da i  1y

17oC,  and  > i7oC)

concen t ra t i ons .

t empera tu res  i n to  t h ree  ranges  ( . 1+oC ,  14oC  to

i  n  1983  and  1986  .  and  es t i  ma ted  n i  t r a te

R a n g e

< 1 4 0

n n

L +  - I /

,770

Number  o f  Days

a  h d f

1 v 6 J  L v 6 0

087

C A
L 1

4B

48

Es t ima ted  N0 ,

Concen t ra t i  on  .  ( i rmo1  ) 0.01 4 .8

8 -16





Tab le  8 .4a . Ave rage  re l  a t i  ve

t rea tmen ts  i  n  1983

Oc tobe r  27 ) .

g rowth  ra tes

( Ju l y  13  t o

o f  b l a d e s  i n  c a n o p y

S e p t e m b e r  1 3 )  a n d  i 9 8 6

and  c i  ea r i  ng

(Augus t  8  t o

T rea tmen t

Yea  r

1983

1 986

Canopy

0 .  018

0 .005

f  l  o : r i  n n

0.021

0 .a22

ia  Reduct i  on
Under  Canopy

t4 .3%

77.3 i ' "

P -va  I  ue
F n n

Di  f f e rence

0.20

<0 .01

r a tes  o f  b l ades  a t8 .4b .  Resu l t s  o f  ana l ys i s

canopy  and  c l ea r i ng

o f  va r i ance  o f  r e l a t i ve  g row th

t rea tmen ts  i n  1983  and  1986 .

So  u  r ce

Yea  r

T reatme n t

Year  *  T rea tmen t

Error

Mean  Square

0  .  0006

0 .0017

0 .0008

d f F-va ' l  ue

3 .19

8 .80

4 .  03

0.  076

0 .004

4 .047

P > F

1

1

1

1 ? 4

6 - T T





Tab l  e  8 .5a . Ave rage  t o ta l  l eng ths  ( cm)

c lea r i ng  t r ea tmen ts  a t  t he

i  n  1983 .

o f  i  nd i  v i  dua  l  i y  marked  b l  ades  i  n  canopy  and

beg inn ing  and  end  o f  t he  g row th  expe r imen t

T i  me

Beg inn ' i ng

End

x T ' ime

Canopy

_ t  + . b

Cl  ea r i  ng

16 .6

to ta l  i  eng ths

T ime  has  two

o f  b l  ades  ' i n  canopy

I  eve l  s :  beg i  nn i  ng  and

8 .5b .  Resu l t s  o f  ana i ys i s  o f  va r i ance  o f

and  c1  ea r i  ng  t r ea tmen ts  i  n  1983 .

end  o f  expe r imen t .

Sou  r ce d f

Trea tmen t

T i  me

Trea tmen  t

Erro r

I

t

1

1

315

Mean  Square

2137 .r

24888 .  5

875 .5

F-va  I  ue

77  . 2

204.7

7 . t

P > F

<0 .0001

<0 .000 i

0 .  0083

E-18





T a b l e  8 . 6 a . Pe rce  n  tage

t rea tmen  t  s

p ' l an ts  were

o f  b ' l ades  (one - f  r ond  p l an t s )  a t

a t  t he  end  o f  t r ansp lan t  expe r imen ts

s ' i ng1e  b l  ades  a t  t he  beg i  nn i  ng  o f  t he

canopy  and  c l ea r i ng

in  i 983  and  1986 .  A l l

expe r imen ts .

Number  o f  0ne - f r ond  P lan t s  ( 71 )

Yea  r

i  983

1986

8 .6b .  Resu l  t s

se  I  ec ted

T i m e

B e g i n n i n g

E n d

B e g i n n i n g

E n d

o f  X2  t es t s  o f

i  n t e rac t i  ons  .

Canopy

100  (  100)

1s (  1s)

( i00 )

(81)

ma ' i n  e f  f  ec t s  (Yea r ,

The  tes ts  were  made

C I  ear i  nq

100  (  i 00 )

7  (7 )

1s  (  100)

7  (47)

Survey ,  and  T rea tmen t ) ,  and

us ing  PROC CATMOD.

16

t {

Source

Year

Survey

Year  *  Su rvey

Trea tmen t

Year  *  T rea tmen t

Survey  *  T rea tmen t

d f Chi  -square

28 .  3

52 .  B

23 .0

< h

0.0

3 .7

P-va  I  ue

0 .0001

0 .0001

0 .0001

0 .0662

0 .9736

0 .0662

1

1

I

1

I

1
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F igu re  8 .1 Loca t i  on  o f

1986  (CAN85

tempera tu re

s i  t es  abou t

i s  ou t l i ned

canopy  and  c i ea r i ng  s i t es  f o r  1983

and  CLR86)  b l  ade  t r ansp l  an t s .  I n

were  mon i to red  a t  canopy  (PCAN86)

100  me te rs  away  f rom the  t ransp lan t

i n  i nse t .

(CAN83  and  CLR83)  and

1985 ,  j r r ad iance  and

and  c l  ea r i  ng  (  PCLR85)

s i  t es .  Ha rd  subs t ra te
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F i  gu re  8 .2 P lo t  o f  nu t r i en t  concen t ra t i on  (umo l  N03  )  ve r sus  t empera tu re  (oC) ,

us i ng  da ta  f r om a l l  yea rs  ( 1978 - i 986 )  and  wa te r  dep ths .  p red . i c t ed

va lues  f  r om non - l l . nea r  f  i t  a re  i nd l ca ted  by  so l  i d  I  i ne .
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F i  gu re  8 .3a

B .  3b .

8 .  3c

Ave rage  t o ta l  f r ond  l eng ths  ( * / -Zse )  o f  b l ades  j n  canopy  and  c l ea r i ng

t rea tmen ts  ' i n  1983  and  1986 .

Ave rage  re l a t i ve  g row th  ra tes  (+ / -Zse )  o f  b l ades  ve rsus  i r r ad . i ance  a t

canopy  and  c l ea r i ng  s i t es  i n  1983  and  1986 .  Smoo th  l i nes  a re  f i t  t o

re l a t i ve  g row th  ra te  ve rsus  i r r ad iance  cu rves  f o r  j uven i l e  ke lp  be fo re

1982  (uppe r  l i ne )  and  i n  1984 ,  du r i ng  t he  1982 /84  E l  N ino  ( ' l owe r

cu rve ) .

Ave rage  re la t j ve  g rowth  ra tes  (+ / -2se )  o f  b lades  ve rsus  tempera tu re  a t

canopy  and  c l ea r i ng  s i t es  j n  1983  and  1986 .

8-24
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9.0 Surv iva l  o f  Juveni le  Macrocyst is

9.  1  ln t roduct ion

In  t h i s  chap te r  we  exam ine  f ac to r s  t ha t  de te rm ine  t he  su rv i va l  o f  j uven i l e

Mac rocys t ' i s  f o l i ow ing  rec ru i tmen t ,  w i t h  emphas i s  on  t he  causes  o f  spa t i a l

va r i ab i l i t y  ' i n  su rv i va l .  Fac to r s  exam ined  i nc l ude  g raz ing  by  sea  u r ch ins ,  p resence

o f  canopy - fo rm ing  adu l t s ,  t ime  o f  r ec ru i tmen t ,  and  dens j t y  o f  r ec ru i t s .  The  da ta

ana i yzed  a re  f r om obse rva t i ons  o f  su r v i va l  o f  j uven i l es  a t  pe rmanen t  t r ansec t s ' i n

t he  San  Ono f re  Ke lp  f o res t  (SOK)  f o l l ow ing  t he  rec ru i tmen t  o f  j uven i l es  i n  1978  and

i979 .  The  resu l t s  w i l l  no t  be  used  t o  d i r ec t l y  assess  t he  impac t  o f  t he  ope ra t i on  o f

SONGS because  these  s tud ies  were  conduc ted  j n  the  pe r iod  p r i o r  t o  t he  ope ra t i on  o f

SONGS Un ' i t s  2  and  3 .  However ,  t hey  a re  impor tan t  f o l i n te rp re t i ng  the  popu ia t i on

consequences  o f  t he  demons t ra ted  e f fec ts  o f  SONGS on  rec ru i tmen t  (Sch roe t ,e r  e t  a l . ,

1987 ) .  The  impo r tance  o f  dens i t y  dependence ,  t he  mechan i sms  o f  dens i t y -dependen t

su rv i va l ,  and  t he  e f f ec t s  o f  t he  p resence  o f  adu l t  canopy  on  su rv i va l  a re  o f

pa r t i cu l a r  s i gn i f j cance  because  l osses ' i n  t he  number  o f  r ec ru i t s  due  t o  t he  adve rse

e f fec ts  o f  SONGS may  be  pa r t i a l l y  compensa ted  by  the  pos i t i ve  e f fec ts  o f  reduced

dens i  t y  on  su rv i  va l  .

9 .2 l .4ethods

In  summer  1978 ,  we  es tab l i shed  12  t ransec ts  w i th ' i n  t he  San  Ono f re  ke lp  fo res t

(F ig .  9 . i ) .  E l even  t r ansec t s  we re  se t  up  i n  June  and  t he  twe l f t h  (T ransec t  #8 )  was

es tab l  ' i  shed  i  n  Augus t  i 978 .  Each  t ran  sec t  was  pe rmanen t l y  n ia rked  w i  t h  s tee l

r e ' i n f o r cemen t  ba rs  d r i ven  i n to  t he  bo t t om and  measu red  6  m  w ide  by  50  m ' l ong  (F ig .

9 .2 ) .  A t  t he  s ta r t  o f  ou r  s t udy ' i n  1978 ,  t he  ke lp  f o res t  cons i s ted  o f  3  pa t ches :  t he

sou thwes t ,  no r thwes t ,  and  sou theas t .  Two  t ransec ts  each  were  pos i t i oned  i n  the

cen te rs  o f  t he  sou theas t  and  sou thwes t  pa tches  under  heavy  canopy .  A l l  o the r

Novr 3les7 )
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t r ansec t s  we re  pos i t i oned  a l ong  t he  edges  o f  t he  ke lp  f o res t  such  t ha t  ha l f  t he

t ransec t  was  ou ts ide  the  fo res t  bu t  on  a reas  o f  ha rd  subs t ra tum.  Fo r  t he  pu rposes  o f

t he  ana i yses  p resen ted ' i n  t h i s  chap te r ,  we  d i v i ded  each  t r ansec t  i n t o  two  25  x  6  m

segmen ts  so  t ha t  each  a rea  samp led  wou ld  rep resen t  a  r e l a t i ve l y  homogeneous

env i ronmen t  (w i th  respec t  t o  i n i t i a l  adu ' l t  abundance)  and  wou ld  be  equa)  to  eve ry

o the r  samp f  i  ng  a rea  i  n  s i  ze .

We  tagged  a i1  ke lp  p l an t s  t ha t  we re  o f  j uven i l e  s i ze .o r  I a rge r  ( see  de f i n i t i on

be low) ,  on  each  t r ansec t  by  d r i v ' i ng  a  s tee l  sp i ke  w i t h  a  numbered  p l as t i c  t ag  i n to

the  sea f l oo r  nex t  t o  each  p ' l an t .  I n  add j t i on ,  we  mapped  t he  pos i t i on  o f  each  p l an t  by

no t i ng  t he  d i s t ance  o f  t he  p l an t  f r om the  cen te r  i i ne ,  and  a l so  f r om the  head  o f  t he

t ransec t .  Mapp ing  a1 ' l owed  us  t o  j den t i f y  j nd i v i dua l  p l an t s  i n  cases  whe re  t ags  we re

los t  and  a l so  a l l owed  f o r  eva lua t i on  o f  t he  d i spe rs i on  pa t t e rns  o f  p i an t s  w j t h i n

each  t r ansec t .

The  p l an t s  we re  d i v ' i ded  i n to  3  s ' i ze  ca tego r i es :  j uven i l es ,  subadu ' l t s ,  and

adu l t s ,  acco rd ing  t o  t he  f o l l ow ing  a rb i t r a r y  c r j t e r i a .  Those  p l an t s  wh i ch  had  sp l i t

i n t o  a t  l eas t  two  f r onds ,  bu t  we re  l ess  t han  1  m  i n  he igh t  we re  j uven i l es .  Subadu l t s

we re  t hose  p i an t s  t a l l e r  t han  1  m ,  t ha t  d i d  no t  have  hap te ra  p ro t rud ing  above  t he

p r imary  basa l  d i cho tomy  o f  t he  s t i pe  ( see  Lobban ,  1978 ,  f o r  a  desc r ip t i on  o f  p ' l an t

morpho logy ) .  P lan ts  tha t  had  hap te ra  above  the  p r imary  d i cho tomy  were  adu l t s .  S i ze

ca tego r i es  we re  based  p r ima r i  1y  on  morpho log ies  because  o f  t he  d i f f i cu ' l t y  i n

measur i  ng  adu l  t  p1  an ts  underwa te r .  P re l  i  m i  na ry  obse rva t i  ons  i  nd i  ca ted  tha t  adu l  t

p lan ts  genera l l y  had  f rom 6  to  8  f ronds ,  w ' i t h  a t  l eas t  one  f rond  reach ing  to ,  o r

nea r ,  t he  wa te r ' s  su r f ace  (  i  . e .  ,  f r om 72  t o  15  m  
' l ong ) .
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Surveys  o f  Mac rocys t i s  were  conduc ted  a t  app rox ' ima te l y  mon th l y  i n te rva l s  i n

1978 ,  and  qua r te r l y  t he rea f te r ,  t h rough  December  1980  (Append ix  M) .  I n  each  su rvey ,

we  de te rm ined  the  p resence /absence  o f  each  p lan t  t agged  in  p rev ious  su rveys ,

de te rm ined  the  s i ze  c ' l ass  o f  su rv ' i vo rs ,  and  tagged  and  mapped  any  new ly  rec ru i t ed

p ' l  an ts .  0ccas i  ona l  1y ,  su rveys  were  pos rponed  o r  cance l  I  ed  because  o f  poo r

unde rwa te r  v i s ' i b i 1 i t y .  Dens i t ' i e s  o f  t he  wh i t e  sea  u r ch in ,  Ly tech inus  anamesus ,  and

two  dominan t  unders to ry  a ' l gae ,  P te rygophora  ca l  i f o rn i ca ,  and  Cys tose i ra  osmundacea ,

:';:il:::.::'#,- ..:.ffi ":::::::::::"' 

in each'f 10 c'n'iisu'us 2

The  compos i t i on  o f  t he  subs t ra ta  w i t h i n  on  each  t r ansec t  was  de te rm ined  once  j n

December  1979 .  Subs t ra tum t ypes  we re  c l ass i f i ed  j n  t he  f o l l ow ing  ca tego r i es :  sand ,

cobb les  <  20  cm i n  t he  l onges t  d jmens ion ,  and  cobb les  >20  cm.  The  occu r rence  o f  each

t ype  was  no ted  a t  25  cm ' i n te r va l s  a ' l onq  t he  cen te r  l ' i ne  o f  each  t r ansec t .

9 .3  Ana lyses

The  e f f ec t s  o f  t ime  o f  i n i t i a l  r ec ru ' i tmen t  and  t jme  o f  yea r  on  su rv i va l  we re

exam ined  us ing  Ch i - squa re  s ta t i s t i c s .  I de  t es ted  t he  hypo thes i s  t ha t  t he  p ropo r t i on

o f  p l an t s  su rv ' i v i ng  was  i ndependen t  o f  i n ' i t i a l  t ime  o f  r ec ru i tmen t  ( i . e . ,  coho r t )  by

compar i ng  su rv i va l  o f  d i f f e ren t -aged  p l an t s  ove r  a  g i ven  obse rva t i on  j n te r va l .  The

hypo thes i s  tha t  su rv i va l  was  ' i ndependen t  o f  t ime  o f  yea r  was  tes ted  by  compar ing  the

p ropor t i  on  o f  p ' l an ts  su rv i  v i  ng  ove r  d ' i  f  f  e ren t  t ime  i  n te rva l  s  ,  w ' i t h ' i n  each  cohor t .

Each  o f  t he  ove ra ' I 1  compar i sons  was  fo l l owed  by  s ' i ng1e  deg ree  o f  f reedom Ch ' i - squa re

tes ts  (Snedecor  and  Cochran ,  1967) .  These  tes ts  were  used  to  i den t i f y  g roups  o f

coho r t s  o r  t imes  o f  yea r  among  wh i ch  ra tes  o f  su r v i va ' l  d i d  no t  d i f f e r  s i gn i f i can t l y .
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The  e f f ec t s  o f  age  and  s i ze  o f  p l an t s  on  su rv i va l  we re  t es ted  us ' i ng  l i nea r

ca tego r i ca l  ana l yses  (G r i zz l e  e t  a l . ,  1969 ) .  The  ana l yses  we re  pe r f o rmed  us ing  t he

CAM0D procedure of  the SAS stat i  s t i  ca l  package (  SAS ,  1gB2) .  l , r /e  tested the

hypo thes i s  t ha t  t he  p robab i i i t y  o f  su r v i va l  ove r  a  g i ven  t ime  j n te r va l  d i d  no t

d i f f e r  among  p lan t s  o f  d i f f e ren t  ages  ( i . e . ,  when  t hey  we re  i n i t ' i a11y  t agged )  o r

s i zes .  We  a l so  exam ined  poss ib l e  i n t e rac t i ons  among  age  and  s i ze .  Two  sepa ra te

ana ' l yses  were  pe r fo rmed ,  one  fo r  su rv i va l  ove r  t he  pe r iod  f rom Augus t  1979  to

November  7979 ,  and  the  o the r  f rom November  1979  to  June  1980 .  I n  the  f i r s t  ana lys i s ,

we  compared  su rv i va l  among  j uven i l e ,  subadu l t ,  and  adu l t  s i ze  c . Jasses  f r om th ree

cohor t s  ( t agged  0c tobe r  1978 ,  December  1978 ,  and  March  1979) .  The  secono  compared

su rv i va l  among  5  cohor t s  i n i t i a l i y  t agged  be tween  0c tobe r  1978  and  November  7979 .

These  i n te r va l s  and  coho r t s  we re  se lec ted  because  t hey  we re  t he  on l y  t imes  when  a l l

3  s i ze  c l asses  o f  p i an t s  we re  p resen t .

The  poss ' i b l e  e f f ec t  o f  g raz ' i ng  by  Ly tech inus  on  t he  su rv i va l  o f  j uven i ' l e  ke lp

was  exam jnec i  by  compar i ng  t he  p ropo r t i ons  o f  p l an t s  t ha t  su rv i ved ' i n  a reas  o f  h i gh

vs  l ow  dens i t i es  o f  wh i t e  u r ch ' i ns  on  T ransec t s  6 ,7 ,  and  8 .  We  cou ld  no t  ana l yze

these  c i a ta  us i ng  a  ca tego r i ca l  ana l ys i s  ( as  desc r i bed  above )  because  t he re  we re  no

su rv i vo rs  ' i n  two  cases ,  t he reby ,  v i o l a t i ng  an  assump t i on  o f  t he  t es t .

The  e f fec t  o f  t he  p resence  o f  adu l  t  canopy  on  the  su rv i  va l  o f  j uven i  I  e

Macrocys t ' i s  was  tes ted  by  compar ing  the  p ropo r t i ons  o f  rec ru i t s  t ha t  su rv i ved  a t

canopy ,  edge ,  and  ou t -o f - bed  t r ansec t s  us i ng  a  l i nea r  ca tego r i ca l  ana i ys i s  as

desc r i bed  above .  T ransec t s  w i t h  h i gh  dens i t i es  o f  u r ch ins  ( i . e . ,  t hose  po r t i ons  o f

T ransec t s  6 ,7 ,  and  B  t ha t  we re  ou t s i de  o f  t he  ke lp  f o res t )  we re  e l im r ' na ted  f r om the

ana i ys ' i s .  Su rv i va ' l  was  de te rm ined  as  t he  p ropo r t ' i on  o f  j uven ' i i e s ,  r ec ru i t ed  be tween

Augus t  1978  to  November  1979 ,  t ha t  su rv i ved  i n  June  1980 .
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I n  o rde r  t o  exam ine  o the r  poss ib l e  causes  o f  t he  obse rved  spa t i a l  va r i ab i l i t y  i n

su rv i va l ,  we  pe r f o rmed  a  reg ress ' i on  ana l ys i s  on  t he  p ropo r t i on  o f  p l an t s  su rv i v i ng

on  each  t r ansec t  ha l f  i n  June  1980  ve rsus  t he  number  o f  j uven i l es  r ec ru i t ed  be tween

Augus t  1978  and  November  7979 ,  t he  dens i t ' i es  o f  two  po ten t i a l  compe t ' i t o rs

(P te r ygopho ra  ca l i f o rn ' i ca  and  Cys tose i r a  osmundacea ) ,  and  t he  p ropo r t ' i on  o f  ha rd

subs t ra ta  on  each  t ransec t  t ha t  were  cobb les  >20  cm in  d ' i ame te r .  Canopy  t ransec ts

(9 ,  10 ,  11 ,  and  12 )  and  t r ansec t s  w ' i t h  h i gh  dens i t i es  o f  Ly tech inus  (ou t -o f - bed

po r t i ons  o f  T ransec t s  6 ,  7 ,  and  8 )  we re  e l im ina ted  f r om the  ana l ys i s .  Dens i t i es  o f

P te rygophora  and  Cys tose ' i r a  a re  mean  va lues  o f  t he  number  o f  p lan ts  (g rea te r  t han  30

cm in  he igh t )  on  each  t ransec t  ob ta ined  f rom su rveys  conduc ted  be tween  Augus t  1978

and  November  7979 .  A  mu l t i p l e  r eg ress ion  ana . l y s i s  (Be1s1ey  e t  d l . ,  1980 )  was

per fo rmed  us ing  the  PR0C REG Procedure  o f  SAS (SAS 1982) .  Mean  va ' l ues  fo r  dens i t i es

o f  P te r ygopho ra ,  Cys tose ' i r a  and  Mac rocys t i s  r ec ru i t s ,  we re  l og  t r ans fo rmed  wh i l e

pe rcen t  su rv i va l  and  pe rcen t  l a rge  cobb les  va lues  we re  a r cs i n  t r ans fo rmed .

D i spe rs ' i on  pa t t e rns  f o r  j uven j l e  p l an t s  i n  each  su rvey  and  on  each  ha l f

t ransec t  were  de te rm ined  us ing  the  C la rk -Evans  i ndex  o f  non - randomness  based  on

nea res t  ne ' i ghbo r  d i s t ances ,  w i t h  a  t o ro i da l  edge  co r rec t i on  (R ip1ey ,  1981 ) .  I t  was

de te rm ' i ned  whe the r  d i spe rs i on  pa t t e rns  dev ja ted  s i gn ' i f i can t l y  f r om random us ing  t he

Ch ' i - squa re  s ta t i s t i c ,  as  desc r i bed  by  R ip l ey  (1981 ) .

The  re l a t i onsh ip  be tween  dens i t y  and  s i ze  was  exam ined  by  reg ress ing  t he

p ropor t i on  o f  su rv i vo rs  ' i n  a  g i ven  s i ze  c lass  i n  November  IgTg  vs  the  number  o f

p l an t s  o r i g i na l  i y  r ec ru i t ed .  Sepa ra te  reg ress ion  ana l yses  we re  pe r f o rmed  o f

i uven i l e  and  adu l t  p l an t s ,  and  f o r  coho r t s  r ec ru ' i t ed  i n  1978  and  i 979 .
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9 .4  Resu l t s

9 .4 .1  Pa t te rns  o f  Rec ru i tmen t  and  Surv i va l

I n  sp r i ng  1978 ,  t he re  we re  v i r t ua l l y  no  j uven i l e  Mac rocys t i s  ' i n  t he  San  Ono f re

Ke lp  f o res t .  By  Ju l y ,  l a rge  numbers  o f  sma11 ,  s i ng le -b l aded  p l an t s  began  t o  appea r

w i th  dens ' i t i es  reach ing  seve ra l  hundred /m2  on  some t ransec ts .  | , { e  d id  no t  make

regu la r  quan t ' i t a t ' i ve  es t ' ima tes  o f  t he  dens i t y  o f  b lade  s tages  because  o f  t he

d i f f i cu l t y  i n  d i sc r im ina t i ng  Mac rocys t i s  f r om o the r  l am ina r i an  a l gae  when  p lan t s  a re

sma l  I  .

By  Augus t  1978 ,  many  o f  t hese  p ' l an t s  had  g rown  to  j uven i l e  s i ze  ( - 40  cm) .  New ly

rec ru i t ed  p l an t s  con t i nued  t o  appea r  t h rough  November  I 979  (F ig .  9 .3 ) .  I t  i s

imposs ib l e  t o  de te rm jne  when  t hese  p l an t s  we re  i n i t ' i a l l y  p roduced  f r om game tophy tes ,

s i nce  game tophy te  and  ea r l y  spo rophy te  s tages  canno t  be  i den t i f i ed  i n  s i t u .  We

suspec t  t ha t  i uven ' i l es  tagged  be tween  Augus t  and  December  1978  were  p roduced  f rom

game tophy tes  du r i ng  a  seve ra l -week  pe r i od ' i n  Ap r i 1 -May  1978 .  A  second  peak  i n

j uven i l e  r ec ru i tmen t  occu r red  j n  t he  March  1979  su rvey ;  mos t  o f  t hese  p l an t s  we re

p robab ly  p roduced  f rom gametophy tes  i n  f a l l  1978 .  The  l ack  o f  sma l l  b lade  s tage

p lan t s  ( s i ng le  b l ades  measu r i ng  2  t o  3  cm) ,  i n  f a l l  7978 ,  he lped  con f i rm  t ha t

i uven i l es  t agged  i n  sp r i ng  1979  we re  no t  s ' l ow  g row ing  i nd i v i dua l s  t ha t  had  rec ru i t ed

i  n  the  p rev i  ous  sp r i  ng  .  We  opera t i  ona l  
' l y  

de f  i  ne  t r coho r t s "  o f  p ' l an ts  as  those

in i t ' i a11y  t agged  du r i ng  a  g ' i ven  su rvey .  He rea f t e r ,  i n  t h i s  chap te r ,  we  re fe r  t o

" rec ru i tmen t r ras  t he  i n ' i t i a l  appea rance  o f  . j uven i ' l e  s t age  p l an t s ,  r ecogn i z i ng  t ha t

the  ac tua l  p roduc t ' i on  o f  spo rophy tes  f rom gametophy tes  occu r red  a t  some p rev ious

t ime  and  t ha t  t he  p roduc t i on  o f  j uven i l es  r equ i res  t he  su rv i va l  o f  m j c roscop i c

spo rophy tes  and  v i s i b l e  b l ade  s tage  p l an t s .
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The re  was  cons ide rab le  va r i ab i l j t y  i n  t he  numbers  o f  j uven i l es  r ec ru i t ed  among

t ransec t s  (Tab le  9 .1 )  and  among  coho r t s  (Tab1  e  9 .2 ) .  The  h i ghes t  dens i t i es  o f

i uven i l es  ( g rea te r  t han  2 .4 /nz )  we re  obse rved  on  T ransec t s  11  and  12 ' i n  0c tobe r

1978 .  L i t t l e  rec ru i tmen t  was  obse rved  on  T ransec ts  9  and  10 ,  and  on  the  ou t -o f -bed

po r t i ons  o f  T ransec t s  7  and  8  whe re  t he  dens i t i es  o f  r ec ru i t s  neve r  exceeded  A .7 /n2 .

Causes  o f  t empora l  and  spa t i a l  pa t te rns  i n  rec ru i tmen t  a re  examined  e l  sewhere

(Sch roe te r  e t  a l  .  ,  1987 ) .

I n  t he  mon ths  f o l l ow ing  ou r  i n i t i a l  obse rva t i ons  o f  r ec ru i tmen t ,  abundance

pa t t e rns  and  s i ze  d i s t r i bu t i ons  o f  Mac rocys t i s  w i t h i n  t he  ke lp  f o res t  changed

d rama t i ca i l y  (F i g .  9 .3 ) .  These  changes  we re  t he  resu l t  o f  g row th ,  su rv i va l ,  and

con t i nued  rec ru i tmen t  o f  j uven i l es .  Occas iona11y ,  we  f ound  adu l t  o r  subadu l t  p l an t s

tha t  had  no t  been  tagged  in  p rev ious  su rveys .  These  were  mos t l y  p lan ts  tha t  were

a t tached  to  sma l l  cobb les  and  had  apparen t l y  rec ru i t ed  e l sewhere  and  had  d r i f t ed

on to  t ransec ts  and  become lodged  the re .  A f te r  November  1979 ,  adu l t  abundances  began

to  dec l i ne  as  mor ta l ' i t y  o f  adu l t s  ou tpaced  t he j r  r a te  o f  r ep lacemen t  (F i g .  9 .3 ) .  By

June  1980 ,  a ' lmos t  a l  l  p l an t s  r ec ru i t ed  ' i n  1978  and  1979  had  e  j t he r  d i ed  o r  g rown  t o

adu l  t  s ' i ze .

0n1y  a  sma l l  f r ac t i on  o f  t hose  p l an t s  i n i t i a l ' l y  r ec ru i t ed  su rv i ved  f o r  2  yea rs

(F lg .  c . / ) .  L r ' i ' ,  i he  o ) j ( : r  - ' 4 "000  j r r ven ' i ' l es  tagged  in  1978  e r i i j  7g7g ,  on ' l y  145  ( - | r ' , j

su r v i ved  unL i - l  June  1980  ( . i ab1e  9 "1 ) .  The re  we re  s i gn i f i can t  d i f f e rences  j r r

su rv i va l  among  t ' imes  w i th in  each  cohor t ,  and  among  cohor t s  w i th in  each  t ime  (Tab1e

9 .? ,  P<0 .05 ,  Ch i - squa re ) .  A l l  coho r t s  showed  an  i nc rease  i n  su rv i va ' l  a f t e r  June

1980  when  mos t  p lan ts  reached  adu l t  s i ze .  i n  a l l  coho r t s  excep t  two  (Augus t  and

Sep tember  1978 ) ,  su r v i va l  was  s i gn i f i can t l y  h i ghe r  f r om June  1980  t h rough  December

i 980 ,  t han ' i n  a l l  o t he r  t ime ' i n t e r va l s  (P<0 .05 ,  s i ng le  d f  ch i - squa re ) .
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For  a l l  coho r t s  i n i t i a l l y  t agged  a f t e r  Oc tobe r  1978 ,  su rv i va l  was  s i gn i f i can t l y

l owe r  f r om November  1979  t o  June  1980  t han  du r i ng  a l l  o t he r  t ime  i n te r va l s  (Tab le

9 .2 ,  P<0 .05 ,  Ch i - squa re ) .  Th i s  was  a  pa r t i cu l a r ' l y  s t o rmy  pe r i od ,  espec ia l l y

compared  w i th  the  m i ld  w in te r  o f  1978-79 ,  and  the  h igh  mor ta l ' i t y  was  p robab ly  the

resu l t  o f  p i an t s  be ing  d i s l odged  f r om the  subs t ra tum by  heavy  su rge .  The re  was  a

gene ra l  t endency  f o r  ea r l i e r  coho r t s  t o  exh ib j t  h i ghe r  su rv ' i va l  t han  l a te r  coho r t s

du r ing  the  s to rmy  pe r iod  o f  November  1979  to  June  1980 .  The  o ldes t  p lan ts  ( t he

Augus t  and  Sep tember  1979  cohor t s )  had  h ighe r  ra tes  o f .  su rv i va l  t han  a l l  o the r

coho r t sove r th i s t ime in te r va l (P .0 .05 , s i ng1ed fCh i - squa re ) .

9.4.2 Ef fects  of  Age and Size on Surv iva l

The  ave rage  s i ze  o f  p ' l an t s ' i nc reased  w i t h  d9€ ,  bu t  t he  re l a t i onsh ip  be tween

s ' i ze  and  age  was  a  ra the r  I  oose  one .  I nd i  v ' i dua l  p l  an ts  o f  t he  same age  were  o f ten

qu i t e  d i f f e ren t  s ' i zes .  Some  p lan t s  r eached  adu l t  s i ze  w ' i t h i n  6  mo  wh ' i l e  o the rs

rema jned  j uven i l es  (<1  m  i n  he igh t )  f o r  ove r  a  yea r  (F i g .  9 .a ) .

S i ze  was  more  impo r tan t  t han  age  i n  de te rm in ing  su rv i va l .  Su rv i va ' l  was  much

h ighe r  i n  t he  pe r iod  f rom Augus t  t o  November  1979  than  f rom November  1979  to  June

1980 ,  bu t  i n  bo th  i ns tances ,  t he  su rv i va l  o f  adu l t  p ' l an t s  was  g rea te r  t han  f o r

j uven i  I  es  and  subadu l  t s  (Tab1  e  9 .3 ) .

The re  was  no  s ign i f i can t  e f fec t  o f  age  on  su rv i va l  when  ages  were  summed ove r .

a l l  s i ze  c l asses  (Tab ' l e  9 .3 ) .  Howeve r ,  t he  s i gn i f i can t  i n t e rac t i ons  be tween  age  and

s i ze  sugges ted  t ha t  t he re  we re  d j f f e rences  i n  su rv i va l  among  ages  w i t h i n  pa r t i cu l a r

s ' i ze  c l asses  and  t ha t ,  i n  some  cases ,  sma11  p lan t s  t ha t  we re  o l d  may  have  had  a  l owe r

p robab i l i t y  o f  su r v i v i ng  t han  sma l l  p l an t s  t ha t  we re  young .  Fo r  t he  pe r i od  f r om

Augus t  t o  November  1979 ,  younge r  p l an t s  w i t h i n  j uven i l e  and  subadu l t  s i ze  c l asses
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t ended  t o  have  h ' i ghe r  su rv i va l  t han  o l de r  p l an t s .  The re  we re  no  obv ious  o rde r i ngs

w i t h i n  a  s i ze  c l ass  w i t h  r espec t  t o  t he  e f f ec t s  o f  age  on  su rv i va l  i n  t he  pe r i od

f rom November  1979  to  June  1980 .

9 .4 .3  Causes  o f  Spa t i a l  Va r iab i l i t y  i n  Su rv i va l

} Je  a l so  no ted  cons ide rab le  spa t i a l  va r i ab ' i l ' i t y  i n  su rv i va l .  The  p ropo r t i on  o f

p l an t s  r ec ru j t ed  i n  1978  and  1979 ,  t ha t  su rv i ved  t h rough  June  1980  ranged  f r om A% 6

24?6  on  t he  va r i ous  t r ansec t s  (Tab le  9 .1 ) .  Va r i ab i l i t y  i n  su rv i va l  was  a t t r i bu tab le

to  g raz ing  by  wh i te  sea  u rch ins ,  shad ing  by  the  canopy  o f  adu l t s ,  and  e f fec ts  o f

ne ' i ghbo r i ng  j uven i l es .  Wh i t e  sea  u r ch ' i ns  we re  abundan t  ( g rea te r  t han  10 /m2)  on ' " he

po r t i ons  o f  T ransec t s  6 ,7 ,  and  8  t ha t  we re  ou t s i de  o f  t he  ke lp  f o res t .  The re  we re

no  su rv i vo rs  on  t he  ou t s i de  po r t i ons  o f  T ransec t s  7  and  8 ,  and  t he  on l y  su rv i vo rs

obse rved  on  the  po r t i on  o f  T ransec t  6  ou ts ide  o f  t he  ke lp  fo res t  were  i n  pa tches

whe re  t he re  we re  f ew  u rch ' i ns  (T .A .  Dean ,  pe rsona l  obse rva t i ons ) .  A l t hough  t he

p ropo r t i on  o f  p l an t s  su rv i v i ng  on  t he  ha l ves  o f  t r ansec t s  i n  t he  ke lp  f o res t  d i d  no t

d i f f e r  s i gn i f i can t l y  f r om po r t i ons  o f  t he  ou t s i de  t r ansec t s  whe re  u r ch jns  we re  more

abundan t  (Tab1e  9 .4 ) ,  ou r  obse rva t i ons  as  we l l  as  expe r imen ts  r epo r ted  e l sewhe re

(Le igh ton ,  7977 ;  Dean  e t  a l . ,  1984 )  l eave  l i t t l e  doub t  t ha t  su rv i va l  was  reduced  by

the  g raz ing  ac t i v i t y  o f  Ly tech inus .

Su rv ' i va l  was  s i gn i f " i can t l y  l owe r  on  t r ansec t s  unoe r  a  canopy  o f  adu l t s  t han  on

t ransec ts  tha t  were  pos ' i t i oned  e i t he r  on  the  edge  o f  t he ' ke1p  fo res t  o r  ou ts i c ie  o f

t he  ke lp  f o res t  (Tab1e  9 .5 ) .  U rch ' i n  dens i t i es  we re  l ow  i n  a l l  l o ca t i ons  used  j n  t h i s

ana ' f ys i s  (<10 /m2) ,  and  on  a t  l eas t  2  o f  t he  t r ansec t s  ( 9  and  10 )  dens i t i es  o f

rec ru i t s  were  i ow ,  sugges t i ng  tha t  t he  obse rved  e f fec t  o f  canopy  cove r  was  un re la ted

to  poss ib l e  con found ing  e f f ec t s  o f  t hese  o the r  f ac to r s .  Dens i t ' i e s  o f  adu l t s  d i d  no t

d i f f e r  s i gn i f i can t l y  on  edge  and  canopy  t r ansec t s  ( t  =  0 .34 ,  d f  =  14 ,  p  =  0 .74 ) ,
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sugges t ' i ng  tha t  canopy  e f fec ts  were  due  to  shad ing  and  were  no t  re la ted  to  the

e f f ec t s  o f  dens i t y  pe r  se .  Even  t hough  dens i t i es  o f  adu l t s  we re  h ' i gh ,  f r ansec t s  on

the  edge  o f  t he  ke lp  f o res t  r ece i ved  cons ide rab l y  mo re  l i gh t  t han  t hose  i n  t he

cen te r  o f  t he  ke lp  f o res t  because  o f  i r r ad jance  t ha t  en te red  t he  f o res t  ob l i que l y .

I n  po r t i ons  o f  t he  ke lp  f o res t  whe re  dens i t i es  o f  wh i t e  u r ch ins  we re  l ow  and

whe re  t he re  was  no t  a  dense  ove r ' l y i ng  canopy ,  65% o f  t he  va r i ab ' i l i t y  i n  su rv i va l

among  t r ansec t s  cou ld  be  exp la i ned  by  t he  dens i t y  o f  j uven i l es  (Tab le  9 .6 ) .  The re

was  a  s i gn i f i can t  nega t i ve  re l a t i onsh jp  be tween  t he  dens i t y  o f , - r ec ru i t s  and  t he

p ropo r t i on  o f  p l an t s  wh i ch  su rv i ved  (F ig .  9 .5 ) .  The re  we re  no  s i gn ' i f i can t  e f f ec t s

o f  e i t he r  dens i t y  o f  compe t i t o r s  o r  subs t ra te  compos ' i t i on  on  su rv i va l  (Tab le  9 .6 ) .

Dens i t y -dependen t  su rv i va l  was  a l so  ' i nd ' i ca ted  by  pa t t e rns  o f  d i spe rs i on  w i t h i n

each  t r ansec t  ove r  t ' ime  (F ig .  9 .6 ) .  P r i o r  t o  t he  appea rance  o f  l a rge  numbers  o f

i uven ' i ' l es  on  t ransec ts  ' i n  Sep tember  1979 ,  p lan ts  were  genera l  l y  d i s t r i bu ted  randomly

w i t h ' i n  t r ansec t s .  Fo l l ow ing  rec ru i tmen t ,  t he  d i spe rs i ons  pa t t e rns  we re  s t r ong l y

c l umped .  As  p l an t s  we re  t h i nned ,  t he  deg ree  o f  c l ump ing  dec reased ,  and  by  June  1980

(when  mos t  rema in ing  p lan ts  were  adu ' l t s )  t he  d i spe rs ion  pa t te rns  had  re tu rned  to

random on  mos t  t ransec ts .  l l Je  i n fe r  f rom th i s  t ha t  mor ta l i t i es  were  no t  random and

tha t  p l an t s  l oca ted  w i t h i n  dense  pa t ches  we re  more  l i ke l y  t o  d i e  t han  t hose  t ha t

were  more  spa rse l y  d i s t r i bu ted .

9.4.4 Corre lat ion Between Size Dis t r ibut ions and Spat ia l  Pat terns of  Surv iva l

Dens i t y -dependen t  su rv i va l  was  co r re la ted  w ' i t h  t he  s i ze  d ' i  s t r i bu t i ons  o f

p l an t s  p r i o r  t o  t he  w in te r  s t o rms  o f  1979 .  T ransec t s  w i t h  h i gh  i n i t i a l  dens i t ' i e s  o f

rec ru i t s  (and  l ow  subsequen t  ra tes  o f  su rv i va l )  had  p ropo r t i ona l ' l y  f ewer  adu l t

p lan ts  p r i o r  t o  t he  1979  s to rms  than  t ransec ts  w i th  l ow  leve l s  o f  rec ru i tmen t
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sugges t i ng  t ha t  dens i t y  was  nega t i ve l y  co r re l a ted  w i t h  ave rage  g row th  ra tes .  (F i g .

9 .7 ) .  Fo r  p l an t s  r ec ru i t ed  i n  1978 ,  t he re  was  a  s i gn ' i f i can t  nega t i ve  co r re l a t i on

be tween  t he  p ropo r t i on  o f  su r v i v i ng  adu l t  p l an t s  on  a  g i ven  t r ansec t  j n  November

1979  and  t he  i n i t i a l  dens i t y  o f  r ec ru i t s ,  and  a  s i gn i f i can t  pos ' i t i ve  co r re l a t ' i on

be tween  t he  p ropo r t i on  o f  j uven j l es  and  t he  i n i t i a l  dens ' i t y  o f  r ec ru i t s .  T rends

were  s im i l a r  f o r  t he  1979  coho r t s ,  bu t  we re  no t  s i gn i f i can t .  The  l ack  o f

s i gn i f j cance  i n  t . he  l a t t e r  case  ! / as  due  t o  t he  sma l l  p ropo r t i on  o f  p l an t s  t ha t  had

g rown  beyond  t he  j uven i l e  s i ze - c l ass .  As  f u r t he r  ev i dence  o f  t he  e f f ec t  o f  s i ze  on

su rv i va i ,  t he re  was  a  s i gn ' i f i can t  pos i t ' i ve  co r re l a t i on  be tween  t he  number  o f  adu l t s

on  t r ansec t s  i n  November  1979  and  t he  t o ta l  number  o f  su r v i vo rs  i n  June  1980  (F jg .

s.7)  .

9 .5  D iscuss ion

Spa t i a ' l  pa t t e rns  o f  su r v i va l  o f  j uven i l e  ke lp  i n  t he .  San  0no f re  ke ' l p  f o res t

we re  p r ima r i l y  de te rm ined  by  i n t r a - spec i f i c  i n t e rac t i ons ,  bo th  be tween  j uven i l es

and  be tween  j uven i l es  and  adu l t s .  Resu l t s  f r om canopy - th i nn ing  expe r imen ts

conduc ted  j n  t he  nea rby  Po in t  Loma  Ke lp  f o res t  (Day ton  e t  a l . ,  1984 ) ,  i n  cen t ra l

Ca l i f o rn i a  (Pea rse  and  H ines ,  1979 ;  Reed  and  Fos te r , 1984 )  and  i n  Ch ' i 1e  (San te l i ces

and  0 jeda ,  1984 )  sugges t  t ha t  adu l t - j uven i l e  i n t e rac t i ons  a re  p redom inan t  f ac to r s

de te rm in ing  t he  pa t t e rns  o f  su r v i va l  i n  mos t  Mac rocys t i s  popu ' l a t ' i ons .  I n t r a - coho r t

dens i t y -dependen t  mor ta l  i t y  has  been  less  w ide l y  s tud ied  i n  Mac rocys t i  s

popu la t i ons ,  bu t  some  obse rva t i ona l  ev i dence  (San te f  i ces  and  0 j eda ,  1984 )  sugges t s

i t  t oo  may  be  a  common fea tu re  i n  ke lp  fo res ts  ove r  a  w ide  geograph ica l  a rea .

The  p robab le  mechan ism fo r  bo th  i n te r -  and  i n t ra -cohor t ,  dens i t y  dependence

appea rs  t o  be  compe t i t i on  f o r  1 i gh t .  The  g row th  o f  j uven i ' l e  Mac rocys t ' i :  i s  gene ra l l y

l i gh t  l im i t ed  (Dean  and  Jacobsen ,  1984 )  and  s i gn i f i can t  r educ t i ons  i n  l i gh t  can  be
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a t t r i bu ted  to  bo th  su r face  canop ies  fo rmed  by  adu l t s  and  unders to r i es  fo rmed  by

dense  assemb lages  o f  j uven ' i l e s .  Unde rwa te r  i r r ad iance  measu remen ts  i nd i ca te  t ha t

dense  canop ies  o f  adu l t s  r educe  l i gh t  on  t he  sea f l oo r  by  abou t  50 i6  a t  San  0no f re

(Dean ,  1985)  and  up  to  90? (  i n  o the r  ke lp  fo res ts  (Neushu l  ,  I 97 ! ;  Gera rd ,  1984 ;  Reed

and  Fos te r ,  1984 ;  San te l i ces  and  0 j eda ,  1984 ) .  Subadu l t  ke l p  can  a l so  p rov ide

s ign i f i can t  shad ing  o f  nea rby  j uven j l es .  I n  a  dense ,  even -aged  s tand  o f  j uven i i e

and  subadu l t  Mac rocys t i s  ( dens i t i es  =  18 /m2) ,  t r imming  p l an t s  l a rge r  t han  1  m  the

inc reased  ' i r r ad iance  ava i l ab ' l e  t o  sma l l e r  p l an t s  by  50% (T .A .  Dean ,  unpub ' l j shed

da ta ) .  Reduced  i r r ad iance  resu l t s  i n  r educed  g row th  ra te  wh ' i ch , ' ' i n  t u rn ,  l eads  t o

h ighe r  mo r ta l i t y .  The  sma l ' l e r ,  s l owe r  g row ing  i nd ' i v i dua l s  su f f e red  h i ghe r  mo r ta l i t y

t han  l a rge r ,  f as te r  g row ing  i nd i v i dua l s ,  p robab l y  because  t hey  had  poo r l y  deve loped

ho ld fas t  s t r uc tu res  and  we re  more  eas ' i i y  t o rn  l oose  by  waves .  Fu r t he r  man ipu la t i ve

expe r imen ts ,  s ' im i l a r  t o  t hose  p roposed  by  Sch ie l  and  Fos te r  ( 1986 ) ,  a re  needed  t o

tes t  t h i s  hypo thes i s .  Rega rd iess  o f  t he  mechan i sm,  i t  i s  c l ea r  t ha t  t he  e f f ec t  o f

i n te r - cohor t ,  dens ' i t y -dependen t  su rv i va l  was  to  reduce  the  d i f f e rences  among

t ransec t s ,  w i t h  r ega rd  t o  ' i n ' i t i a ' l  dens i t i es  o f  r ec ru i t s  such  t ha t  a l  I  t r ansec t s

even tua l i y  p roduced  more  s jm ' i ' l a r  numbers  o f  adu l t s  t han  expec ted ,  based  on  a  s ' imp je

ra t i o  o f  r ec ru i t s  t o  su rv i vo rs .

In  po r t i ons  o f  t he  ke ' l p  f o res t  where  wh i te  u rch ins  were  abundan t ,  bo th

rec ru ' i tmen t  (Dean  e t  a l  .  ,  1984 ;  Sch roe te r  e t  d l  .  ,  1987 )  and  su rv ' i va l  o f  j uven i  l e

Macrocys t i s  was  i nh ib ' i t ed .  However ,  Ly tech jnus  were  no t  w ide l y  d i s t r i bu ted  and  were

res t r i c t ed  t o  t he  o f f sho re  edges  o f  t he  ke lp  f o res t .  Red  u r ch ' i ns ,  wh i ch  we re  a l so

abundan t ,  can  f o rm  mov ing  agg rega t i ons  o r r t f r on t s r r t ha t  have  resu l t ed  i n  t he

fo rma t i on  o f  ex tens i ve  ba r ren  g rounds  (Le igh ton ,  1 ,97 ! ;  Pea rse  and  H ines ,  7979 ;  Dean

e t  a l  . ,  1984 ;  Ebe l ' i ng  e t  a l . ,  1985 ;  Ha r ro l d  and  Reed ,  1985 ) .  Howeve r ,  du r i ng  t h ' i s

s tudy ,  r ed  u r ch ins  a t  San  0no f re  r ema ined  i n  s ta t i ona ry  agg rega t i ons  and  d i d  no t

ac t i  ve i y  g raze  ke l  ps  (Dean  e !  q l  .  ,  19 -84 )  .
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I n t e r spec i f i c  i n t e rac t i ons  be tween  unde rs to r y  a ' l gae  and  Mac rocys t i s  appea red

to  be  l ess  impo r tan t  i n  de te rm in ing  t he  spa t i a l  pa t t e rns  o f  Mac rocys t i s  su rv ' i va l  a t

San  0no f re  t han  e l  sewhe re .  We  obse rved  no  s i gn i f i can t  nega t i ve  e f f ec t s  o f

P te r ygopho ra  o r  Cys tose ' i r a  on  t he  su rv ' i va l  o f  j uven i l e  Mac rocys t i s .  Th ' i s  s t ands  ' i n

con t ras t  t o  r esu l t s  f r om man ipu ia t i ve  expe r imen ts  conduc ted  i n  t he  nea rby  Po ' i n t  Loma

ke lp  f o res t  i n  San  D iego  (Day ton  e t  a l . ,  1984 ) ,  and  i n  ke lp  f o res t s  i n  Ca rme i ,

cen t ra l  Ca l i f o rn i a  (Reed  and  Fos te r ,  1984 )  wh ' i ch  i nd ' i ca ted  t ha t  unde rs to r y  a i gae  had

s ign i f i can t  nega t i ve  impac t s  on  su rv i va l  o f  young  Mac rocys t i s .  Th i s  d ' i f f e rence

be tween  ke lp  fo res ts  may  have  been  due  to  d ' i f f e rences  i n  bo th  dens i t j es  and  s i zes  o f

compe t i t o r s .  Dens i t ' i e s  o f  P te r ygopho ra  a t  Po in t  Loma  (Day ton  e t  a l . ,  1984 )  and

Carme l  ( 0 .  Reed ,  pe rsona l  commun ica t i on )  we re .  nea r i y  tw i ce  t hose  a t  San  Ono f re

(where  we  obse rved  a  max imum dens i t y  o f  4 /n2 )  and  the  p lan ts  were  nea r i y  tw i ce  as

la rge  e l sewhe re  as  compared  t o  San  0no f re  (Day ton  e t  a l . ,  1984 ,  Reed  and  Fos te r ,

1984 ,  and  T .A .  Dean ,  pe rsona l  obse rva t ' i on ) .  These  b i o l og i ca l  d i f f e rences  may

u i t ima te i y  r e l a te  t o  t he  d i f f e ren t  subs t ra ta  p resen t  a t  t he  va r i ous  s i t es .  A t  San

Ono f re ,  t he  p r imary  subs t ra tum i s  cobb le  as  opposed  to  more  conso l ' i da ted  rock  ree fs

e l sewhe re .  The  l ack  o f  a  s tab le  subs t ra tum a t  San  Ono f re  m igh t  have  l ed  t o  a  h i ghe r

ra te  o f  d i s t u rbance  and  a  l ess  s tab le  assemb lage  o f  unde rs to r y  a1gae .  i n  t h i s

respec t ,  t he  San  0no f re  ke lp  f o res t  appea rs  s ' im i l a r  t o  d i s t u rbance -dom ina ted  sys tems

in  cen t ra l  Ca l ' i f o rn i a  such  as  P ied ras  B lancas  (Day ton  e t  a l . ,  1984 )  and  Sandh i l l

B l u f f  nea r  San ta  C ruz  (Cowen  e t  a l . ,  1982 ;  Fos te r ,  1983 ) ,  wh i ch  a re  l ess  i n f l uenced

by  compe t ' i t i  ve  i  n te rac t ' i ons  among  spec i  es .

0ne  wou ld  i dea l l y  l i ke  t o  compare  ra tes  o f  su r v ' i va l  i n  t he  5an  0no f re  ke lp

fo res t  w i t h  pub l i shed  reco rds  f r om o the r  ke lp  f o res t s  (Rosen tha l  e t  a l . ,  I 974 ;  Coye r

and  Zaugg -Hag1und ,  1982 ;  Day ton  e t  a l . ,  1984 ) .  Howeve r ,  quan t i t a t i ve  compar i sons

a re  d i f f i cu l t  and  because  o f  t he  l ack  o f  r ep l ' i ca t i on  i n  mos t  s t ud ies  and  because
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each  s tudy  began  t o  f o l l ow  su rv i vo rsh ip  a t  d i f f e ren t  po in t  i n  t he  p i an t r s  l i f e

h i s t o r y .  The  l ack  o f  r ep l i ca t ' i on  i s  espec ia l l y  p rob lema t i c  s ' i nce  we  have

demons t ra ted  h i gh  spa t i a l  and  t empora l  va r i ab ' i 1 i t y  w j t h i n  t he  San  Ono f re  Ke lp

fn roc t  r i onon r l i 1g ,  i n  pa r t ,  on  t he  number  o f  p l an t s  r ec ru i t ed ,  t he  t im ing  o f

rec ru i tmen t  w i t h  r espec t  t o  s t o rms ,  t he  dens i t y  o f  g raze rs ,  and  t he  deg ree  o f

shad i  ng  by  ove r l y i  ng  canopy .  Qua l  i  t a t ' i  ve  compar i  sons  o f  su rv i  va l  i  n  va r i ous  ke l  p

fo res t s  ' i nd ' i ca te  t ha t  t he  su rv ' i va l  o f  j uven ' i i e  spo rophy tes ,  t h rough  t he  adu l t  s t age

(a  pe r i od  o f  1  t o  1 .5  yea rs ,  on  ave rage ) .  a re  gene ra i l y  on  t he  o rde r  o f  1% to  10%.

Th i s  co r responds  t o  a  ha l f - l j f e  o f  abou t  2  t o  6  mon ths  (Rosen tha l  e t  a l . ,  ! 974 ;

Day ton  e t  a l  .  ,  1984 ,  t h i  s  s t udy ) .  Su rv ' i vo r sh ' i p  cu rves  f o r  v i  s i b l e  spo rophy tes  o f

Mac rocys t i s  (Rosen tha l  e t  a l . ,  I 974 ;  Day ton  e t  a l . ,  1984 ,  t h i s  s t udy )  a re  gene ra l l y

t ype  I I I ,  w i t h  o l de r  ( and  gene ra i l y  l a rge r )  p l an t s  hav ing  l owe r  mor ta l i t i e s  t han

juven ' i l e  p l an t s .

The  obse rved  dens i t y -dependen t  su rv i va l  o f  j uven i l e  ke lp  a t  San  0no f re  sugges t s

tha t  a  poss ib le  reduc t ' i on  i n  rec ru j tmen t  due  to  S0NGS cou ld  be  compensa ted  fo r  by

i nc reased  su rv i va l  o f  j uven i l es ,  such  t ha t  t he re  wou ld  be  no  ne t  change ' i n  t he

number  o f  adu l t s  p roduced  f rom a  g ' i ven  cohor t .  However ,  t h i s  need  no t  be  the  case

espec i  a l  l y  i  f  t he  mechan i  sm  o f  impac t  i  s  t he  same  as  t he  l ' im i  t i  ng  resou rce  ( ' i  .  e .  ,

i  r rad i  ance )  .  A  reduc t i  on  i  n  ' i  r r ad ' i ance  due  to  SONGS wou l  d  be  ana l  ogous  to  the

p resence  o f  a r rpe rmanen t  canopy "  and  may  reduce  g row th  and  dec rease  su rv i va l

r ega rd less  o f  t he  dens i t y  o f  j uven i l es .  A  reduc t i on  i n  i n i t i a l  dens i t y  o f  r ec ru i t s

due  to  SONGS may  p rov ide  more  l i gh t  a l l ow ing  fo r  be t te r  g rowth  and  su rv i va l  o f

r ema in i ng  rec ru i t s .  Howeve r ,  a  con t i nued  reduc t ' i on  i n  i r r ad iance  due  t o  SONGS may

be  su f f i c ' i en t  t o  o f f se t  t hese  ga ins  i n  i r r ad iance ,  g row th ,and  su rv i va l .

v -  1 +





Resu l t s  p resen ted  e l sewhe re  (Sch roe te r  e t  a . l . , 1987 ;  Re i t ze l  e t  a . | . , 1987 )

' i nd i ca te  t ha t  t he  reduc t i on ' i n  i r r ad iance  caused  by  SONGS (on  t he  o rde r  o f  15%) ' i s

l ess  t han  reduc t i on  i n  i r r ad iance  caused  by  an  ove r l y i ng  canopy  o f  adu ' l t s  ( on  t he

o rde r  o f  507 ; ) .  As  a  resu l t ,  some compensa t ' i on  may  be  expec ted .  A t  p resen t ,  t he

popu l  a t ' i on  consequences  o f  a  reduc t i  on  ' i  n  ' i  r r ad i  ance  due  to  SONGS can  bes t  be

eva lua ted  us ing  popu la t i on  mode l s  t ha t  i nco rpo ra te  t he  mechan i sms  o f  dens i t y

dependence  desc r i  bed  he re ' i  n  ( e .g .  ,  N i  sbe t  and  Bence ,  1987 )  .

9 - i 5





Tab le  9 .1  To ta l  number  o f  j uven i l e  Mac rocys t i s  r ec ru i t ed  pe r  ha l f  t r ansec t  f r om Augus t

1978  th rough  November  i 979 .  A l so  g ' i ven  a re  the  number  o f  t hose  rec ru i t s  t ha t  su rv i ved

in  June  1980  and  t he  pe rcen t  su rv i va l .

T ran  sec t Ha l  f
Number

Rec ru i  t ed
Number  %

Surv i v i nq  Su rv i va l

1
1
2
2
J

J

4
4
5
5
6
6

7
8
8
9
9

10
10
1 i
11
t2
t2

1
2
i
2
1
2
I
?
i
2
I

2
1
J.

2
i
2
i
2
1
2
1
I

2
1
2

Tota l  =
Mean =
n t ,
v .  Y .  -

38
76

r07
624
i33
90
66
7

560
311
41
A f
+ 3

23
250
33

864
L J

16
2

932
1344
1  120
r327

8040
335.  0
134 .  1

3
11

q

15
10
4

15
2

14
4
i
+

6
u

0
I2
0
0
0
U

15
13

2

145
6.0

93  .3

R

I 4
5
2
6

+
24 '
29
3
i
8

L

n

1
0
0
0
U

2
1

< 1
< 1

1 .8*

*To ta l  su rv i  v ' i  ng l t o ta l  rec ru i  t ed
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Tab le  9 .2  Pe rcen t  su rv i va l  o f  j uven i l e  Mac rocys t i s  py r i f e ra  f r om

( i . e . ,  p ' l an t s  r ec ru i t ed  a t  d i f f e ren t  t imes )  ca l cu la ted  ove r  5  t o  7  mo

Sep tember  1978  and  December  1980 .  To ta l  numbers  o f  i nd i v idua ls  a t  r i sk

g i ven  i n  pa ren theses .

d i  f f e ren t  coho r t s

in te rva l  s  be tween

in  each  pe r i od  a re

Co  ho r t

(T ime  o f  Rec ru i tmen t )

T i  me

i  n te rva l

Sep78-Mar79

Ma 179-Nov79

Nov79-J un80

J un80-Dec80

Auq78 Sep78 0ct78 Dec78 Mar79

zo t tq+t l
8 (2es)

74 (23)

50  (241e)

3  (  12 ie )

73  (40)

_  Ju l79

4(+24)
73 (  15)

Nov79

5 (220)

60  (  10 )

36  (33)  s1  (243)  -

77  (12)  ?2  (124)  1e  (2 i0e)

100  (2 )  +4  (27)  10  (411)

100  (2 )  67  (  12 )  e3  (  41  )
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Tab le  9 .3  Pe rcen t  su rv i va l  o f  new ly  r ec ru j t ed  Mac rocys t i s  py r i f e ra  by  age

( i . e . ,  coho r t )  and  s i ze ;  f r om the  pe r i ods  Augus t  1979  t o  November  1979

November  1979  to  June  1980 .  A l so  shown  a re  resu l t s  o f  ca teqo r i ca l

t es t j ng  t he  equa ' l i t y  o f  su r v i va ' l  among  ages  and  s i ze -c l asses .

and f rom

ana l yses

Adu l  t

Auq79  to  Nov79 Nov79  to  Jun80

Cohor t  L i v r ' ng  Dead  76  Surv i va l L i v i nq  Dead  76  Su rv i va l

0ct78

Dec78

Mar79

Ju l  79

Nov79

89

59

83%

42
t {

10

8

5

r

7

0

Mean  =

63.

52

o l

60

Mean = 6576

33

11

20

3

6

19

10

1 5

6

4

Subadu l  t

Auq79  to  Nov79 Nov79  to  Jun80

lq lpf t  L iv ing Dead 76 Surv iva l L ' i v i nq  Dead  76  Su rv i va l

0ct78

Dec78

Mar79

Ju l  79

Nov79

r07
41

110

40

43

52

69

87

= 63%

139

3B

50

Mean

t23 5

53 16

200 7

61  74

41 2

Mean = 9%

7

10

15

T2

1
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Tab l  e  9 .3  con t i  nued

Juven i l e

Auq79  to  Nov79 Nov79  to  Jun80

Cofrqr t  L i  v i  nq Dead 76 Surv i  va l L i v i  nq  Dead  % Su rv i va l

0ct78

Dec78

Ma 179

Ju l  79

Nov79

262

24r
1099

42

46

65

86

60%

356

282

592

u:

Mean  =

228 0 .4

209 0 .9

966  '  0 .5

341  0 .3

164  2 .4

l{ean = 0.7%

1

2

5
a
1

4

Sou  rce x2d f Sou  rce d f x2

I  n te rcep t

Age

S ize

Age  X  S i ze

20 .36  <0 .01

0 .62  0 .73

76 .73  <0 .01

18 .21  <0 .01

I  n te rcep t

Age

S ize

Age  X  S i ze

20.36  <0 .01

2 . t l  0 .72

165 .91  <0 .01

18 .  50  0  .02

't

2
(.

4

I

4

?

8
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Tab le  9 .4  Pe rcen t  su rv i va l  o f

h ' i gh  dens i t i es  o f  Ly tech jnus .

j uven i i e  Mac rocys t i s  on  t r ansec t s  w i t h  and  w i t hou t

No  .  su rv  i  v ' i  ng 76  su rv ' i v i  nq

Transec t  #

w i  t h  w ' i t hou t

u r ch ' i ns  u r ch ins

w i  t h  w i  t hou t

u r ch i  ns  u r ch ' i ns

1

8

A
I

0

0

R

0

0

6

6

12

i 3

2

1

Pa i red  t - t es t  on  su rv i va l

t  - -  2 .22 ,  P  =  0 .16
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Tab le  9 .5  Pe rcen t  su rv i va l

canopy  o f  adu l t  Mac rocys t i s

f o res t ,  and  ou t s i de  o f  t he

i978 .

Macrocys t i s  on  t ransec ts

o f  t he  ke ]p  f o res t ,  a t  t he

Mean  adu l t  dens i t i es  a re

loca ted  under  a

edge  o f  t he  ke1  p

g i ven  fo r  Augus t

of  j  uven ' i  
' l  
e

i  n  t he  cen te r

ke1  p  f o res t .

Loca t ' i on  Mean

re la t i ve  t o  adu l t  dens i t y

ke l  p  f o res t  (  no .  / 100  m2)

l4ean %

surv iva l

0 .4

8 .5

9 .3

CANOPY

EDGE

OUTS I DE

I0 .2

10 .  1

0 .5

Catego r i ca ' l  Ana l ys i s  -  Su rv i va l

Source

I  n te  r cep t

Loca t i  on

u l Ch ' i - squa re

7  1880 .27  <0 .01

2  82 .74  <0 .01

Con t ras t s

Canopy

Canopy

Edge  vs

vs Edge 1

vs  0u t s i de  i

Ou ts i de  1

8 .  57  <0 .01

13  . 98  <0 .01

0 .01  0 .93
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Tab le  9 .6  Summary  o f  r eg ress ion  ana l yses  o f  t he  p ropo r t i on  o f  p ' l an t s  su rv i v i ng  on

each  t ransec t  i n  June  1980  vs  the  number  o f  p lan ts  rec ru i t ed ,  t he  p ropo r t ' i on  o f  ha rd

subs t ra ta  tha t  was  cobb les  g rea te r  t han  20  cm d jamete r ,  and  the  dens i t i es  o f

P te rygophora  and  Cys tose i ra  on  each  respec t i ve  t ransec t .  I ndependen t  va r iab les

(w i t h  t he  excep t i on  o f  pe rcen t  l a rge  cobb les )  we re  1og .  t r ans fo rmed .  The  angu la r

t r ans fo rma t ' i on  was  app l i ed  t o  bo th  t he  p ropo r t i on  o f  p l an t s  su rv i v i ng  and  t he

p ropo r t i on  o f  l a rge  cobb les .  T ransec t s  t ha t  we re  unde r  a  canopy  o f  adu l t  ke l p  o r  had

h igh  dens i t i es  o f  Ly tech inus  we re  no t ' i n c l uded  i n  t h i s  ana l ys i s .

Va r i ab le

Parameter

Es  t  i  ma te

Pa r t i a l

Coe f f i c i en t  o f

De te rm i  na t i  on

0.  65

0 .24

0 .  10

0 .  09

P>T

I  n te rcep t

Log  No .  rec ru i t ed

Arcs in  pe rcen t  cove r

1  a rge  rocks

Log  P te rygophora  dens i t y

Log  Cys tose j r a  dens i t y

0ve ra l  I  R2=0 .81  N=13

27 .49
-4 .57

g.u

2.72

0 .83

0 .  18

<0 .01

0 .  15

0 .36

0 .39
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F igu re  9 .1  Map  o f  t he  San  0no f re  ke ]p  f o res t  as . i t  appea red  j n  summer  1978  and  t he

pos i t i on  o f  pe rmanen t  t r ansec t s  w i t h i n  t he  ke lp  f o res t . .  Shaded  a reas  a re  l oca t i ons

o f  ke lp  canopy .  S0NGS i s  t he  San  Ono f re  Nuc lea r  Gene ra t i ng  S ta t i on .  Dep th  con tou rs

(  i  n  me te rs  )  a re  ' i  nd i  ca ted .
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F igu re  9 .2  Schema t i c  d raw ing

w ide  by  50 -m  l ong  t r ansec t s  j n

o f  s t a t i ons  used

SOK and  SMK.

to  samp le  ke lp  and  sea  u r ch ins  a t  5 -m
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F igu re  9 .3  Mean  abundances  o f  j uven i l e ,  subadu ' l t ,  and  adu l t  Mac rocys t ' i s  f r om Z4

t ransec ts  w i th in  the  San  Ono f re  ke lp  fo res t  f rom 1978  th rough  1980 .  A l so  shown  a re

the  numbers  o f  t hose  p l an t s  t ha t  ( a )  r ec ru i t ed  ove r  t he  p rev ious  su rvey  i n te r va ' 1 ,

( b )  g rew  f r om a  sma l l e r  s i ze - c l ass  i n  t he  p rev ious  su rvey  i n te r va l  and ,  ( c )  su r v ' i ved

f rom the  p rev ious  su rvey  i n te r va l  w i t hou t  g row ing ' i n t o  t he  nex t  s i ze - c l ass .
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F i  gure  9  .3

r)

U

z
o
z
l

f)

UJ

z
o
z

r t ,

td

z

z
:f

JUN79 JANSO

TOTAL =;x----*

NEW PLANTS =:  + - - - - - - - r
SURVIVING PLANTS = O+ -O

PLANTS WHTCH GREW 3 o____o

9-27 .



F i  gu re  9 .4  Ave rage  su rv i  vo rsh ' i p  (  -1  SE)  and  s ' i ze  d ' i  s t r i bu t i  on  o f  6  cohor t s  o f

Mac rocys t i s  r ec ru i t ed  on  24  t r ansec t  ha l ves  i n  t he  San  Ono f re  ke lp  f o res t  f r om

Sep tember  1978  th rough  December  1980 .  S ' i ze  ca tego r ies  a re  g i ven  as  j uven i ' l e  (open

c i r c i es ) ,  subadu l t  ( f i j l ed  c i r c l es )  and  adu l t  ( t r i ang les ) .  Su rv i vo rsh ip  da ta  we re

sca led  t o  p roduce  a  hypo the t i ca l  coho r t  o f  1000  j nd i v i dua l s .  Ac tua l  numbers  o f

p l an t s  i n i t i a l l y  t agged  i n  each  coho r t  a re  a1  so  g . i ven .
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F i  gure  9 .4
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F i  gu re

on  each

was  f  i  t

9 . 5  Pe rcen t

t ransec t  ha l  f

us i ng  a  l eas t

su rv i va l  o f  p l an t s  i n

ove r  t he  pe r iod  f rom

squa res  reg ress ion  o f

June  .1980  vs  the  to ta l  number

Augus t  i 978  to  November  1979

log  y  w i t h  l og  x .

o f  rec ru ' i t s

The  cu rve
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F igu re  9 .6  Changes  ' i n  d i spe rs i on  pa t t e rn  o f  Mac rocy t i s  as  i nd i ca ted  by  t he  C la r k -

Evans  i ndex ,  R ,  ove r  t ime .  Va lues  g i ven  a re  means  +1  S .E .  f r om t r ansec t  ha l ves  whe re

numbers  o f  r ec ru i t s  was  >  6 .  R  va lues  o f  f  i nd i ca te  a  r andom d i s t r i bu t i on ,  wh i l e

va lues  g rea te r  t han  l  a re  un i f o rm ,  and  va lues  o f  
' l e ss  

t han  1 .a re  c l umped .  A l so  shown

a re  t he  number  o f  t r ansec t  ha l ves  w i t h  un i f o rm  (U ) ,  r andom (R ) ,  o r  c l umped  (C ) ,

d i s t r i bu t i ons  be fo re  rec ru i tmen t  (when  on l y  adu l t s  we re  p resen t )  a f t e r  r ec ru i tmen t ,

and  a f t e r  r ec ru ' i t s  had  e i t he r  d i ed  o r  g rown  t o  adu l t  s i ze .  t t IN r r  i nd i ca tes  t ha t  t he re

were  i nsu f f i c i en t  numbers  o f  p l an t s  (<6 )  on  t r ansec t s  t o  compu te  mean ing fu l  nea res t

ne i  ghbor  re l  a t ' i  on  sh i  ps  .
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F igure  9 .6
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F ' i gu re  9 .7  Re la t i onsh ip  be tween  t he  p ropo r t . i on  o f  su r v i v i ng  p ' l an t s  t ha t  we re

iuven i l es  ( t op )  o r  adu l t s  ( bo t t om) ' i n  November  I 979  and  t he  number  o f  p l an t s

i n i t i a l l y  r ec ru ' i t ed  on  each  t r ansec t  ha l f .  The  squa res  a re  f o r  p l an t s  r ec ru i t ed

be tween  Augus t  1978  and  December  7978 ;  t he  c i r c les  a re  fo r  p lan ts  rec ru i t ed  be tween

March  i 979  and  November  1979 .
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F igu re  9 .8  Re la t i onsh ip  be tween  t he  number  o f  p l an t s  r ec ru i t ed  on  each  t r ansec t

ha l f  i n  1978  and  1979  tha t  had  reached  adu l t  s i ze  by  November  IgTg  and  the  to ta l

number  o f  su rv i vo rs  f rom those  cohor t s  i n  June  1980 .
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t0.0 Growth of Juvenile Sporophytes

10.1 In t roduct ion

In  th i s  chap te r ,  we  examine  the  fac to rs  wh jch  may  l im i t  t he  g rowth  o f  j uven f l e

ke lp  i n  s i t u  as  pa r t  o f  ou r  e f fo r t  t o  unders tand  the  fac to rs  con t ro ' l l i ng  the

d is t rn ibu t i on  o f  Mac rocys t i s  py r i f e ra .  We examine  the  e f fec ts  o f  i r rad ' i ance ,

n ' i t r ogen  ava i l ab i l i t y ,  t enpe ra tu re ,  and  fou ' l i ng  on  the  g rowth  o f  j uven i l e

spo rophy tes ,  and  a t tempt  to  es tab l i sh  the  l eve l s  o f  t hese  fac to rs  wh ich  a re  l im i t j ng

to  g rowth .  I n  add i t ' i on ,  we  tes t  t he  hypo thes i s  tha t  g rowth  o f  j uven i l e  ke lp  du r ing

per iods  o f  h igh  tempera tu re  i  s  nu t r f  en t - l  im i ted .  These  re la t i onsh ' i ps  w i ' l ' l  be  used

to estab ' l ish poss ib ie  mechanisms of  impact  o f  SONGS Un' i ts  ?  and 3 on the growth rate

o f  j uven i l e  spo rophy tes  wh ich  i s  p resen ted  i n  a  separa te  documen t .

Studies of  factors  which may in f luence growth and abundance of  M.  pyr i fera

have  focused  p r imar i l y  on  the  adu l t  spo rophy te .  Pa r t i cu ' l a r  a t ten t i on  has  been  g i ven

to  the  e f fec ts  o f  t empera tu re  and  nu t r i en t  ava i l ab i f i t y  on  adu ' l t  su rv i vo rsh ip  (Nor th

and  Schae f fe r ,  1964 ;  Jackson ,  t 977 )  and  on  adu l t  f r ond  g rowth  (Nor th ,  ! 97 ! ;  Whee le r

and  Nor th ,  1981 ;  Gera rd ,  1982a ,  1982b ;  and  Z immerman ,  1983)  and  to  the  e f fec ts  o f

u rch jn  g raz ' i ng  (Le ' i gh ton ,  1971 ,  Dean  e t  a l . ,  1983 )  s to r rns ,  (Rosen tha ' l  e t  t l  . ,  1 .974 ) ,

or  a  comb' inat ' ion of  a l ' l  o f  t ,he above factors (Foster  ,  Ig82;  Cowen et .  a ' l  . ,  1982) ,  on

adu ' l t  su rv i vo rsh ip .  However ,  t he  d i s t r i bu t i on  o f  M .  py r i f e ra  may  be  l a rge l y

determined by growth and surv iva l  o f  gametophyte or  smal ' l  sporophyte s tages (Foster ,

7975 Devinny and Vo]se,  1978;  Neushul ,  1978,  1981;  Dean and Deysher ,  1983;  Dayton

e t  a l . ,  1984 ) .

Non-man ' i pu la t ' i ve  eco log i ca l  s tud ies

temperature ,  and nutr ient  avai  I  ab i ' l  i  ty  as

matu re  Macrocys t i s  py r i f e ra  (Nor th ,  7967 ,

have ' i  ndi cated 1 i  ght i  nten s' i  ty , water

impor tant  factors  af fect ing the growth of

7g77,  1972;  Lobban,  1978a) .  More recent
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exper imenta l  s tud ies by Nor th and Zimmerman (1984)  and.Z ' immerman and Kremer (1984)

have  shown  tha t  t he  fe r t i l i z i ng  o f  adu l t  p lan ts  under  h igh  tempera tu re  and  l ow

nu t r i en t  cond i t ' i ons  ennances  g rowth .  The  g rowth  o f  adu l t  spo rophy tes  du r ing  the

recen t  E l  N ino  was  s lowed  because  o f  n i t rogen  s ta rva t i on  and  poss ib l y  t empera tu re

s t ress  (Gera rd ,1984 ;  Z immerman  and  Rober t son ,  1985) .  Fou l i ng  o f  ke tp  b ' l ades  by

sess i l e  i nve r teb ra tes  may  a l so  a f fec t  g rowth  o f  adu l t  p ' l an ts  (Lobban ,  1978b) .

The growth and surv ' iva l  o f  juveni1e ke lp are presumably determined by the same

env i ronmen ta l  f ac to rs  tha t  i n f l uence  the  adu ' l t  spo rophy tes .  Neushu l  (1981)  found

tha t  j uven i ' l es ' l oca ted  under  a  canopy  o f  adu l t  ke lp  had  poo re r  su rv i vo rsh ip  than

iuven i ' l es  i n  more  open  ( ' i  . € . ,  h ighe r  
' l i gh t )  

env i ronmen ts .  Day ton  and  Tegner  (1984)

and Zimmerman and Rober tson (1985)  observed poor  growth of  juven ' i les dur ing an E1

N ' ino  even t .  The  E ' l  N ino  caused  a  sh i f t ' i n  cu r ren t  reg imes  and  an  i n t rus ion  o f

o f f sho re  su r face  wa te rs  i n to  coas ta ' l  sou the rn  Ca l i f o rn ia  (F ied ' l e r ,  1984 ;  S ' impson ,

1984) .  Th i s  wa te r  mass  was  cha rac te r i zed  by  h igh  tempera tu res  and ' l ow  nu t r i en ts

(F led1er ,  1984 ;  S impson ,  1984) .  The  poo r  g rowth  o f  j uven i ' l es  du r ing  the  E ' l  N ino  was

associated wi th  the increased temperat ,ure and reduced nutr ient  
' leve ' ls .  

However ,  i t .

was unclear  whether  the h igh temperatures,  1ow nutr ients  or  o ther  factors actual ly

caused  the  s ' l ower  g rowth .  Juvenr " l e  p lan ts  he1d  i n  a  h igh  1 igh t ,  h igh  tempera tu re

and ' l ow  nu t r i en t  env i ronmen t  on  an  o f f sho re  p la t fo rm g rew be t te r  when  fe r t i l i zed

w i t h  n i t r ogen  and  phospho rus ,  t he reby  i nd i ca t i ng  nu t r i en t ' l im i t a t i on  unde r  E l  N ino -

l i ke  cond ' i t i ons  (Nor th  e t  a l . ,  1982 ) .  Labora to ry  s tud ies  have  a l so  sugges ted  tha t

i r rad iance  (Neushu l  and  Haxo ,  1963)  and  n i t rogen  ava i l ab i l i t y  (Whee ' l e r  and  Nor th ,

1981 ;  Sh ' i v j i , 1985 )  may  l im j t  t he  g row th  o f  j uven i l e  spo rophy tes .  The  re l a t i ve

' impor tance  o f  t hese  phys i ca l  f ac to rs  i n  de te rm in ing  the  g rowt ,h  ra tes  o f  j uven i ' l es ' i n

na tu ra l  popu la t i ons  may  be  qu i te  d i f f e ren t  t han  tha t  gove rn ing  the  g rowth  o f  adu l t s ;

s imp ly  because  the  phys i ca l  and  chemica l  env i ronmen t  nea r  t he  bo t tom (where
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j uven i l es  res ide )  i s  d i f f e ren t  f rom tha t  o f  t he  su r face  wa te r  (where  rnos t  adu l t

t ' i s sue  i s  l oca ted ) .

10.2 Methods

10.2.1 Genera l  Methods

We examined the re ' la t ionship between the growth of  Macrocyst is  pyr i fera and

env i ronmen ta l  f ac to rs  by  t ransp lan t i ng  j uven i l e  ke lp  to  va r ious  l oca t ' i ons  i n  SOK and

SMK and  concu r ren t l y  measur ing  phys i ca l  and  chemica ' l  va r i ab les .  P lan ts  used  i n

these exper iments were taken f rom a number of  sources (Tab' le  i0 .1) .  Laboratory-

rec ru i t ed  popu la t j ons  were  used  when  poss ib le .  These  p ' l an ts  were  cu l tu red  on  0 .6  cm

diameter  ny lon rope.  Two 2-m lengths of  rope were looped across the sur face of  30 x

10  x  0 .6  cm p lex ig lass  p la tes  and  secu red  w ' i t h  sma ' l ' l  p l as t i c  cab le  t i es .  The

inocu la t i on  p rocedures  usedwere ' i den t i ca l  t o  t hose  used  i n  the  gametophy te  su rv i va ' l

and  ou tp lan t  expe r imen ts  (Sec t i ons  3 .2  and  6 .2 )  w i th  one  excep t i on ;  t he  zoospore

concentrat ion used in  the sporophyte substrate inocu ' la t ion was 1 x  104 zoospores/ml ,

an order  of  magni tude lower than that  used jn  the gametophyte outp lant  t 'noculat ion.

This ' lower  concentrat ' ion was used in  order  to  avoid severe crowding of  sporophytes.

Substrates used ' in  the sporophyte exper iments were cu l tured for  14 days in  the

' laboratory 
before being outp ' lanted to  the f ie ' ld .  The p1ates were cu1tured under  a

con t i nuous  imad iance  reg ime  (pho ton  f ' l ux  dens ' i t y  =  45  vE /n2 /s )  a t  15oC in  259 .

p l as t i c  con ta i ne rs  ( 35  x  20  x  45  cm)  con ta i n ' i ng  10c  o f  P rovaso l i ' s  en r i ched  seawa te r

(Append ix  _ ) .  One  p la te  was  suspended  in  each  con ta ine r  a t  m id -dep th  o f  t he

cu ' l ture medium by means of  a  PVC rack.  The cu ' l t ,ure rnedium was changed m' idway through

the  14 -day  cu l tu re  pe r iod .  Cu l tu red  subs t ra tes  were  t ranspor ted  to  the  f i e ld

s ta t i ons  i n  t he  same manner  as  p la tes  i n  t he  gametophy te  ou tp lan t  expe r imen ts

(Sec t ' i on  6 .2 ) .
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Ropes were outp lanted to  e i ther  50K045,  or  a f ter  Un' i ts  2  and 3 became

opera t i ona l  i n  1983 ,  t o  SMK45 .  Bo th  o f  t hese  s i t es  were  c lea red  o f  Mac rocys t i s  and

la rge  unders to ry  a1gae .  Rows  o f  s tee l  re in fo rcemen t  ba rs  ( reba r )  were  d r j ven  i n to

the seaf loor  wi th  1 m of  each bar  le f t  s tanding about  1 m above the seaf ' loor .  The

rebar  were set  about  1 m apar t  wi th  equ ' iva lent  spacing between rows.  Divers removed

the 2 m sect ions of  rope f rom the p ' la tes whi1e on the bot tom. Each rope was spread

between 3 rebar  and secured wi th  p ' la t ic  cable t " ies.  The sma' l l  sporophytes were then

a l l owed  to  g row to  a  he ' i gh t  o f  40  cm be fo re  be ing  used  i n  expe r imen ts .

10.2.2 The Effects of Transplanting on Growth

In 1978,  a pre l iminary s tudy was conducted to  determine how the t ransp ' lant ing

procedures af fected the growth rates of  Macrocyst is  pyr i fera.  Growth rates of

na tu ra l l y -occu r r i ng  j uven i ' l es  a t  a  s i t e ' i n  t he  San  Ono f re  Ke lp  fo res t  were  compared

wi th growth rates of  juveni ' les which were t ransp ' lanted f rom the saf ie  s i te  onto

ar t i  f  i  c i  a1 substrates posi  t ' ioned adjacent  to  the t rnatura '1"  (  i  .e .  undi  s turbed)

p l  an ts .  The  a r t i  f  i  c ' i a l  subs t ra tes  cons i  s t i  ng  o f  L -shaped  p ' i eces  o f  s tee l

re in fo rcemen t  ba r  anchored  by  cemen t  bags .  The  ho ld fas t  o f  each  i uven i l e  was

secu red  to  the  L - reba r  w i th  p las t i c  cab le  t i es .  Juven i l es  i n  t he  con t ro l  p lo twere

th i  nned and were tagged for  f  u ture ident ' i  f  i  cat ' ion .  A1 ' l  o ther  macroal  gae,  i  nc ' l  ud ' ing

large adu ' l t  M.  pyr i fera,  were c leared f rom around both the natura l  and t r "ansplanted

i  nd i  v i dua l  s .

Each p lant  was measured at  the beg ' inn ing of  the exper iment  and at  Z-wk

interva ls  throughout .  Each f rond was measured f rom the pr imary basa ' l  d ' ichotomy of

the  s t i pe  to  the  t i p  o f  t he  ap i ca l  sc ' im i ta r  b1ade  (see  Lobban ,  1978a  and  Sec t ' i on  1 .0

for  a  descr ip t ion of  p ' lant  morphology) .  Secondary-  and h igher-order  f ronds were

measured  when  they  began  to  fo rm v i s ib le  pneumatocys ts .  A t  t he  comp le t j on  o f  t he

exper imen t ,  su rv i v ing  p lan ts  were  co l  l ec ted  and  measured  aga in .
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10.2.3 Comparison of Growth Rates of Natural ly-Recruited Juveniles

and Juveniles Grown from Outplanted Stock

Ano the r  p re l im ina ry  expe r imen t  was  pe r fo rmed  on  2  separa te  occas ions  i n  o rde r

to  examine  poss ib le  d i f f e rences  i n  t he  g rowth  o f  j uven i ' l e  Mac rocys t i s  py r i f e ra  g rown

from outp ' lanted sporophytes vs those that  had recru i ted on natura l  subst rates.  0n

18  December  1980 ,  we  co ' l l ec ted  26  i uven i l e  p lan ts  f rom ropes  ha rbo r ing  spo rophy t ,es

recru i ted and reared in  the laboratory.  These p lants  were at tached to sawhorse- ' l ' i ke

racks  us ing  p ' l as t i c  cab ' l e  t i es  (F ig .  10 .2 )  a t  t he  S0KD45  s i t e .  The  racks  were

a r ranged  in  2  pa ra ' l ] e1  rows .  The  rows ,  as  we l l  as  the  racks  w i th in  each  row ,  were

spaced  2  m apar t .  F i ve  days  l a te r  (on  23  Dec  1980) ,  15  j uven i ' l es  were  co l l ec ted  f rom

the Car lsbad ke1p forest ,  about  21 km to the south of  San 0nofre,  and t ransplanted to

the same S0KD45 stat ion in  the manner  just  descr ibed.  .  Immediate ' ly  a f ter

t ransplant ing,  each f rond on both t ransplanted and natura l  p ' lants  v las measured as

desc r ibed  ' i n  t he  p rev ' i ous  sec t i on .  Approx ima te l y  1  mon th  a f te r  t ransp lan t i ng  (on

19  January  198 i ) ,  we  co l l ec ted  a l l  r ema in ing  p lan ts  and  aga in  measured  the  f ronds .

lde conducted a s imi lar  exper iment  in  1982.  0n 19 January 1982,  we t ransplanted

24  labo ra to ry - rec ru i t ed  p lan ts  a long  w i th  26  na tu ra l l y -occu r r i ng  j uven i l es  taken

from the eastern por t ion of  SOK forest  to  racks at  the S0K045 s i te .  These p lants

were  s im i l a r l y  measured  immed ia te l y  a f te r  t ransp lan t ' i ng  and  aga in  on  2March  1982 .

'1O.2.4 The Effects of Physicochemical Factors on Growth and Mortality

We conducted i5  t ransplant  exper iments f rom 1979 through 1986 in  order  to

examine  the  e f fec ts  o f  env i ronmen ta l  va r i ab les  on  the  g rowth  and  mor ta l f t y  o f

i uven i  1e  ke1p .  S i  x  s ta t ' i ons  
' l oca ted  

i  n  t he  San  Ono f  re  and  San  Ma teo  ke l  p  fo res ts

were  used  a t  va r i ous  t ' imes  th roughou t  ou r  s tudy  (F ig .  i 0 .1 ) .  A  comp le te  tabu la t i on

o f  t he  da tes  f o r  each  t r ansp lan t  and  t he  s ta t i ons  used  a re  g i ven  i n  Tab le  10 .1 .  A l l

10-5





s ta t ' i ons  were  l oca ted  w i th ih  50  m o f  adu l t ,  ke lp  popu ld t i ons  tha t  pe rs i s ted  fo r  t he

' l eng th  
o f  t he  s tudy ,  and  a l1  were  a t  a  dep th  range  o f  i 3 .2  to  14 .4  m.  A t  t he  canopy

stat ions (SMK-CAN, S0KD-CAN, SOKU-CAN) t ransplants  were p laced under  a s tand of

adu ' l t  Mac rocys t i s  py r i f e ra .  A t  t he  o the r  s ta t i ons  (SOKD45 ,  S0KU45 ,  and  SMK45) ,  a l l

adu l t  p lan ts ' l oca ted  w i th in  app rox ima te ' l y  10  m o f  t he  t ransp ' l an t  racks  were  c lea red

so  tha t  t hey  wou ld  no t  shade  the  t ransp lan ted  ' i nd i v idua ' l s .  A t  each  s ' i t e ,  we

t ransp lan ted  25  to  40  j uven i ' l es  on to  racks ,  as  desc r ibed  p rev ious l y ,  f o r  a  pe r iod  o f

between 6 and 10 weeks.

Dur ing the course of  each exper iment ,  in tegrated quantum i r rad iat ' ion and

temperature rvere measured at 2 m above the bottom at each site. Methods used to

measure  te tnpe ra tu re  and  i r rad ' i ance  a re  g i ven  i n  Append ix  C .  Mean .va lues  fo r  g i ven

exper imenta l  per iods were ca ' lcu lated f rom i  r rad ' ia t ion and tempe' rature va lues

recorded at  L  to  2-hr  in terva ls .

Ni t rogen data vrere obta ined f rom Mar ine Ecologica1 Consu' l tants  (MEC),  and

Ecosystems Management  Associates.  We used the ' i r  va lues for  to ta ' l  n i t rogen (N0.  +

N0.  + NHo).  Samples were taken at  var ious f requencies ranging f ron weekly  to  b i -

month ly .  ! {a ter  samples co l  lected for  n i t rogen ana' lys i  s  vrere not  a lways taken f  rom

exac t l y  t he  same ' l oca t i ons  as  ou r  s t a t i ons .  I n  t hese  i ns tances ,  we  used  da ta

co l  l ec ted  f  rom w i th in  100  m o f  ou r  s ta t i ons  i n  a  g i ven  ke ' l p  f o res t .  Th i  s  was

ius t i f i ed  based  on  t he  re l a t i ve  l ack  o f  l ongsho re  va r i ab i l i t y  i n  nu t r i en t s  w ' i t h i n

these  ke lp  f o res t s  (Re i t ze1 ,  e t  a l . ,  f u t u re  MRC repo r t ) .

Af ter  p lants  were co1lected at  the end of  an exper iment ,  a  bot tom blade f rom

each  p lan t  (o r  a  subse t  o f  5  randomiy  se lec ted  p ' l an ts  i n  1979  exper imen ts )  was

removed  fo r  a  de te rm ina t i on  o f  t he  abundance  o f  f ou l i ng  o rgan isms .  A  g r i d  o f  po in t s
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spaced  1  cm apar t ,  was  l a id  ove r  t he  b lade ,  and  the  number  o f  po ' i n t s  con tac t i ng

fou i i ng  o rgan isms  was  reco rded .  Fo r  bo th  the  fou ' l i ng  s tudy  and  the  t i ssue

ca rbon /n ' i t r ogen  ana lyses  desc r ibed  be low ,  a  bo t tom b lade  re fe rs  to  the  f i r s f  i n tac t

b lade encountered when moving up each f rond f rom the pr imary d ichotomy.

Beg inn ing  i n  1981 ,  we  a l so  samp led  j uven i l e  p ian ts  to  de te rm ine  t i ssue  ca rbon

(C)  and  n i t r ogen  (N )  l eve l s .  A t  t he  beg ' i nn ing  o f  each  t r ansp lan t  expe r imen t ,  one

b lade  f rom each  o f  t he  10  to  20  p lan ts ' l e f t  ove r  f rom the  poo ' l  o f  p lan ts  co l l ec ted

fo r  t ransp lan t i ng  was  samp led  bo t tom to  de te rm ine ' i n i t i a l  l eve l s  o f  C  and  N .  Each

b lade  was  c leaned  o f  any  fou ' l i ng  o rgan ' i sms ,  f rozen ,  and  subsequen t l y  ana lyzed  w i th  a

Hewlet t -Packard CHN analyzer .  From 1981 to 1984,  we samp' led a bot t ,om blade at  the

end of  each exper iment  f rom each surv iv ' ing p lant  to  determine the f jna1 leve ' ls  o f  C

and N in  the p lants .  Dur ing i985 and 1986,  we sampled bot tom b ' lades f rom a subset  o f

5 randomly se l  ected p ' l  ants  f  rom each stat ' ion at  the end of  the t ranspl  ant

exper iments.  Levels  of  C and N were determined by averag ' ing the ' in i t ia ' l

measurements and those taken f rom each stat ' ion at  the end of  the t ransplant  per iod.

10.2.5 Comparison of Growth Rates of Fert i l ized vs Unfert i l ized Juveniles

The  e f fec t  o f  nu t r i en t  ava i l ab i ' l i t y  on  g rowth  was  examjned  by  fe r t i f i z i ng

t ransplanted iuveni ' les at  the SMK45 stat ion,  and compar ing the growth of  these

fe r t i l i zed  p lan ts  to  un fe r t i l i zed  con t ro l s  p laced  on  racks  abou t  15  m away .  Mus l i n

mesh  bags ,  measur ing  30  cm long  x  4  cm in  d iamete r ,  v re re  f i l l ed  w i th  200  g  o f

Osmoco te  f e r t ' i l i ze r  (S ie r ra  Chemica l  Co . ,  M i l p i t as ,  CaJ ' i f o rn i a ) .  Th i s  f e r t i l ' i ze r i s

a  b lend  o f  ammon ium n i t ra te  and  phospha te  sa1 ts  (?6% N and  l I ? (  P )  wh ich  ' i s  pe ' l l e t i zed

and  coa ted  w i th  a  semipe rmeab le  po l ymer  f i lm .  The  bags  o f  f e r t i l i ze r  were  a t tached

to the racks and were arranged so that  one bag surrounded the holdfast  o f  each p iant .

Bags  o f  f e r t i ' l i ze r  were  rep laced  by  new bags  eve ry  7  to  10  days .
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l , ' le  d ' id  not  measure n i t rogen and phosphorus level  s  in  the seawater  wi th in  the

v i c ' i n i t y  o f  t he  fe r t i l i ze r  du r ing  th i s  expe r imen t .  However ,  s tud ies  a t  SOKD in  1981

showed  tha t  du r ing  a  pe r iod  when  amb ien t  n i t rogen  l eve l s  (N0 ,  +  NOz  +  NHu)  were

approx ima te l y  1  to  3  uM,  to ta ' l  n i t r ogen  l eve l s  w i th in  seve ra l  cm o f  t he  fe r t i l j ze r

were 10 to  18 t ' imes h ' igher  than ambient  a f ter  2  days,  and were 7 to  8 t imes h igher

than  amb ien t  a f te r  7  to  10  days  (Tab ' l e  10 .2 ) .  No  i nc rease  i n  n i t rogen  l eve l  ove r

amb ' i en t  cou ' l d  be  de tec ted  a t  10  m f rom the  fe r t i l i ze r .  Phosphorus  l eve l s  were  no t

measured in  1981 e i ther ,  but  s ince both n i t rogen and phosphorus were coated wi th  the

same semipermeable f i im,  we presume that  the re lease rates for  phosphorus were

s im i l a r  t o  t ha t  o f  n i t rogen ,  and  tha t  phosphorus  l eve l s  were  a l so  e leva t ,ed  i n  t he

v i c ' i n i t y  o f  t he  fe r t - i ' l i ze r .

Two nutr ient  addi t ion exper iments were conducted f rom 5 Ju ly  to  24 Ju ly  1984,

and f rom ?4 Ju ly  to  4 September 1984.  In  the f i rs t  exper iment ,  20 p lants  were

t ransp lan ted  to  the  SMK45  s i t e .  Ten  p ian ts  (5  on  each  o f  two  racks )  were  fe r t ' i l i zed

and  10  p lan ts  (p laced  on  ano the r  two  racks )  were  un fe r t ' i l i zed .  I n  t he  second

exper imen t ,  we  t ransp lan ted  35  p ' l an ts  to  SMK45 .  Ten  p lan ts  were  fe r t i l i zed  and  the

o the r  25  were  un fe r t i ' l i zed .  I n  bo th  expe r imen ts ,  f e r t i l ' i zed  racks  and  con t ro l  racks

were spaced 15 m apar t  to  prevent  dr i f t  o f  fer t i l izer  f rom the fer t i ' l i zed to  t ,he

con t ro l  p lan ts .  Du r ing  the  second  exper imen t ,  25  un fe r t i l i zed  p lan ts  were  a l so

t ransplanted to  S0KU45 and S0KD45 stat ions (as par t  o f  our  ongo' ing BACI-P and

phys iochem' i ca l  s tud ies ) .  T i ssue  n i t rogen  l vas  measured  as  desc r ibed  p rev ious l y .
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10.2.6 Growth Rate and Mortality Rate Calculations and Statist ical Analyses

Relat ' ive growth rates (RGR)were  ca l cu la ted  as :

RGR= l q ( l - z ) - l n (L ' )

t z - t

where  Lz  and  L ,  a re  the  f i na l  and  i n i t i a l  l eng ths  summed ove r  a l l  f r onds  on  the

p1an t ,  and  ( t .  -  t r )  i s  t he  number  o f  days  be tween  measuremen ts .  Da ta  on  a l l  p lan ts

w i th  m iss ing  f ronds  o r  damaged  sc im i ta r  b lades  were  e l im ina ted  f rom the  ana lyses  o f

growth rate.  This  funct ion was appropr ia te for  measur ing the growth of  iuveni ' le

Macrocyst is  because p ' lants  in  th ' is  s ize range d isp ' lay a geometr ic  pat tern of  growth

(  Lobban ,  1978a  and  resu ' l t s  be l  ow) .

Ins tan taneous  mor ta l i t y  ra tes  were  ca l cu ' l a ted  us ing  an  equa t ion  s im i l a r  t o  t ha t

desc r ibed  above :

Morta l i ty  ra te = l n ( N ' ) : ' l n ( N 1 )
+ - +
v 2  e  l

where  N .  and  N ,  a re  the  number  o f  p lan ts  su rv i v ' i ng  a t  t imes  t t  and  t r ,  r espec t ' i ve l y .

Di f ferences ' in  mean Erowth rates among t ransplanted vs contro ' l  p ' lants  and among

natura l  1y-recru i ted vs 1 aboratory- recru i ted sporophytes i  n  our  pre ' l  imi  nary

exper imen ts  were  tes ted  w i th  the  S tuden t ' s  t - s ta t i s t i c  (Soka l  and  Roh l f ,  1969 ) .

The  re la t i onsh ips  be tween  g rowth  ra tes  and  env i ronmen ta ' l  va r i ab les ,  and

mor ta ' l  i t y  ra tes  and  env i ronmen ta l  va r i ab les ,  were  de te rm ' i ned  by  a  mu l t i p le

reg ress ion  ana ' l y s i s  (Be l s l ey  e t  a l  . ,  1980 )  us i ng  a  S ta t i s t i ca l  Ana l ys i s  Sys tem (SAS)

package (  SAS, 1982)  .  For  these ana' lyses,  the i  ndependent  var i  ab l  es were I  og-
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t r ans fo rmed .  P re l  im ina ry  qna lyses  ' i nd i ca ted  tha t  t he  1og  t rans fo rmed  mode ' l  y i e lded

a  be t te r  f i t  t o  t he  da ta  (h ighe r  R2)  than  un t rans fo rmed  mode ls  i n  mos t  cases .

We used mean growth rates in  our  models  rather  than the growth for  ind iv idual

p lants  for  two reasons.  F i rs t ,  the number of  p lants  which surv ived undamaged at

each  s ta t i on  th rough  each  expe r imen t  va r ied .  Us ing  g rowth  ra tes  fo r  i nd i v idua ' l

p lan ts  wou ld  have  we ighed  more  heav i l y  t hose  s ta t i ons  w i th  h ighe r  numbers  o f  useab le

growth rates.  Second,  the i r rad iat ion,  temperature,  and nutr ient  data were co l ' lected

f i om a  s ing le  s i t e  nea r  t he  t ransp lan t  racks .  The re fo re ,  each  p lan t  d id  no t  have  i t s

own unique set  o f  data for  independent  var iab les.  Using mean growth rates in  the

reg ress ' i on  mode ls  ove r -es t ima tes  the  Rz  because  be tween-p1an t  va r i ab i ' l i t y  i s

i gno red .  However ,  t h ' i s  sou rce  o f  va r i ab i ' l i t y ' i s  re la t i ve l y  un impor tan t  i n  ou r

eva lua t i on  o f  t he  e f fec ts  o f  phys i ca l / chemica l  f ac to rs  on  g rowth .

Data that  were co l lected f rom s ' i tes ' in  50K af ter  the beginning of  operat ion of

SONGS Un i t s  2  and  3 ,  were  e l im ' i na ted  f rom the  ana lyses .  A1so ,  we  on l y  used  da ta  f rom

depths of  approx ' imate ly  13 to  14 m.  Data f rom ear l  ier  exper iments near  the Unj t  1

d ischarge (depth = 8 m) and f rom the inshore por t ions of  SOK and SMK (depth = 10 m)

were e l iminated.  | r le  d id  not  use these data because the morphometr ics of  p lants

changes wi th  depth,  making i t  impossib le  to  compare growth rates based on f rond

leng th  measured  a t  d i f f e ren t  dep ths .

We  de te rm ined  t he  compensa t i ng ' i r r ad ia t i on  l eve ' l  ( I o ,  t he ' i r r ad ia t ' i on  l eve l

below which no growth occurs)  and the max' imum growth rate (Gr"*)  by f i t t ing a

func t ' i on  s im i l a r  t o  t he  von  Ber ta lan f f y  g rowth  equa t ion  (R icke r ,  1975) :

10-10





G = Gr " *  ( t -ek ( I  
-  Io ) )

where  G  i s  t he  re ' l a t i ve  g rowth  ra te  (a -1 ) ,  Gmax ' i s  t he  max imum g rowth  ra te  o r

asymptote of  the growth curve,  I  is  the i r rad iat ion 
' leve l  

1n E/n2/d and Io  is  the

compensa t ing  i  r rad ' i a t i on ' l eve l  .

10 .3  Resu l t s

10.3.1 Pre l iminary Exper iments:

Patterns of Growth and the Effect of Transplanting on Growth

In  p re l im ina ry  expe r imen ts  o f  Sep tember  1978 ,  t he re  were  no  s ign i f i can t

d i f f e rences  i n  t he  ave rage  g rowth  ra tes  among  t ransp lan ted  and  con t ro l  p lan ts  (Tab ' te

10.3)  ind icat ing that  our  t ransplant  procedure had no ef fect  on the growth rate of

Macrocyst i  s  pyr i  fera.

Both t ransp ' lanted and contro l  p lants  showed s ' imi ' lar  pat terns of  exponent ' ia1

growth (  F i  g .  10.3)  .  The actua ' l  ra te of  growth var i  ed dependi  ng on the

phys i cochemica ' l  cond i t ' i ons  du r ing  the  t ransp lan t  pe r iod .  The  g rowth  o f  p ' l an ts  j n

the 0.5 to  4 m s ize-range remained on the exponent ia ' l  par t  o f  the growth curve and

there was no ' ind icat ' ion of  growth rate approaching an asymptote.

Exper iments compar i  ng 
' l  
aboratory- recru i  ted vs natura l  1y-recru i  ted p i  ants

ind icated that  there were no s ign ' i f icant  d i f ferences among the two groups wi th

respec t  t o  g rowth  ra te ,  va r i ance  i n  g rowth ,  o r  su rv i va ' l  (Tab les  10 .4  and  10 .5 ) .

However ,  the growth rate of  laboratory- recru i ted p iants  v /as somewhat  lower  than for

na tu ra ' l 1y - rec ru i t ed  p lan ts  (doub l i ng  t imes  o f  i 8  and  24  days ,  respec t i ve ' l y ) ,
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sugges t i ng  tha t  d i f f e rences  i n  sou rces  may  havb  con t r i bu ted  to  the  va r iance ' i n  t he

growth rate.

10.3.2 Factors Affecting Growth

}Je exam' ined the fo ' l lowing factors which could have in f1uenced the growth rate

o f  i uven i l e  p ian ts  and  may  have  been  respons ib ' l e  f o r  bo th  tempora l  and  spa t i a l

d i f f e rences  j n  g row th :  ( 1 )  i r r ad ia t i on ,  ( 2 )  t empe ra tu re ,  ( 3 )  t o ta l  i no rgan i c

n ' i t r ogen ,  and  (4 )  f ou l i ng  o f  b lades  (Append ix  - ) .  A  reg ress ion  o f  t he  mean  o f  g rowth

ra tes  o f  p lan ts  a t  each  s ta t i on  du r ing  each  expe r imen t  vs  the i r  assoc ia ted

env i ronmen ta l  va r i ab les  i nd i ca ted  tha t  i r rad ia t ' i on  and  tempera tu re  (a t  t he  0 .1
' l eve l )  

exp la ined  a  s ign ' i f i can t  po r t i on  o f  t he  va r iance  i n  g rowth  ra te  w i th  an  R t  =

0 .50  (Tab le  10 .6 ) .  The re  was  a  pos i t ' i ve  re la t ' i onsh ip  be tween  g rowth  and

i r rad ia t i on ,  wh i l e  g rowth  was  i nve rse l y  re la ted  to  tempera tu re .  I r rad ia t i on

exp la ined  the  Ia rges t  po r t ' i on  o f  t he  va r iance ,  wh i l e  t he  re ' l a t i onsh ip  o f  t empera tu re

wi th growth was weak.

In  order  to  examine the poss ib le  ef fects  of  s tored carbon and n i t rogen on

growth,  we added t issue carbon and n i t rogen as independent  var iab ' les and ran the

reg ress ' i on  aga in .  Th i s  ana lys i s  used  a  s f i gh t l y  d i f f e ren t  da ta  se t , .  T i ssue  C  and  N

data were not  co l lected in  1979 or  1980.  Data co ' l ' lec ted pr ior  to  1981,  therefore,

were not  inc luded in  the regress ion.  I r rad iat ion and temperature were the most

s ign i f i can t  con t r i bu to rs  to  the  exp ' l a ined  va r iance  i n  g rowth  ra te .  T i ssue  n i t rogen

was  s i gn i f i can t  on l y  a t  t he  0 .1  l eve l  and  t i s sue  ca rbon  was  no t  s i gn i f i can t  (Tab1e

10 .7 ) .  The  ana l ys i s  y i e1ded  an  R2  o f  0 .72 .

The  re la t i onsh ip  o f  g rowth  ra te  w i th  i r rad ia t i on  and  tempera tu re  i s  g i ven  i n

Fi  gure 10.4.  Growth rate at  a  g i  ven ' i r rad ' ia t i  on 
' leve l  

was 
' lower  

at  temperatures
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above about  16.soC.  However ,  there is  some quest ion as to  whether  growth was

ac tua ' l 1y  l im i ted  by  h ' i gh  tempera tu res  o r  by  l ow  nu t r i en t ' l eve ' l s  t ha t  a re  assoc ia ted

wi th h igh temperature.  Studies conducted by ECOsystems Management  Assoc.  (Sect ion

5 .0 ,  F i g .6 .5 )  i nd i ca te  t ha t  t he re  i s  a  s t r ong  nega t i ve  co r re l a t j on  o f  n i t r a te  and

n i t r i t e  n i t rogen  w i th  tempea tu re  and  tha t  n ' i t r a te  and  n i t r i t e  l eve l s  i n  sea  wa te r

are se ldom above 1 uM at  temperatures greater  than i6 .soC.

We tested the hypothesi s that growth was nutri  ent- ' l  ' imi ted i  n two nutri  ent

addi t ion exper iments conducted in  summer 1984.  This  was dur ing the E ' l  N ino per iod

when temperatures were h igh (averaging 16.50 and 17.7oC near  the bot tom dur ing the

two  exper imen ts )  and  n i t rogen  concen t ra t i ons  were  l ow .  The  fe r t i ' l i zed  p lan ts  g rew

s ign i f  i can t l y  be t te r  t han  the  un fe r t i ' l i zed  p lan ts  ' i n  bo th  expe r imen ts  (Tab ' l e  10 .8 ) .

The re ' la t ive growth rates of  the fer t i ' l  i  zed p l  ants  v /ere s imi  I  ar  to  the maximum

growth rates observed in  our  s tudy when l ight  leve ' ls  were h igh,  temperatures wepe

be low  15 . soC  and  n i t r ogen ' l eve ' l s  b re re  h i gh  (F ig .  10 .5 ) .

Mean  t ' i ssue  n i t rogen  l eve l s  were  s l i gh t l y  h ighe r  f o r  f e r t i ' l i zed  p lan ts  than  fo r

un fe r t i l i zed  ones .  However ,  d i f f e rences  i n  t i ssue  n i t rogen  l eve l s  a t  t he  end  o f  t he

exper imen ts  were  no t  s ign i f i can t  (Tab1e  10 .9 ) .

10.3.3 Compensating lmadiation and Maximum Growth Rates

The  compensa t ing  i r rad ia t i on  l eve l ,  under  non - l ' im i t i ng  nu t r i en t  cond i t ' i ons ,

was est ' imated f i rs t  by us ' ing an equat ion der ived f rom the regress ion of  gror* th  vs

j r rad iance  fo r  a l l  cases  r *hen  tempera tu res  were  be ' l ow  16 .5oC (Tab1e  10 . i 0 ) .  Th i s

y ie ' l ded  an  es t ima te  fo r  t he  compensa t ion  po in t  o f  0 .23  E /n2 /d .
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hle a lso determined the compensat ing i r rad iat ion level  and the maximum growth

ra te  by  f i t t i ng  a  func t i on  s im i l a r  t o  t he  von  Ber ta ' l an f f y '  g row th  equa t ion  (R icke r ,

1975) .  Th i s  func t i on  appeared  to  f i t  t he  ava i l ab le  da ta  be t te r  t han  the  s imp le

l oga r i t hm ic  one  used  i n . t he  reg ress ion  ana l ys i s .  b l e  aga in  e l im ina ted  da ta  w i t h

temperatures greater  than 15.soC .  Thi  s  curve f i  t t j  ng procedure y i  e ' l  ded a

compensa t ion  va lue  o f  0 .69  E /nz /d  and  a  max imum g rowth  ra te  o f  A .022  d - l  (Tab ' l e

10 .10 ) .  The  l a t te r  va1ue  co r responds  to  a  doub l i ng  t ime  o f  31  days .  The  max imum

growth rate occurred when i r rad iat ion ' levels  were above the apparent  saturat ion
' level  

o f  between 2 and 3 E/nz /d  (  F i  g  .  10.  5)  .

10.3.4 Factors Affecting Mortati ty

}Je examined the same set  o f  env i ronmenta ' l  factors  as was prev ' ious ly  used in  the

growth rate analys is  to  determine what  in f luence they had on morta l i ty  ra tes of  the

t ransp lan ts .  Regress ion  o f  mor ta l i t y  ra tes  w ' i t h  t hese  env i ronmen ta l  va r i ab les

' i nd ' i ca ted  tha t  none  o f  t he  va r iab ' l es  exp la ined  a  s ' i gn i f  i can t  po r t i on  o f  t he  va r iance

in  mor ta l i t y  r a tes  o f  t he  j uven i l e  t r ansp ian t s  (Tab1e  10 .11  and  10 .12 ) .

10 .4  D iscuss ion

The growth of  juveni le  Macrocyst ' is  pyr i fera in  the San 0nofre and San Mateo

ke lp  fo res ts  was  de te rm ined  p r imar i l y  by ' i r rad ia t i on  and  nu t r i en t ' l eve ' l s .  t r n  rnos t

instances,  growth appeared to  be j r rad iance ' l imi ted.  
l l le  est ' imated the compensat ing

i r rad ia t i on ' l eve l  a t  0 .7  E /n2 /d  and  the  sa tu ra t i on  l eve l  a t  be tween  2  and  3E /nz /d .

I r rad ia t i on  a t  2  m above  the  bo t tom in  the  ke ' l p  f o res ts  genera l l y  f a l l  be tween  the

compensa t ion  and  sa tu ra t i on  po in t s .  Nu t r i en t  l im i ta t i on  was  mos t  p reva ' l en t  du r ing

the E1 Nino f rom fa l l  1982 through fa ' l l  1984,  when temperatures were h igh and

nu t r i en t  l eve l s  were ' l ow .  0 f  t he  9  i ns tances  when  mean  tempera tu res  du r ing  ou r

expe r imen ts  we re  above  16 . soC  ( ' i nd i ca t i ng  ' l ow  
nu t r i en t  I eve l s ) , 6  occu r red  du r i ng

the El  N ' i  no .
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Regress ion  ana lyses  i nd i ca ted  tha t  t e rnpe ra tu re  was  nega t i ve i y  co r re la ted  w i th

growth rate.  However ,  nut r ient  add ' i t ion exper iments demonstrated that  g iven

su f f i c i en t  n i t rogen  and  phosphorus ,  max imum g rowth  cou ld  be  ma in ta ined  a t

temperatures of  up to  18oC. Temperature appeared to  act  as an ind icator  nut r ient

ava i l ab i l ' i t y  because  o f  t he  co r re la t i on  be tween  tempera tu re  and  nu t r i en ts  (Re i t ze1 ,

e t  a l  . ,  f u tu re  pub ' l i ca t i ons ) .  Hour ' l y  t empera tu res ,  as  measured  i n  ou r  s tudy ,

p robab ly  gave  an  even  be t te r  es t ima te  o f  nu t r i en t  ava i l ab i ' l i t y  t han  n i t ra te  and

n i t r i t e  concen t ra t i ons  measured  on  a  week ' l y  bas i s .  Th i s  i s  because  o f  t he  h igh

degree  o f  sho r t - t e rm tempora l  va r i ab i l i t y  i n  nu t r i en ts  tha t  i s  obse rved  i n  sha l ' l ow

coasta l  waters in  southern Cal i forn ia (Z immerman and Kremer,  1984) .

T i ssue  n ' i t r ogen  was  on l y  weak ly  co r re ' l a ted  w j th  g rowth  ra tes  o f  j uven i ' l es .

Gera rd  (1982)  i nd i ca ted  tha t  t i ssue  n i t rogen  l eve ' l s  become l im i t i ng  fo r  g rowth  when

they  fa1 ' l  be low  1 . l ? i  N .  However ,  supp l i es  o f  t i ssue  n i t rogen  can  va ry  cons ide rab l y

f rom week  to  week .  Un ' l i ke  o the r ' l am ina r ian  spec ies ,  Mac rgcys t i s  has  re la t i ve l y

l im i ted  supp l i es  o f  t i ssue  n i t rogen  and  dep le tes  them rap id l y  ( t / hee le r  and  Nor th ,

1981 ;  Gera rd ,  1984) .  Our  samp l ing  o f  t i ssue  n i t rogen  a t  on l y  t he  beg inn ing  and  end

of  our  exper iments probably  gave a poor  est ' imate of  the t issue n i t rogen 
' leve ' ls  

in

p lan ts  ove r  t he  6 -week  pe r iod .

lde cannot  complete ly  ru ' le  out  the poss ib i ' l i ty  that  gro\dth may at  t imes be

l imi ted by some other  factors.  Gerard (1984)  suggested that  h igh temperatures

( t t 8o )  may  f im i t  t he  g rowth  o f  sma l l  f r onds  on  adu ' l t  Mac rocys t i s .  We  d id  no t  conduc t

nu t r i en t  add i t i on  expe r imen ts  a t  such  h igh  tempera tu res  and  the re fo re  canno t  add ress

the  poss ib i l i t y  o f  d i rec t  e f fec ts  o f  t empera tu re .  i t  may  a l so  be  tha t  t he re  i s  some

interact ' ive ef fect  o f  temperature and nutr ients  as was repor ted by Lapointe et  a l .

(1984) .  Fou ' l i ng  o f  ke lp  b ' l ades  by  sess i ' l e  i nve r teb ra tes  may  a l so  a f fec t  g rowth
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o (  Lobban ,  1978b)  .  l , le  f  ound no s ' ign i  f  icant  e f  fect  o f  f  ou l  i  ng on the growth of  the

iuven i l e  ke lp  i n  ou r  expe r imen ts ,  however ,  D i xon  e t  a l .  ( 1981)  found  tha t  ve ry

heavy cover  of  ke lp by fou ' l ing organisms could cause reduced growth.

I t  j s  p robab le  tha t  j r rad ia t i on  and  nu t r i en t  ava i l ab i l ' i t y ' i n te rac ted  to  con t ro l

g rowth .  A l though  we  do  no t  have  su f f i c i en t  nu t r i en t  da ta  to  a l l ow  us  to  deve ' l op  a

mode l  o f  i n te rac t i ve  e f fec ts , ,  i t  appears  tha t  bo th  the  compensa t ing 'and  sa tu ra t i ng

i r rad ia t i on  l eve l s  i nc reased  du r ing  the  pe r iod  when  nu t r i en ts  were  l ' im i t ' i ng  (F ig ,

10.5) .  Nut , r ients  and i r rad iance have been shown to have an in teract ' ive ef fect  on

iuven ' i 1e  Macrocys t i s  g rown  in ' l abo ra to ry  cu l tu re  (Sh jv j i ,  1985 )  and  o the r  a lgae  as

we l l  ( Lapo in te  and  Tenore ,  1981 ;  Rhee  and  Go tham,  1981) .

Regnession analyses expla ined approx imate ly  Sf f i (  to  7VA af  the var iance in  mean

growth  ra te  on  a  g i ven  s ta t i on  and  da te .  The  unexp la ined  va r iance  can ' l i ke l y  be

at t r ibuted to  severa l  causes,  inc lud ' ing measur ing error  in  both dependent  and

independen t  va r i ab les  and  poss ' i b1e  e f fec ts  o f  h ' i s to ry  o r  cond i t i on ing  o f  p ian ts

p r io r  t o  t ransp lan t ' i ng .  However ,  we  suspec t  t ha t  a  i a rge  po r t i on  o f  t he  unexp la ined

va r iance  was  due  to  va r iab i ' l i t y  ' i n  t he  n i t rogen- tempera tu re  re ia t i onsh ip .  N i t ra te

and  n j t r i t e  l eve l s ' i n  seawa te r  a re  un i fo rm ly  l ow  a t  t empera tu res  above  16 .5oC and

are unj formly h igh at  temperatures beiorv  l .3oC,  but  there is  considerable var iab ' i1 i ty

a t  t empe ra tu res  be tween  13o  and  15 . soC  ( see  Sec t i on  6 .0 ,  F i g .6 .5 ) .  Tempera tu res

on  the  sea f l oo r  a t  t he  San  Ono f re  and  San  Ma teo  ke lp  fo res ts  genera l l y  f a l l  w i th in

th i s  range  mak ing  the  use  o f  t empera tu re  as  an  i nd j ca to r  o f  n i t rogen  c rude .

Ana lyses  o f  t he  i uven i l e  t ransp lan t  mor ta l  i t y  da ta  showed  no  s ign ' i f i can t

corre ' l  a t ' ions wi  th  env ' i  ronmenta l  var i  ab ' les .  Thi  s  i  s  not  surpr i  s i  ng and cer ta i  n ly

does not  mean that  env i  ronmenta ' l  factors  are not  i  n f l  uenci  ng juveni  1  e ke1 p

10 -16



o

o

o



mor ta l i t y .  The  . t ransp ian t  expe r imen ts  were  des igned  to  m in ' im ize  mor ta l i t y  i n  o rde r

to  avo id  the  con found ing  e f fec ts  o f  ms r ta l i t y  on  ou r  es t ima t jon  o f  g rowth  ra te .

Th i s  was  done  t r ansp lan t i ng  j uven i l es  on to  racks  and  by  ra i s i ng  t he  j uven i ' l e s  up  o f f

t he  sea f ' l oo r .  Th i s  reduced  the  po ten t i a l  f o r  compe t i t ' i on  w j th  o the r  p lan ts ,

p reda t i on  by  ben th i c  g raze rs  ( such  as  sea  u rch ins ) ,  and  e f fec ts  o f  sed imen t , / sand

movemen t .  I n  add i t i on ,  t he  l eng th  o f  t he  expe r imen ts ,5  weeks ,  was  se lec ted  to

m in im i ze  mor ta l i t y .  P lan t s  wh i ch  we re  s t r essed  wou ld ' l i ke l y  be  ab le  t o  su rv i ve  f o r

6  weeks  bu t  wou ' l d  no t  be  ab le  to  su rv i ve  much ' l onger  t ime  pe r iods .
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Date

Tran sp 1 anted Source

Tab le  10 . i  Da tes ,  sou rces  o f

exper i  ments .

j uven i l e  ke lp ,  and  s ta t ' i ons  fo r  each  o f  16

Stat i  on s

t ran sp i  ant  
, .  , \

,  i  
l  

' " t

I  ' f  '

) t l "

. . : t :

t '  * \ '/ l "

":' l .''-+
^t

I' d . 1 1
' f  

. 2  ' , t ' ' 1  ,

1 "  * 4  , . u r ")  i ' r-  , .ai
1l  t , I  I_

4  €  . : r "
1 ?  

r t ,  
- $

1

.  t . i  \ ' j
1. . ; "  r \

.l
: . ;  i

t V

]  22 Aug 79 La Jo l la  S0KD45,  S0KU45
l1 15 Nov 79 Laboratory S0KD45, S0KU45
'. 18 Sep 8b Car' lsbad S0KD45, S0KU45, S0KD-Can

." 25 Nov 80 Laboratory S0K045, S0KU45, S0KD-Can, S0KU-Can

16 Jul  81 SOK S0K045, S0KU45, SlvlK-Can, 5MK45

28 Aug 81 Laboratory S0KD45, S0KU45, SMK-Can, SMK45

02 Dec 8i SOK S0KD45, S0KU45, SMK-Can, SMK45

-lOr94S-' SOrttas'' SUK:laq --..-..-
!+.t 24 Jri ' l  84 SgK s0KD45, S0KU45, SMK45

.  13 Sep 84 Laboratory 50KD45, S0KU45, SMK45
:. '  09 Ju1 85 Laboratory S0KD45, S0KU45, SlvlK4s

,i1; '  05 Sep 85 Laboratory S0KD45, SOKU45, SMK45

,: 1' 2? Oct 85 Laboratory S0KD45. S0KU45, SMK45

i4 18 Dec 85 Encin i tas S0KD45,  S0KU45,  SMK45

7 t 24 Jun 86 Laboratory 50K045, S0KU45, SMK45

a 2*07 Aug 86 SMK S0KD45, S0KU45, SMK45

"7

. . lr_ d
LT'  

'U

r  1 1
I
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Tab le  10 .2  N i t rogen  concen t ra t i ons

o f  bags  o f  f e r t i l i ze r  and  a t  con t ro l

no  da ta .

o f  seawa te r  samp led  w i th in  seve ra l  cen t ime te rs

s i t es  10  m away .  Bo th  s i t es  were  i n  S0K i  nd  =

No .  o f  days
a f te r  i n i t i a ' l

p l  acement

Exper iment  #1
13  Ju l y  1981

7

Experiment #2
29 Ju ly  i981

2

10

Tota l
n i t rogen concentrat ion

uM

Contro l Fert i  I  i  zed
Rep f  i ca te

a
,?

1
z
J

0.6
0 .7
0 .6

1 .9
2 .9

0 .8
0 .7

5 .1
nd
nd

28 .0
35 .0

6 .0
5 .7

1
?

1
2
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Tab ' l e  10 .3  T - tes t  compar i  ng

tes t  i nd i ca ted  tha t  va r i ances

0 .88 )  .

Treatment

Transpl  anted

Contro ' l

growth of  t ranspjanted vs

at  the two s i tes d ' id  not

und is tu rbed  p lan ts .

d i f f e r  s i gn i f i can t l y

An F-

(P  =

19

1 i

Mean rel  at ' ive
growth rate ( /d)

4 .024

0 .025

DF PR>T

-0.729 28 0 .47
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Table 10.4 T- test  compar ing,  mean

rec ru i t ed  p lan ts .  F - tes ts ' i nd i ca ted

s ign ' i f i can t l y  (P  =  0 .07  and  P  =  0 .55 ,

growth rate ( /d)  'o f

t ha t  va r i ances  a t  t he

respec t i ve l y ,  f o r  t he

l  aboratory vs natura ' l ly -

two  s i t es  d id  no t  d i f f e r

two  exper imen ts ) .

Exper iment  of  18 December 1980 to 19 Januarv 1981

P' lants

Mean
growth

rate ( /d)

Natura l ' ly  recru i ted

Laboratory reared

?3 0 .038

t2  0 .029

U F PR>T

2.A2  35  0 .051

Exper iment  of  19 Januarv 1982 to 01 March 1982

Natura l  1y recru i ted

Laboratory reared

P ' l an ts

Mean
growth
ra te  ( /d )

0  .013

0  .011

OF PR>T

20

18
1  .89 36 0 .067
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Tab le  10 .5  Su rv i va l  o f

sporophytes vs surv ' iva l  o f

the  number  o f  p lan ts  a l i ve

juven i l es  tha t  were

natura l  1y-recru i  ted

or  dead at  the end of

grown ..f  rom 
' l  
aboratory-recrui ted

j  uven ' i  i  es .  A l  ive and dead ref  er  to

the  expe r imen t .

18 December 1980 to 1.9 January 1981

Source Al  ive Dead

Natura1 ' ly- recru ' i ted 13

Laboratory-recruited ?4

z
x  =  1 .22 ,0 .10  <  P  <  0 .20

19 January 1982to 2 March 1982

Source Al  ive Dead

Natura l  1y-recru i  ted

Laboratory-recrui ted

2
x  =? .80 ,0 .05<P<

23

24

0.  10

t0-22
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Tabl  e  10.6 Regress ' ion of  mean growth rates

temperature.  A pre l  iminary analys i  s  ' ind icated

cove r  f ou l i ng  we re  no t  s i gn i f i can t  a t  P  <  0 .10 .

R-square  =  0 .498

n=24

Parameter

d f  es t ima te

vs  1og - t rans fo rmed  i r rad iance  and

that  n i t rogen ' in  seawater  and percent

Var i  ab ]e

I  n tercept

Log  i r rad ia t i on

Log temperature

1

1
I

L

0.  184
0 .012

-0 .054

PR>T

?.08  0 .  050

4 .44  <0 .001
- i .95  0 .063
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Tab le  10 .7  Reg ress ion  o f  mean  g row th  ra tes  vs ' l og - t r ans fo rmed ' i r r ad iance ,

tempera tu re ,  and  t i ssue  n i t rogen .  Da ta  co l ' l ec ted  p r i o r  t o  1981  were  omi t ted  s ince

no  t i ssue  n ' i t r ogen  da ta  were  ava i l ab le .  A  p re l im ' i na ry  ana lys i s  i nd i ca ted  tha t

n i t rogen ' i n  seawa te r  and  pe rcen t  cove r  f ou l ' i ng  were  no t  s ign i f i can t  a t  P  <  0 .10 .

R-square  =  0 .7?3

n=2?

Var i  ab l  e

Parameter

d f  es t ima te PR>T

I  ntercept

Log temperature

Log i rradi at ' ion

Log t issue n ' i t rogen

6 .003  <0 .001

-4 .003  0 .001

4 .869  <0 .001

1 .940  0 .068

1

1

1

1

4.228
-0 .062

0"013
0 .0 i3
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Tab le  10 .8  T - tes ts  compar ing  g rowth  ra tes  ( /d ' )  o f  f e r t i l i zed  vs  con t ro ' l  p lan ts .

In  bo th  expe r imen ts ,  va r i ances  i n  g rowth  ra tes  o f  f e r t ' i ' l i zed  and  con t ro l  p lan ts  d id

no t  d i f f e r  s i gn i f i can t l y  (F  =  0 .16  and  F  =  0 . i 8 ) .

Exper imen t  o f  05  Ju l v  1984  to  24  Ju l y  1984

Ferti  I  i  zed

Contro l

P ' l an ts

Mean
growth

rate ( /d)

0 .026

0 .012

DF PR>T

8

9
-3 .96  15  0 .001

Exper iment  of  24 Ju ly  1984 to 04 Sept  1984

P l  an ts

Mean
growth

rat_e (/d)

0.029

0 .009

PR>T

-6 .60  19  <0 .001

DF

Fert i ' l  i  zed

Contro I

5

15
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Tab le  10 .9

fer t i  I  ized

ana l ys i  s .

T- tests  compar i  ng arcs i  n- t ransformed

vs contro ' l  p i  ants .  Val  ues for  damaged

Means are for  unt ransformed data.

Exper imen t  o f  05  Ju l v  1984  to  24  Ju l v  1985

t i  ssue  n i t rogen  va ' l ues  (%N)  fo r

p lan ts  were  e l im ina ted  f rom the

P ' l an ts

Fert i ' l  i  zed

Contro l

Mean DF  PR>T

8

9

0.099
-1 .46  15  0 .164

0 .092

Exper iment  of  24 Ju ly  1984 to 04 Sept  1984

P ' l an ts N  Mean  T  DF  PR>T

Fer t i l i zed  4  0 .092

Contro l
- 1  . 90

16  0 .083
18 0.074
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Tabl  e  i0 .  10 Regress ' ion of  mean growth

t imes when water  temperatures were 
' less

rates vs 1og- t ransformed

t ,han  16 .  5oC.

i r rad iance  du r ino

R-square  =  0 .384

n=26

Var iab ' le

I  n tercept

Log i  r rad i  a t ' ion

Parameter

d f  es t ima te PR>T

4 .500  <0 .001

3 .871  0 .001

0 .011

0 .011
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Tab le  10 .11  Regress ion  o f  mor ta l  i t y  ra tes  vs  
' l og - t rans fo rmed  

i r rad ia t i on ,

tempera tu re ,  n i t rogen  and  fou l  i ng .

R-square  =  0 .156
n=19

Var i  ab l  e

I  n tercept

Log i r rad iance

Log n i t rogen

Log temperature

Log foul i  ng

Parameter

e st' imate

-0 .018

-0 .002
-0 .002

0 .009
-0.  000

PR>T

-0 .403  0 .693
-0 .978  0 .345
-0 .9 i7  0 .375

0 .558  0 .585
-0 .201  0 .843

d f

1

1
t

1

1
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Tabl  e  10 .  12 Regress ' ion of  morta i  i  ty  ra tes

tempera tu re ,  n ' i t r ogen ,  f ou l i ng ,  t i ssue  n i t rogen

p r i o r  t o  198 i  a re  no t  i nc l uded  i n  t h i s  ana l ys i s

were not  ana ' lyzed.

R -squa re  =  0 .169

n=19

vs  1og - t rans fo rmed  i r rad ia t i on ,

and t i  ssue carbon .  Data co l  I  ected

because  t i ssue  n ' i t r oqen  and  ca rbon

Var i  ab l  e

I  n tercept

Log ' i  rrad' iat i  on

Log n i t rogen

Log temperature

Log fou l  i  ng

Log  t i ssue  n i t rogen

Log t ' issue carbon

df

Parameter

es t imate

-0 .028
-0 .027

-0 .002

0 .004
-0  .000
-0 .Q?7

-0  .01  1

PR>T

-0 .528 0 .607
-0 .940  0 .366
-0 .648  0 .529

0 .  171  0 .867
-0 .321  0 .754
-0 .307  0 .764
-0 .437 0 .670

1

1

i

1

1

I

1
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F igu re10 .1a&b .

juven i  1e  t ransp lan t

Maps of  the

exper i  ments "

s tudy area and locat ion of  s tat ions used in
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Figure  10 .1  a

T
I
E

oo|r)

I
I

z.
L)

Y
o
an

^'
|'t

ao

C=

,5

ffi
SAl)7

o-

lrt
>4

lrJ
e,
IL
o
=
o
z,
v,

10-31





Figure 10.1 b
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F ig .  10 .2  A  d iagram o f  the  iuven i le

fo r  juven i ' le  Mqcrocys t is  p ' lan ts .

t ransplant  racks,  showing method of  a t tachment
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Figure 10.2

Tip of  Scimi tar
Bl ade

Frond Length

Primary Dichotomy
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.+-Steel Legs
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Figure  10 .3  Mean log- to ta1

transp' lanted and for control

f r ond  i eng th  ( *957o  C I )  vs .  t ime  fo r  j uven i l es  tha t  were

p lan ts  tha t  were  l e f t  und is tu rbed .
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Figure 10.3
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F igure  10 .4

temperature.

A th ree -d imen t iona l  p lo t  o f  g rowth  ra te  vs  i r rad ia t , i on  and
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Figure 10.4
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Fi  gure 10.  5  Mean re l  a t ' ive growth rates (+gS% Ci  )  for  juveni  I  es t ransp ' lanted to

va r ious  s ta t i ons  i n  t he  San  0no f re  and  San  Ma teo  ke lp  fo res ts  vs .  mean  da i i y

i r rad ia t j on  l eve l s  du r ing  the  t ransp lan t  pe r iod .  The  upper  cu rve  was  f i t  t o  a l l

data obta ' ined when temperatures were less than 16.soC (symbol  -  r ) .  The lower curve

was f i t  to  dat ,a  obta ined when temperatures wene greater  than 15.5o (symboi  = A) .

Da ta  f o r  p ' l an t s  i n  t he  f e r t i l i ze r  expe r imen ts  i s  a l so  p l o t t ed .  A 'E l ' r ep resen t s

un fe r t i l  i zed  con t ro l  p lan ts  wh i l e  a  "m '  re .p resen ts  fe r t i l  j zed  p lan ts .  L ' i nes  were

f i t  by  a  non* l i nea r  f i t t i ng  p rocedure  us ing  the  von  Ber ta ' l an f f y  equa t i on  ( see  tex t

f o r  de ta ' i 1s ) .

10-39



Figure

rowth Rote of Juvenile Sporophytes vs. lrrodiotio
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10.0 Surv iva l  o f  Adul t  Sporophytes

10.  1 ln t roduct ion

The  pu rpose  o f  t h i  s  sec t ' i on  ' i  s  two f  o l  d .  F i  r s t ,  we  w i  I  I  exami  ne  t , he  e f  f ec t s  o f

' .  age  and  dens i t y  on  the  su rv i va l  o f  adu l t  Mac rocys t ' i s .  Recen t l y  p roposed  s tage -based

mode l s  o f  ke l p  popu ' l a t i on  dynam ics  (N i sbe t  and  Bence ,  1987 )  have  assumed  tha t  age

and  dens i t y  do  no t  a f fec t  t he  su rv ' i va l  o f  adu l t s .  However ,  p rev ious  s tud r ' es  (Day ton

e t  a l ' ,  1984 ;  Rosen tha l  e t  a l . ,  1974 ) ' i nd j ca ted  t ha t  mu tua l  en tang lemen t  o f  adu l t s

occu r red  du r ing  s to rms ,  and  we  hypo thes i ze  tha t  t h i s  m igh t  resu l t  
' i n  

dens i t y -

dependen t  mo r ta l i t y .  A1so ,  we  hypo thes ' i ze  t ha t  o l de r ,  l a rge r  adu l t s  may  be  l ess

suscep t i b le  to  be ing  to rn  l oose  f rom the  subs t ra tum by  waves ,  wh ich  may  l ead  to  age -

dependen t  mo r ta l i t y .  We  w i l l  t es t  t hese  hypo theses  us ing  obse rva t i ons  o f  ma rked

\ -adu l  t  p l  an ts  I  oca ted  a l  ong  pe rmanen t  t ransec ts  w i  t h i  n  t he  San  Ono f  re  ke l  p  fo res t .

We  w i l l  a l so  exam ' i ne  t he  re l a t i ve  i n f l uence  o f  age  and  dens i t y  on  va r i ab i ' l i t y  i n

su rv ' i va l  compared  w i t h  o the r  sou rces  o f  t empo ra l  va r i ab i l i t y  ( e .g . ,  s t o rms ,

g raz ing ) .  Tes t i ng  t he  assump t i ons  o f  t he  a fo remen t ' i oned  mode l s  i s  impo r tan t  because

these  mode l s  a re  i n t ended  t o  be  used  as  add i t i ona l  t oo l s  f o r  eva lua t i ng  t he  e f f ec t s

o f  S0NGS on  ke1p .
.,|

The  second  pu rpose  o f  t h i s  sec t i on  i s  t o  examine  the  re la t i ve  impor tance  o f

rec ru ' i tmen t  vs  su r . v i va l  o f  adu l t  ke lp  i n  de te rm in ing  spa t i a l  and  tempora l  pa t te rns

o f  abundance  w i th in  the  San  Ono f re  and  San  Ma teo  ke lp  fo res ts .  Abundance  pa t te rns

o f  adu l t  ke )p  i n  Sou the rn  Ca l i f o rn i a  ke lp  f o res t s  t end  t o  be  cyc l i ca ' l ,  w i t h  peaks

occu r r i ng  eve ry  2  Lo  3  yea rs  on  ave rage  (Nor th ,  ! 971 ;  Rosen tha l  e t  a l . ,  I 974 ;

Day ton ,  e t  a l .  1984 ) .  P rev jous  s tud ies  o f  ke lp  bed  dynamics  have  s t ressed  the

impo r tance  o f  mo r ta l i t y  even t s ,  such  as  s to rms ,  g raz ing  by  sea  u r ch ins ,  o r  wa rm,

nu t r i en t -poo r  wa te r s  assoc ia ted  w i t h  E l  N ino  even t s ,  i n  de te rm in ing  t hese  t empora l
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pa t te rns  as  we l l  as  l a rge -sca1e  spa t i a l  pa t te rns  o f  abundance  (Nor th ,  I 974 ;  Day ton ,

e t  a l . ,  1984 ;  Ebe l i ng ,  e t  a l . ,  i 985 ) .  An  a l t e rna t j ve  v i ew  i s  t ha t  adu l t  abundance

pa t te rns  a re  l a rge ' l y  de te rm ' i ned  by  the  f requency  and  i n tens i t y  o f  ep i  sod i c

rec ru i tmen t  even t s .  Rec ru i tmen t  occu rs ' i n f r equen t l y  i n  Sou the rn  Ca l i f o rn i a  ke lp

fo res ts  ,  and  cyc l  i  ca1  abundance  pa t te rns  may  resu l  t  f r om pe r i  od i  c  rec ru i  tmen t

coup ied  w i t h  r e l a t i ve l y  h r ' gh ,  bu t  cons tan t  r a tes  o f  adu l t  mo r ta l i t y .  S im i l a r l y ,  t he

lack  o f  r ec ru i tmen t  i n  one  ke lp  f o res t  may  cause  i t s  dec l i ne  re l a t i ve  t o  o the r  ke : l p

fo res ts ,  even  though  mor ta l i t y  ra tes  i n  t he  two  fo res ts  a re  s ' im i l a r .

A  t h i r d  poss ib i l i t y  j s  t ha t  a  c l ose l y  coup led  assoc ia t i on  ex ' i s t s  be tween

rec ru i tmen t  and  ca tas t roph ic  d i s tu rbances  such  tha t  rec ru i tmen t  i s  t r i gge red  by  the

la rge -sca1e  d i e -o f f s  o f  adu l t s  (Ebe l i ng  e t  E l . ,  1985 ;  Day ton  e t  01 . ,  1984 ) .

D is tu rbances  reduce  the  cove r  o f  adu l t  canopy  and  the reby  i nc rease  the  l i gh t  l eve l s

ava i l ab le  t o  sma l l e r  l i f e  s t ages  on  t he  bo t t om.  Add i t i ona l l y ,  t hese  d ' i s t u rbances

(e .g . ,  s t o rms )  may  enhance  t he  d i spe rsa l  o f  p ropagu les ,  r educe  t he  dens ' i t i e s  o f  bo th

po ten t i a l  g raze rs  ( e .9 . ,  sea  u r ch ins )  and  compe t i t o r s  ( e .9 . ,  P te r ygopho ra  o r  o the r

subcanopy  a lgae ) ,  and  c lea r  subs t ra te  necessa ry  fo r  zoospore  se t t l emen t .

:t

We  w i l l  t es t  t he  above  hypo theses  us ing  da ta  on  the  rec ru i tmen t  and  su rv i va l  o f

adu l t  Mac rocys t i s  i n  t he  San  Ono f re  and  San  Ma teo  ke lp  fo res ts .  The  re la t i ve

fmpo r tance  o f  r ec ru i tmen t  vs  su rv i va l  i s  c r i t i ca l  t o  ou r  eva lua t i on  o f  t he  e f f ec t s

o f  S0NGS on  ke lp ,  s ' i n ce  SCNGS inh ib i t s  r ec ru j tmen t  (Sch roe te r ,  i 987 )  bu t  has  l i t t l e

e f f ec t  on  t he  su rv i va l  o f  adu l t s  (D i xon  e t  a l . ,  1987 ) .

'1O.2 Methocis

We examined  pa t te rns  o f  abundance ,  rec ru i tmen t ,  and  su rv i va l  o f  adu l t

Mac rocys t i s  py r i f e ra  a t  a  se r ies  o f  pe rmanen t  t ransec ts  l oca ted  w i th in  the  San
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0no f re  and  San  Ma teo  ke ' l p  f o res ts .  Each  t ransec t  was  50  m long  by  6  m w ide  and  was

marked  w l th  s tee ' l  r e  j  n f  o rcemen t  ba rs  d r i  ven  i  n to  the  sea f  I  oo r  a t  1 -m ' i n te rva l  s  (  see

Sec t i on  9 .0 ,  F ' i  g .  g .2 ) .  Fo r  t he  pu rposes  o f  t hese  ana l yses ,  we  exam ined  da ta  f r om 13

t ransec t s  i n  SOK and  4  i n  SMK (F ig .  10 .1 ) .  T ransec t s  L  t h rough  12  we re  es tab l i shed

in  summer  1978  (Append ix  L )  and  an  add i t j ona l  t ransec t  (number  13 )  was  added  in

March  1979  to  expand  ou r  cove rage  o f  t he  San  0no f re  ke lp  fo res t  f o11ow ' i ng

rec ru i tmen t  i n  1978 -79 .  Two  t r ansec t s  ( numbers  14  and  15 )  we re  es tab l i shed  i n  t he

San  Ma teo  ke ' l p  f o res t  i n  June  1981 ,  and  two  more  (numbers  16  and  17 )  were  added  in

December  1982 .  A l though  add i t i ona l  t ransec ts  were  added  in  SOK in  1982  and  1985 ,  we

l im i t ed  ou r  ana l yses  o f  SOK to  T ransec t s  1 -13 .  We  d id  t h i s  t o  avo id  j n t r oduc ' i nq

spa t i a l  va r i ab i l i t y  as  an  a r t i f i a c t  o f  ou r  expe r imen ta l  des ign .

N ine  o f  t he  13  t r ansec t s  ' i n  S0K ,  and  2  o f  t he  4  t r ansec t s  i n  SMK were  ' i n i t i a l  l y

es tab l i shed  pe rpend i cu la r  t o  va r i ous  edges  o f  t he  ke lp  f o res t ,  w i t h  ha l f  o f  each

t ransec t ' l o ca ted  on  cobb le  subs t ra te  ou t s i de  o f  t he  ke lp  f o res t  and  ha l f  ex tend ' i ng

under  the  ke lp  canopy .  These  were  chosen  to  rep resen t  t he  mos t  dynamic  po r t i ons  o f

t he  ke lp  f o res t .  The  o the r  t r ansec t s  ( numbers  9 -12 . i n  S0K ,  14  and  15  i n  SMK)  we re

es tab l  i  shed  w i  t h i  n  dense  pa tches  o f  ke l  p .

Su rveys  were  conduc ted  a t  app rox ' ima te ' l y  mon th ' l y  i n te rva l  s  i n  1978  and  a t

qua r te r l y  i n te rva l s  t he rea f te r  t h rough  December  1986  (Append ix  L ) .  0ccas iona11y ,

su rveys  were  e i t he r  m issed  o r  pos tponed  because  o f  poo r  underwa te r  v i s i b i l j t y .

Dur ing  each  su rvey  conduc ted  be tween  June  1978  and  May  1981 ,  we  coun ted ,  no ted  the

s i ze ,  and  marked  a l l  o f  t he  Mac rocys t ' i s  t ha t  we re  j uven i l es  o r  l a rge r  ( see  be low  fo r

de f i n i t i ons  o f  s i ze  ca tego r i es ) .  The rea f t e r ,  on l y  adu l t  p l an t s  we re  t agged  and

coun ted .  We marked  p lan ts  by  d r i v i ng  s tee l  sp i kes  w j th  numbered  ace ta te  tags  i n to

the  sea f l oo r  nex t  t o  t hem.  Pos i t i ons  o f  p ' l an ts  were  a l so  no ted  by  measur ing
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d is tances  f rom the  end  o f  t he  t ransec t .  and  f rom the  cen te r  l ' i ne  o f  t he  t ransec t .  t o

each  p l  an t .

S i ze  ca tego r i es  we re  de f i ned  as  f o l l ows :  P lan t s  w i t h  a t  l eas t  2  f r onds

(usua l i y  abou t  40  cm j n  he igh t ) ,  bu t  l ess  t han  1m we re  c l ass i f i ed  as  j uven ' i ' l e s .

P lan ts  g rea te r  t han  1  m,  and  l ack ing  hap te ra  above  the  p r imary  basa l  d i cho tomy ,  were

te rmed  subadu l t s .  P lan ts  w i th  hap te ra  above  the  p r imary  basa l  d i cho tomy  were

c lass i f i ed  as  adu l t s .  Th ' i s  me thod  o f  ca tego r i z i ng r radu l t s "  based  on  ho ld fas t

morpho logy  was  necessa ry  because  i t  was  imprac t i ca l  f o r  d i ve rs  to  measure  f rond

leng ths  o f  l a rge  p l an t s . 'A  p re l im ina ry  su rvey  i nd i ca ted  t ha t  p l an t s  wh i ch  we  t e rmed

adu l t s  genera l l y  had  6  o r  more  f ronds  w i th  the  l onges t  f ronds  reach ing  the  su r face

f  rom dep t ,hs  o f  13  to  14  m.

10 .3  Ana lyses

10.3.1 Age Ef fects

The  e f f ec t s  o f  age  on  su rv i va l  and  poss ib l e  j n t e rac t i ons  be tween  age  and

loca t i on  w i t h i n  t he  ke lp  f o res t  we re  exam ined  by  t es t i ng  f o r  d i f f e rences  i n  t he

p ropo r t i on  o f  su r v i vo rs  among  age  g roups  and  l o .a t { ons  us ing  a  l i nea r  ca tego r i ca l

ana l ys i s  (G r i zz l e  e t  a l . ,  1969 ) .  I n  o rde r  t o  avo id  con found ing  t he  e f f ec t s  o f  age

w i t h  t empo ra l  va r i ab i1 i t y  r esu l t i ng  f r om o the r  f ac to r s ,  such  as  wave  su rge  o r  u r ch in

g raz ing ,  we  exam ined  su rv ' i va l  ove r  spec i f  i c  t ime  ' i n t e r va l  s  i n  wh i ch  two  d i s t i nc t  age

c lasses  were  p resen t :  f r om May  1979  to  June  1980 ,  f rom June  1980  to  Ju l y  1981 ,  f rom

Ju ly  1981  to  Ju l y  1982 ,  and  f rom Ju l y  1982  to  May  1983 .

The  ages  o f  adu l t  p i an t s  ( t ime  f r om i n i t i a l  r ec ru i tmen t  o f  spo rophy tes )  we re

de te rm ined  based  on  ou r  obse rva t i ons  o f  i n i t i a l  appea rance  v i s i b l e  b l ade  s tages  and

on  an  es t ima ted  60 -day  1ag  be tween  the  rec ru i tmen t  o f  spo rophy tes  and  the  p roduc t i on
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o f  v i  s i  b l  e  b l  ades .  Th i  s  60 -day  pe r iod  i  s  based  on  ave rage  g rowth  ra tes  o f

m ic roscop i c  spo rophy tes  as  de te rm ined  i n  ou r  ou tp l an t  expe r imen ts  (Sec t i on  7 .0 ) .

The  es t ima ted  t imes  o f  r ec ru ' i tmen t  f o r  p ' l an t s  i n i t i a l  l y  t agged  i n  d i f f e ren t  su rveys

a re  g i ven  i n  Tab le  i 0 . 1 .  We  assumed  tha t  adu l t  p l an t s  t agged  du r i ng  ou r  i n i t i a l

su r veys  we re  a t  l eas t  2  yea rs  o1d .  Th i s  seems  a  reasonab le  assump t i on  based  on  t he

s i ze  o f  t hese  p l an t s ,  wh i ch  gene ra l l y  had  20  o r  mo re  f r onds  (T .A .  Dean ,  pe rs .  obs . ) .

A f t e r  ass ign ing  ages ,  p l an t s  we re  p l aced  i n to  age  ca tego r i es .  Ca tego r i es  we re

d i v i ded  i n to  l - yea r  i n t e r va l s ,  e .g . ,  age  c l ass  1  =  p l an t s  >  0 .5  and  <  1 .5  yea rs  o1d ,

age  c ' l ass  2  =  p l an t s :1 .5  and  <  2 .5  yea rs  o i d ,  e t c .  The  use  o f  r e l a t i ve l y  l a rge  age

c lasses  a l  l owed  f o r  t he  ca tego r i za t i on  o f  su f f i c i en t  numbers  o f  p l an t s  f o r

s ta t i  s t i  ca l  eva l  ua t ' i on .

Fo r  t he  pu rpose  o f  t he  ana ' l y s i s ,  we  d i v i ded  t he  San  0no f re  ke lp  f o res t ' i n t o  3

quad ran t s :  t he  i nsho re -upcoas t  (T ransec t s  1 ,  2 ,  and  3 ) ,  t he  o f f sho re -upcoas t

(T ransec t s  4 ,  5 ,  6 ,  9 ,  10 ,  and  13 ) ,  and  t he  o f f sho re -downcoas t  (T ransec t s  7 ,8 ,11 ,

and  12 )  quad ran t s .

Age  e f fec ts  were  examined  i n  re la t i on  to  o the ' i  poss ib le  sou rces  o f  t empora l

va r i ab i l j t y  i n  su rv i va l  by  compar i ng  t he  su rv i va l  o f  adu l t s  be tween  yea rs  i n  wh i ch

1 -yea r -o1d  p lan ts  p redomina ted  (1982  and  i 985 )  andyears  when  o lde r  adu l t s  were  mos t

abundan t .  A  l j nea r  ca tego r i ca ' l  ana l ys i s  was  used  f o r  t h i s  compar i son .

10.3.2 Densi ty  Ef fects

We  exam ined  t he  poss ib l e  e f f ec t  o f  dens i t y  on  su rv i va l  us i ng  3  me thods ,  each  o f

wh ich  exp ressed  dens i t y  on  a  d ' i f f e ren t  spa t i a ' l  sca le .  F i r s t ,  we  exam ' ined  the

re la t i onsh ip  be tween  p robab i f  i t y  o f  su rv i va l  and  d ' i  s tance  to  nea res t  ne ighbor .

Neares t  ne ' i ghbo r  d i s tances  were  compu ted  fo r  each  t ransec t  ha l f  ( 25  x  6  m segmen t )

10-5





us ' i ng  a  t o ro i da l  edge  co r rec t i on  (R ip i ey ,  1981 ) .  The  nea res t  ne ighbo r  d i s t ance  was

de te rm ined  f o r  each  adu l t  p i an t ,  and  p l an t s  we re  t hen  d i v i ded ' i n t o  6  ca tego r i es

based  on  0 .5 -m ' i nc remen ts  o f  d i s t ance  t o  nea res t  ne ighbo r :  <  0 .5  m ,  t  0 . 5  m  and  <  1 .0

m,  e t c .  ,  up  t o  >  2 .5  m .

The  e f fec ts  o f  dens i t y  ove r  a  somewha t  l a rge r  spa t i a l  sca le  were  examined  by

compu t ing  the  ave rage  dens ' i t y  on  each  t ransec t  ha l f  and  co r re ' l a t i ng  i t  w i th  the

p ropo r t i on  o f  p l an t s  su rv i v i ng .

We  a l so  exam ined  whe the r  t he  su rv i va l  o f  adu l t  p l an t s  l i v i ng  i n  t he  cen te r  o f

l a rge  pa t ches  o f  adu l t s  d i f f e red  f r om tha t  o f  p l an t s  l oca ted  on  t he  edges  o f  t he  ke lp

fo res t .  Su rv i va l  o f  adu l t s  on  canopy  t r ansec t s  ( 9 ,  i 0 ,  11 ,  and  12 )  was  compared  w i t h

su rv i va l  o f  adu l t s  on  t he  i n -bed  po r t i ons  o f  t he  edge -o f - ke lp  f o res t  t r ansec t s  ( 1 ,

2 ,  3 ,  4 ,  6 ,  7 ,  8 ,  and  13 )  us ' i ng  ch i - squa re  s ta t i s t ' i c s .  T ransec t  5 ,  o r i g i na ' l 1y

es tab l i shed  on  t he  edge  o f  t he  ke lp  f o res t  was  c l ass i f i ed  as  a  " canopy "  t r ansec t

a f te r  1979  because  o f  rec ru i tmen t  and  subsequen t  expans ' i on  o f  t he  ke lp  fo res t  i n

1978-79.

I

For  each  spa t i a l  sca le  examined ,  we  conduc ted  separa te  ana lyses  fo r  each  o f  3

t ime  in te rva l s :  Augus t  t o  Sep tember  1978 ,  December  1982  to  May  1983 ,  and  January  to

Ap r i l  1986 .  Du r i ng  t hese  pe r i ods ,  t he  ke ' l p  popu la t i on  was  compr i sed  mos t l y  o f

adu l t s ,  and  t he re  we re  l a rge ,  i n t ense  s to rms  occu r r i ng .  We  se lec ted  such  pe r i ods  i n

o rde r  t o  tes t  ou r  hypo thes i s  t ha t  s to rms  were  a  po ten t i a l  sou rce  o f  dens i t y -

dependen t  su rv i va l .
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10.3.3 The Relat ive lmpor tance of  Recru i tment  and Surv iva l

Changes  i n  mean  dens i t j es  o f  adu l t  ke l p  w i t h i n  t he  San  Ono f re  ke lp  f o res t  ove r

the  pe r iod  f rom June  i978  to  December  1986  were  examined  i n  re la t i on  to  pa t te rns  o f

rec ru i tmen t  and  su rv i va l  o f  adu l t s .  Mo r ta l i t y  r a tes  we re  compu ted  as :

MR=tn(N; ) - tn (N i * t )

w
where :

MR =  mor ta l i t y  ra te

N*  and  N .  -  1  r  t he  number  o f  i nd i v i dua l s  p resen t  a t  t jme  i' t  
] + I

and  the  number  o f  t hose  p lan ts  tha t  su rv ' i ved  to

b ' ime  i  +  1 .  These  a re  sums  o f  t he  number  o f

adu l t s  p resen t  on  T ransec t s  1  t h rough  13 .

Abundances  o f  adu l t  p l an t s  r ec ru i t ed  i n  each  su rvey  we re  ob ta i ned  e i t he r  f r om p lan t s

tha t  we re  t agged  as  i uven i l es  o r  subadu l t s  i n  p r i o r  su rveys  and  g rew  to  adu l t  s i ze

( fo r  su rveys  conduc ted  f rom 1978  to  June  1981)  o r  f rom p lan ts  wh ich  were  tagged  upon
!

reach ing  adu ' l t  s ' i ze  ( su rveys  conduc ted  a f te r  June  1981) .  Da ta  on  the  abundances  o f

b l ade -s tage  and  i uven i l e  ke lp  we re  ob ta i ned  f r om e i t he r  t r ansec t s  ( f o r  su rveys

conduc ted  p r i o r  t o  1982)  o r  f rom nearby  quadra ts  ( f rom 1982  to  1986) .

A  desc r i p t i on  o f  samp l ' i ng  p rocedu res  f o r  j uven  j l es  and  b l ades  a re  g ' i ven  i n

Sch roe te r  e t  a l . ,  1987 .  Us ing  a  S tuden t l s  t - t , es t ,  we  t es ted  t he  hypo thes i s  t ha t

tempora l  changes  i n  abundance  were  i ndependen t  o f  mor ta ' l i t y  ra te ,  o r  rema ined

cons tan t ,  by  compar ing  mor ta l i t y  ra tes  ave raged  ove r  su rveys  i n  wh ich  abundances

' i nc reased  vs  those  i  n  wh i  ch  abundances  dec reased .  A  desc r i  p t i  on  o f  samp l  ' i ng

p rocedu res  f o r  j uven i l es  and  b l ades  a re  g i ven  i n  Sch roe te r  e t  a1 . ,  1987 .  We  a l so
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t es ted  the  hypo thes i s  t ha t  rec ru j tmen t  even ts  were  i ndependen t  o f  adu l t  mor ta l i t y  by

compar i ng  su rv i va l  ove r  app rox ima te l y  6 -mon th  pe r i ods  (gene ra l l y  December  t o  June )

p r i o r  t o  r ec ru i tmen t  even t s  vs  su rv i va l  ove r  s ' im i l a r  pe r i ods  du r i ng  yea rs  when  t he re

was  no  rec ru ' i tmen t .  Rec ru i tmen t  o f  b lade -s tage  ke lp  occu r red  i n  t f r e  sp r . i ng  o r  ea r l y

summer  o f  1981 ,  1983 ,  1984 ,  and  1986 .  l l l e  exc luded  the  1984  rec ru r tmen t  pe r iod  f rom

our  ana lys i s  because  th i s  rec ru ' i tmen t  may  have  been  in f l uenced  by  shad ing  f rom

rec ru i t s  o f  t he  p rev ious  yea r  as  we l l  f r om adu l t s .  No  rec ru i tmen t  was  obse rved  j n

1980 ,1982 ,  o r  1985 .  The  p ropo r t i on  o f  p ' l an t s  su rv i v i ng  i n  r ec ru i tmen t  vs

nonrec ru i tmen t  pe r iods  were  compared  us ing  a  ca tego r j ca l  ana lys i s ,  w ' i t h  yea rs  nes ted

w i t h i n  pe r i ods  ( r ec ru i tmen t  o r  non rec ru i tmen t ) .

The  re l a t i ve ' impo r tance  o f  r ec ru ' i tmen t  and  su rv i va l  i n  de te rm ' i n i ng  i a rge -sca le

spa t i a ' l  pa t te rns  (among  ke lp  beds )  was  de te rm ined  by  examin ing  abundances ,

rec ru i tmen t  ra tes ,  and  mor ta l i t y  ra tes  o f  adu l t s  i n  t he  San  0no f re  and  San  Ma teo

ke ' l p  f o res ts  ove r  t he  pe r iod  f rom June  1981  to  December  1986 .  Pa t te rns  i n  abundance

were  s ' im i l a r  i n  t he  ke lp  fo res t  t h rough  1982 ,  bu t  t he rea f te r ,  abundances  dec reased

a t  San  Ono f re  and  i nc reased  a t  San  Ma teo  Ke1p .  We tes ted  the  hypo thes i s  tha t

d i f f e rences  i n  abundance  tha t  occu r red  a f te r  1982  Jb " "  i ndependen t  o f  su rv i va l  by

compar i ng  mor ta f i t y  r a tes  o f  adu l t s  i n  t he  two  ke ip  f o res t s  us i ng  a  pa i r ed  t - t es t .

10 .4  Resu l t s

10.4.1 The Ef fects  of  Age on Surv iva l

Dens i t i es  o f  adu l t  ke l p  w r ' t h i n  t he  San  Ono f re  ke lp  f o res t  d i sp layed  a  cyc f  i ca ' l

pa t t e rn  ove r  t ime ,  w i t h  peaks  occu r r i ng  eve ry  1 .5  t o  3  yea rs  (F j g .  10 .2 ) .  The  peaks

co inc ' i ded  w j th  pe r iods  o f  rec ru ' i tmen t  by  adu l t s ,  wh ich  l agged  rec ru i tmen t  by  b lade -

s tage  p lan ts  by  abou t  one  yea r .  As  a  resu l t  o f  pe r iod ' i c  rec ru i tmen t ,  t he  age

d i s t r i bu t j on  o f  t he  adu l t  popu ia t i on  a t  any  po in t  i n  t ime  t ended  t o  be  dom ina ted  by  a
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s i  ng1  e  yea r  c l  ass  (  F i  g .  10 .3 )  .  Howeve r ,

the re  were  su f f i c i en t  numbers  i n  two -yea r

poss ' i b l  e  e f  f  ec t s  o f  age  on  su rv i  va l  .

over  the per iod f rom 1979 through 1983,

c l asses  p resen t  t o  a l l ow  us  t o  exam ' i ne  t he

The  su rv i va l  o f  adu l t  p l an t s  was  dependen t  on  age ,  w i t h  h i ghes t  su rv i va l  r a tes

among  p lan t s  ?  t o  3  yea rs  o1d .  P lan t s  younge r  t han  2  o r  o l de r  t han  3  yea rs  o f  age

tended  to  have  h ighe r  mor ta i i t y  ra tes .  F rom May  1979  to  June  1980 ,  t he  p ropo r t i ons

o f  1 - yea r -o1d  p l an t s  su rv i v i ng  we re  s i gn i f i can t l y  l ess  t han  t hose  f o r  3 - yea r -o l d

p lan t s  (Tab le  10 .2 ) .  The  f o l l ow ing  yea r ,  t he  Z -yea r -o l d  p l an t s  su rv i ved  be t t e r  t han

the  4 - yea r -o1d  p l an t s ,  a t  l eas t  j n  t he  i nsho re -upcoas t  and  o f f sho re -downcoas t

quadran ts  o f  t he  ke lp  fo res t .  No  s ign i f i can t  d ' i f f e rences  were  no ted  be tween  3 -  vs

S-yea r -o1ds  o r  be tween  1 -  and  4 -yea r -o1ds ' i n  subsequen t  yea rs ,  bu t  t he  t rend  was  fo r

mean  su rv i va l  t o  dec rease  w i t h  aqe .

The  I  ow  su rv i  va l  ra te  o f  l - yea r -o1d  p ' l an ts  apparen t l y  had  a  re l  a t i  ve ' l y  l  a rge

impac t  on  tempora l  pa t te rns  o f  adu l t  mor ta l i t y .  Su rv ' i va l  i n  1982  and  i 985 ,  when  1 -

yea r -o1d  p l an t s  p redom ina ted ,  was  l owe r  t han  f o r  a l l  o t he r  yea rs  bu t  one  (Tab1e

10 .3 ) .  Bo th  1982  and  i 985  were  re la t i ve l y  r rno rma l "  t yea rs  
i n  t e rms  o f  wea the r ,  sea

cond i t i ons ,  and  ac t i v ' i t i e s  o f  sea  u r ch ' i ns ,  and  t ha t  t he  h i gh  mor ta l i t y  r a tes  we re

d i f f i cu l t  t o  accoun t  f o r  based  on  ex te rna l  even ts .  The  h ' i ghe r  mor ta l i t y  ra tes  o f

p lan ts  o lde r  t han  3  yea rs  o f  age  had  l i t t l e  apparen t  e f fec t  on  tempora l  pa t te rns  i n

su rv i va l ,  p r ima r i i y  because  ve ry  f ew  p lan t s  eve r  r eached  t h i s  age .

'14.4.2 The Effects of Density on Survival

l ' r , e  examined  the  e f fec ts  o f  dens i t y  du r ing  3  pen iods  o f  pa r t i cu ' l a r1y  s to rmy

wea the r ,  j n  t he  fa l l  o f  1978  and  the  w in te rs  o f  1982-83  and  1986 ,  when  mor ta l i t y

ra tes  o f  adu l t s  we re  h i gh  (F ig .  10 .2 ) .  Du r i ng  t hese  t imes ,  we  cou ld  f i nd  no  ev idence

o f  a  nega t i ve  e f f ec t  o f  dens i t y  on  su rv i va l .
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The re  was  no  pa r t i cu l a r  r e l a t i onsh ip  be tween  d i s t ance  t o  t he  nea res t  ne ighbo r

and  su rv i va l  .  i n  bo th  1978  and  1982 ,  t he  su rv i va l  o f  p ' l an ts  tha t  were  d i f f e ren t

d i s t ances  f r om one  ano the r  d i d  no t  d i f f e r  s i gn i f i can t l y  (Tab1e  10 .4 ) .  I n  1986 ,  we

no ted  d i f f e rences  among  g roups  o f  p ' l an t s  w i t h  d i f f e r i ng  nea res t  ne ighbo r  d i s t ances ,

bu t  t he  h ' i ghes t  su rv ' i va l  ra tes  were  f  o r  t hose  p1  an ts  a t  ' i n te rmed i  a te  d i  s tances  o r

ve ry  c l ose  t o  one  ano the r  (Tab1e  10 .4 ) .  41so ,  t he  co r re l a t i ons  be tween  dens i t y  o f

p l an t s  on  a  g i ven  t r ansec t  ha l f  and  su rv i va l  r a te  we re  no t  s i gn i f i can t  i n  1982  and

1986  (F ig .  10 .4 )  and  showed  a  s ' i gn i f i can t  pos i t i ve  re l a t i onsh ip  i n  1978 .

0n  an  even  l a rge r  spa t ' i a1  sca le ,  t he re  were  no  nega t i ve  e f fec t . s  o f  dens i t y  on

adu l t  su r v i va l ,  and  a t  t imes ,  pos ' i t i ve  e f f ec t s  we re  obse rved .  I n  1982 ,  t he re  we re

no  s i gn i f i can t  d i f f e rences  j n  su rv i va l  among  p lan t s  l oca ted  i n  t he  cen te r  o f  t he

ke lp  f o res t  vs  t hose  a t  t he  edge  (Tab le  10 .5 ) ,  and  du r i ng  t he  pe r i ods  h i gh  mor ta l i t y

i n  1978  and  1986 ,  p ' l an t s  i n  t he  cen te r  su rv j ved  be t t e r  t han  t hose  on  t he  edge .  Th i s

may  have  been  caused  by  g rea te r  g raz ' i ng  p ressu re  on  the  edges  where  sea  u rch ins

tended  to  be  more  abundan t ,  o r  by  a  more  seve re  e f fec t  o f  wave  ac t i on  on  the  edges  o f

t he  ke lp  f o res t .

10.4.3 The Relat ive lmpor tance of  Recru i tment  and Surv iva l

in  Deterrn in ing Pat terns of  Abundance

As  i nd i ca ted  above ,  t empo ra l  pa t t e rns ' i n  abundance  o f  ke lp  i n  t he  San  Ono f re

ke lp  f o res t  we re  cyc l i ca l ,  w i t h  peaks ' i n  abu rdance  co inc i d i ng  w i t h  pe r i ods  o f

rec ru i tmen t .  Wh i l e  mo r ta l i t y  r a tes  t ended  t o  be  s l i gh t l y  h i ghe r  f o l l ow ing

rec ru i tmen t  (because  o f  t he  a fo remen t ioned  e f fec ts  o f  age ) ,  t empora l  pa t te rns  o f

abundance  vve re  l a rge l y  una f f ec ted  by  pa t t e rns  i n  adu l t  su r v i va l  (F i g .10 .2 ) .

Mo r ta l i t y  r a tes  du r i ng  t imes  o f  i nc reas ing  abundances  d i d  no t  d i f f e r  s i gn i f i can t ' l y

f r om those  obse rved  du r i ng  pe r i ods  o f  dec l ' i n i ng  abundances  (Tab le  10 .6 ) .
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Recru i tmen t  even ts  ' i n  1983  and  1986  fo l  l owed  la rge  s to rms ,  and  ' i n  1986 ,  t he

s to rms  resu ' l t ed  i  n  h ' i gh  adu l  t  mor ta l  i  t y .  However ,  rec ru ' i tmen t  even ts  were  no t

necessa r i ' l y  p receded  by  s to rms  o r  pe r iods  o f  h igh  adu l t  mor ta l i t y .  Su rv i va ' l  du r i ng

the  6  mon ths  p r i o r  t o  r ec ru i tmen t  d i d  no t  d i f f e r  s i gn i f i can t l y  f r om su rv ' i va l  o the r

t imes  (Tab1e  10 .7 )  and  i n  a t  l eas t  one  i ns tance  (198 i ) ,  r ec ru i tmen t  f o l l ov red  a

pe r i od  o f  pa r t i cu l a r l y  h i gh  adu l t  su r v ' i va l  i n  wh i ch  t he re  was  l i t t l e  s t o rm  ac t i v ' i t y .

La rge -sca1e  spa t i a l  pa t te rns  o f  abundance  a l so  appeared  to  be  p r imar i l y

de te rm ined  by  d i f f e rences  i n  rec ru i tmen t  ra the r  t han  d i f f e rences  i n  su rv i va l .  Ove r

the  pe r iod  f rom 1982  th rough  1986 ,  abundances  o f  adu l t  ke lp  i n  t he  San  Ono f re  and  San

Ma teo  ke lp  f o res t s  d i ve rged  w ide l y  (F i g .  10 .5 ) .  Fo l l ow ing  s t r ong  rec ru ' i tmen t  o f

b l ade -s tage  ke lp ' i n  1983  and  1984 ,  dens . i t i e s  o f  adu l t  p l an t s  j n  t he  San  Ma teo  ke jp

fo res t  i nc reased  f r om 14 .8  p l an t s /100  m2 ' i n  Oc tobe r  1982  t o  a  peak  o f  a lmos t  50

p lan t s /100  m2  i n  l a t e  w in te r  1984 -85 .  By  December  1986 ,  t he  dens i t i es  had  t h i nned

to  nea r  p rev ious  l eve l s  ( 8 /100  m ' z ) .  Du r i ng  t h i s  same  t ime ,  t he re  was  l ' i t t l e

rec ru i tmen t  a t  San  Ono f re  and  dens i t i es  f e l l  f r om 8 .6 /100  m2  i n  0c tobe r  1982  t o  l ess

than  0 .5 , /100  m2  in  December  1986 .  Over  th i s  pe r iod , .  mor ta l i t y  ra tes  were  s l i gh t ' l y

h ighe r  a t  SOK than  a t  SMK,  bu t  d id  no t  d i f f e r  s ' i gn i ' f i can t i y  a t  t he  two  l oca t i ons

(Tab ]e  10 .8 )  and  cou ld  no t  accoun t  f o r  t he  obse rved  d i f f e rences  i n  dens i t y  i n  t he

two  ke lp  fo res ts .  Mor ta l i t y  ra tes  a t  bo th  l oca t i ons  were  su f f i c i en t l y  h igh  so  tha t

none  o f  t he  p lan ts  tha t  rec ru i t ed  p r i o r  t o  1983  were  su rv i v ing  i n  December  1986 .  I f

we  assume tha t  rec ru i tmen t  ra tes  o f  adu l t s  were  s im i l a r  i n  bo th  beds  i n  1983  and

1984 ,  t hen  d ' i f f e rences  i n  subsequen t  su rv ' i va l  cou ld  accoun t  f o r  on l y  a  two - fo ld

d i f f e rence  ' i n  abundance  j n  December  1986 .  Th i s  i s  compared  w i th  the  nea r ' l y  twen ty -

fo ld  d ' i f f e rence  tha t  we  obse rved
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10 .5  D i scuss ion

Mode l s  o f  ke l p  bed  dynam ics  have  been  based ,  i n  pa r t ,  on  t he  assump t i on  t ha t

mor t ' a1 i t y  r a tes  o f  adu l t  p l an t s  a re  un re la ted  t o  age  d i s t r i bu t i ons .  0u r  da ta

sugges t  t ha t  t hese  assump t i ons  a re  some t jmes  v ' i o l a ted .  A f t e r  r ec ru i tmen t  even t s ,

popu ' l a t ' i ons  t end  t o  be  dom ina ted  by  young  p lan t s  t ha t  have  a  l owe r  p robab i l i t y  o f

su rv i va l .  Th ' i s  e f f ec t  needs  t o  be  i nco rpo ra ted  i n to  r e f i nemen ts  o f  t he  mode l s .

l dh i l e  ' i t  i s  imposs ib l e  t o  compare  su rv i va l  age  c l asses  i n  t he  d i f f e ren t  yea rs

(because  o f  t empo ra l  va r i ab i l i t y  i n  s t o rms ,  g raz ing ,  e t c . ) ,  t he  re l a t i ve  rank ings  o f

su rv i va l  among  d i f f e ren t  age  c ' l asses  w i t h i n  a  g i ven  yea r  sugges t  t ha t  t he

p robab i l i t y  o f  su r v i va l  i nc reases  be tween  0 .5  and  2 .5  yea rs  o f  age  and  t hen

dec reases  the rea f te r  (F ' i g .  10 .6 ) .  We  hypo thes i ze  tha t  2 -  t o  3 -yea r -o1d  p ' l an ts

su rv i ve  be l t e r  t han  younge r  j nd ' i v i dua l s  because  t hey  have  t he  ab ' i l i t y  t o  deve lop

la rge r  ho ld fas ts  tha t  can  a t tach  the  f ronds  more  secu re l y  t o  the  subs t ra te .  I n  a

cobb le -bo t t om ke ' l p  f o res t  such  as  San  0no f re ,  adu l t s  r ou t i ne l y ' i nco rpo ra te  cobb les

in  t he ' i r  ho ld fas t s  as  t hey  g row ,  such  t ha t  o l de r  p ' l an t s  w i t h  l a rge r  ho ld fas t s  a re

be t t e r  ancho red .  We  a l so  suspec t  t ha t  t he  p robab i l i t y  o f  su r v i va l  dec reases  a f t e r  3

yea rs  because  ho ld fas ts  tend  to  ge t  ho l l owed  ou t  by /sea  u rch ins  and  o the r  g raze rs ,

the reby  p rov ' i d i  ng  a  l  ess  secu re  anchorage .

The  assump t i on  o f  dens i t y - i ndependen t  mo r ta l i t y  among  adu l t s  was  a l so

v io l a ted .  Wh i l e  we  f ound  no  ev idence  f o r  nega t j ve  e f f ec t s  o f  dens i t y  among  adu l t s ,

pos i t i ve  e f fec ts  o f  dens i t y  were  ev iden t  i n  some ins+*ances .  l , { e  suspec t  t ha t  p ian ts

i n  l ess  dense  pa t ches  a l ong  t he  edges  o f  t he  ke lp  f o res t  we re  more  suscep t ' i b1e  t o

s to rm waves  o r  g raz i  ng .  A ' l so ,  p l  an ts  tha t  were  I  oca ted  ex t reme ly  c ' l ose  to  one

ano the r  ( .  t  m)  somet imes  had  hap te ra  tha t  g rew toge the r  f o rm ing  wha t  appeared  to  be

a  s i ng le  ho ld fas t ,  and  w i t hou t  ou r  l ong - t e rm  mapp ing  reco rds  t hese  wou ld  no t  have

been  recogn i zab le  as  more  t han  1  i nd i v i dua l .  Such  " f us i ng "  o f  ho ld fas t s  may  have

prov ided  some advan tage  i n  te rms  o f  anchorage  and  su rv i va l .
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Bo th  Rosen tha l  e t  a l .  ( 1974 )  and  Day ton  e t  a l .  ( 1984 )  have  i nd ' i ca ted  t ha t

mu tua l  en tang lemen t  o f  adu l t s  du r i ng  s to rms  may  cause  spa t i a l  pa t ch iness  i n

su rv i va l .  l , l e  t oo  have  obse rved  masses  o f  d r i f t i ng  p l an t s  en tang led  w i t h  one

ano the r ,  and  w i t h  ancho red  p l an t s ,  bu t  ou r  da ta  sugges t  t ha t  t he  p robab i l i t y  o f  an

ind i v i dua l  be jng  t o rn  up  by  o the r  d r i f t i ng  p l an t s  does  no t  i nc rease  w j t h  dens ' i t y .

Wh i l e  en tang lemen t  may  we l l  r esu l t ' i n  non random mor ta l i t y  o f  adu l t s  w i t h i n  t he

popu la f i on ,  t h i s  does  no t  necessa r i ' l y  imp l y  dens i t y  dependence .

Spa t i a i  va r i ab i ' l ' i t y  i n  t he  mor ta l ' i t y  o f  adu l t  ke ' l p ,  caused  by  e i t he r  s t o rms  o r

g raz ing  by  sea  u r ch jns ,  can  resu l t  changes  i n  t he  abundance  pa t t e rns  o f  ke lp  w i t h i n

a  ke ' l p  f o res t  (Dean  e t  a l . ,  1984 ;  Day ton  e t  a l . ,  1984 ;  Day ton  and  Tegne r ,  1984 ) .

Howeve r ,  i n  t he  San  0no f re  and  San  Ma teo  ke ip  f o res t s ,  l a rge  sca le  pa t t e rns  o f

abundance ,  ' i  . € .  ,  changes  i  n  ave rage  abundance  w ' i t h i  n  t he  ke i  p  fo res ts  ove r  t ' ime  and

d i  f  f  e rences  ' i n  ave rage  abundance  be tween  ke l  p  fo res t , s ,  we re  l  a rge l y  de te rm ' i ned  by

d ' i f f e rences  i n  r ec ru i tmen t .  | ^ / i t h i n  t he  San  0no f re  Ke lp  f o res t ,  changes  i n  dens i t y

ove r  t ime  showed  l j t t l e  re la t i on  to  pa t te rns  o f  mor ta l i t y .  Mor ta l ' i t y  ra tes  were

re la t i ve l y  cons tan t ,  and  peaks  i n  abundance  co r responded  w i t h  pe r i od i c  peaks  i n

rec ru i tmen t .  A l so ,  d ' i f f e rences  i n  ave rage  adu l t  t<e t f  aens i t y  be tween  the  San  Ono f re

and  San  Ma teo  ke lp  f o res t s  we re  l a rge l y  a t t r i bu tab le  t o  d i f f e rences ' i n  r ec ru i tmen t ,

as  mor ta l i t y  r a tes  we re  s im i l a r  f o r  t he  two  ke lp  f o res t s .

} Je  found  no  ev idence  tha t  rec ru j tmen t  even ts  were  necessa r i l y  p receded  by

ca tas t roph j c  dec l j nes  i n  adu l t  dens i t y .  Wh i l e  t he re ' i s  some t imes  a  c l ea r

co r respondence  be tween  s to rms ,  h igh  adu l t  mor ta l i t y ,  and  subsequen t  rec ru i tmen t

even ts ,  bo th  a t  San  0no f re  ( p resen t  s t udy )  and  e l sewhe re  (Ebe i i ng  e t  a l . ,  1985 ;

Tegne r  and  Day ton ,  1987 ) ,  we  a l so  obse rved  rec ru i tmen t  i n  yea rs  i n  wh i ch  t he

mor ta l i t y  o f  adu l t s  was  abnorma l l y  l ow .  We hypo thes i ze  tha t  rec ru i tmen t  i s
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t r i gge red  i n  pa r t  by  a  t h i nn ing  o f  t he  adu l t  canopy  wh i ch  i nc reases  t he  l i gh t  l eve l s

necessa ry  f o r  spo rophy te  p roduc t i on  and  f o r  su rv i va l  o f  sma l l  spo rophy tes  (Lun ing

and  Neushu l ,  1978 ;  Deyshe r  and  Dean ,  1984 ;  Dean  e t  a l . ,  1987 ,  Sec t i ons  7  and  8 ) .

Howeve r ,  a  t i r i nn i ng  o f  t he  canopy  i s  no t  necessa r i l y  I i nked  t o  h ' i ghe r - t han -no rma l

adu l t  mo r ta ' l i t y .  Du r i ng  t he  1983 -84  E l  N ino ,  f o r  examp le ,  we  obse rved  nea r  t o ta l

l oss  o f  su r f ace  canopy  a t  t he  San  0no f re  and  San  Ma teo  ke lp  f o res t s .  Th i s  l oss  was

p r ima r i l y  due  t o  "b l ack ro t , "  a  d i sease  o f  unknown  e t i o l ogy  (Sco t t en ,  I 97 I )  t ha t  i s

assoc ia ted  w i t h  wa rm,  nu t r i en t -poo r  wa te r s .  Un l i ke  many  o the r  ke lp  f o res t s  i n

Sou the rn  Ca f i f o rn i a ,  howeve r ,  t he  San  0no f re  and  San  Ma teo  ke lp  f o res t s  d i d  no t

su f fe r  seve re  s to rm damage  ' i n  t he  w in te r  o f  1982-83 ,  and  adu l t  mor ta l i t y  ra tes  were

no t  s i gn i f i can t l y  h ' i ghe r  du r i ng  t he  E l  N ino  t han  ' i n  o the r  yea rs .

A l t e rna t i ve l y ,  canopy  t h i nn ing  can  resu l t  f r om a  f a i l u re  o f  r ec ru ' i tmen t  ove r

seve ra l  yea rs ,  coup ied  w i th  a  s teady  and  no rma l  ra te  o f  adu l t  mor ta l i t y .  \ de

es t ima ted  t ha t  t he  ave rage  ha l f - l i f e  o f  adu l t s  i n  t he  San  Ono f re  ke lp  f o res t  was

less  t han  1  yea r ,  i nd ' i ca t i ng  t ha t  adu l t  dens i t i es  cou ld  be  reduced  by  a lmos t  90?d

over  3  yea rs  w i thou t  rec ru j tmen t .
J

We suspec t  t ha t  rec ru i tmen t  ra the r  t han  "adu l t  su rv i va l  may  a )so  be  respons ib le

fo r  l a rge -sca1e  changes  i n  t he  abundance  o f  ke lp  i n  o the r  Sou the rn  Ca l i f o rn i a  ke lp

fo res t s .  An  exam ina t i on  o f  o the r  pub l i shed  reco rds  o f  t he  su rv i va l  and  rec ru i tmen t

o f  Mac rocys t i s  py r i f e ra  revea led  many  o f  t he  same pa t te r r ; s  t ha t  we  obse rved  a t  San

Ono f re  and  San  Ma teo .  Wh i l e  an  adu l t  Mac rocys t i s  may  l i ve  f o r  7  yea rs  o r  mo re

(Rosen tha l  e t  a l . ,  1974 ) ,  ave rage  ha l f - l i ves  a re  gene ra l i y  on  t he  o rde r  o f  10  mos .

t o  1 .3  yea rs  (Tab ' l e  10 .9 ) .  A1so ,  mo r ta l i t y  r a tes  o f  adu l t s  appea r  t o  be  re ' l a t ' i ve1y

cons tan t  ove r  t ime ,  as ' i nd i ca ted  by  su rv i va ' l  cu r ves  g i ven  f o r  ke lp  popu la t i ons  a t

Po in t  Loma  (Day ton  e t  a l . ,  1984 ) ,  Ca ta f i na  I s l and  (Day ton  e t  a l . ,  1984 )  and  De l  Ma r
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(Rosen tha l  e t  a l . ,  1974 ) .  F i na1 l y , ' i n  a l l  o t he r  r epo r ted  cases ,  i t  i s  c l ea r  t ha t

peaks  i n  abundance  f o l l ow  peaks  i n  r ec ru i tmen t  (Day ton  e t  a l . ,  1984 ;  Rosen tha l  e t

a l  .  ,  1974 ) .

We  a l so  hypo thes i ze  t ha t  t he  h ' i s t o r i c  dec l ' i ne  i n  ke lp  abundance  i n  Sou the rn

Ca l i f o rn i a ,  t ha t  occu r red  f o l l ow ing  t he  1957 -58  E l  N ' i no  (No r th  and  Schae fe r ,  1964 ;

Day ton  e t  a l . ,  1984 ) ,  may  have  been  l a rge ' l y  caused  by  a  l ack  o f  r ec ru i tmen t  r a the r

t han  by  abno rma l l y  h i gh  adu l t  mo r ta l i t y .  Wh i l e  t he re  i s  l i t t l e  d i r ec t  demograph ' i c

ev idence  f o r  t h i s ,  es t ima tes  o f  ke lp  canopy  i n  t he  l i t e ra tu re  sugges t  t ha t  t he

dec l i ne  i n  ke lp  abundance  occu r red  ove r  a  pe r i od  o f  seve ra l  yea rs .  Losses  d j d  no t

appear  app rec iab l y  h ighe r  t han  wou ld  be  expec ted  by  "no rma l "  adu l t  mor ta l i t y

accompan ied  by  a  l ack  o f  r ec ru ' i tmen t .  E l  N ino  even t s  i n  Sou the rn  Ca l j f o rn i a  a re

cha rac te r i zed  by  warm,  nu t r i en t -poo r  wa te rs  (Tegner  and  Day ton ,  1987)  tha t  a re

gene ra ' l 1y  un favo rab le  f o r  ke lp  r ec ru i tmen t  (Deyshe r  and  Dean ,  1984 ) .  I t  seems

l i ke l y  t ha t  w i t hou t  a  h i a tus  i n  t he  E l  N ino  cond i t i ons  (as  occu r red  i n  sp r i ng  1983 )

rec ru i tmen t  wou ld  no t  have  occu r red .  l , { h i l e  t he  dec l j ne  j n  ke lp  abundance  i n  t he

la te  1950s  and  ea r l y  i 960s  was  c l ea r l y  has tened  by  ex tens i ve  g raz ing  by  sea  u r ch jns

(No r th  and  Pea rse ,  i 970 ) ,  t h i s  may  have  been  an , ' i hd i r ec t  e f f ec t  o f  r ec ru i tmen t

f a i l u re .  I n  t ' imes  o f  dec l i n i ng  supp l i es  o f  d r i f t  a1gae ,  u r ch ins  become  more  ac t j ve

as  g raze rs  (Dean  e t  a l . ,  1984 ;  Ha r ro l d  and  Reed ,  i 985 ) ,  and  t he re  i s  a  d j r ec t

re l a t j onsh ip  be tween  d r i f t  I ' ke1p "  abundance  and  ke lp  r ec ru i tmen t  (Ha r ro l d  and  Reed ,

i 985 ) .

The  ana l yses  p resen ted  he re  and  e l sewhe re  (Sch roe te r  e t  a I . ,  1987 ;  D i xon  e t

31 . ,  1987a )  c l ea r l y  j nd i ca te  t ha t  t he  f a i l u re  o f  r ec ru i tmen t  i n  t he  San  Ono f re  ke lp

fo res t  i n  1983  had  a  demons t rab le  e f f ec t  on  t he  abundance  o f  adu l t  ke1p .  Wh i l e  t he re

has  been  l i t t l e  appa ren t  e f f ec t  o f  S0NGS on  t he  mor ta i i t y  r a tes  o f  adu l t  p i an t s

I  U -  J . 3





wi th in  SOK (D ' i xon  e t  a l  . ,  1987 ) ,  t he  p robab ' l e  e f fec t  o f  S0NGS on  the  rec ru i tmen t

p rocesses  (Sch roe te r  e t  a l . ,  i 987 )  f f i dV ,  i n  i t se l f ,  be  su f f i c i en t  t o  cause  l ong -

l as t i ng  changes  i n  t he  pa t t e rns  o f  adu l t  abundance  j n  t he  San  Ono f re  Ke lp  f o res t .
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Tab le  10 . i  Es t ima ted  t imes  o f  r ec ru i tmen t  f o r  p l an t s  i n i t ' i a11y  t agged  as  e i t he r

j uven i l es  o r  adu l t s  du r i ng  su rveys  i n  wh i ch  new  p lan t s  we re  t agged .

Survey date

P l  an ts  tagged
as  j uven i l es

o r  adu l  t s
Es t ima ted  t ' ime
o f  rec ru i tmen t

J  un78*

Ju l78  t o

May79 to

Dec78 to

0ct84

Ju l85  t o

Dec78**

Nov79

0ct82

Adu l  t s

Juven ' i l  es

Juven i  I  es

Adu l  t s

Adu l  t s

Adu l  t s

J  un76

May78

Dec78

Ju l  8 i

Apr83

Feb84Jan86

*  I nc l udes  T ransec t  6 ,  su r veyed  Ju l78  and  T ransec t
Aug78 .

* * Inc ludes  T ransec t  6 ,  su rveyed  f rom Ju l78  to  Dec78
8 ,  su rveyed  f rom Aug78  to  Dec78 .

8 ,  su rveyed

and  T ransec t
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Tab l  e  70 .2

su rv i va l  o f

I  oca t i  on  fo r

Resu l t s  o f  ca tego r i ca l  ana l yses  o f  age

adu l t  ke l p  p l an t s .  I nd i v i dua l  ch i - squa re

the  June  1980  t o  Ju l y  1981  pe r i od  a re  a l so

and  I  oca t ' i on  e f  f  ec t s  on  the

ana lyses  pe r fo rmed  fo r  each

g i ven .

May  1979  to  June  1980

Area

I  n  shore
I  n shore
SOKD
SOKD
SOKU
SOKU

Source

I n te rcep t
Area
Age
Area*Age

L i  ve  Dead

28
137
2t I

29  36
77 30
66  t7

Pe rcen t
To ta l  su r v i v j  ngAge

1
>3-1

>3
I
I

>3

10
2g
13
65
47
83

20  . 0
65 .0
15 .4
44 .6
36 .2
79 .5

PROBch j  - square

2 .17
10 .00
t7 .64
0 .26

June  1980  t o  Ju l v  1981

u l

1
2
't
I

2

0.  141
0 .007

<0.001
0 .878

Area

I  n  sho re
Insho re
SOKD
SOKD
SOKU
SOKU

Source

I  n te rcep t
Area
Age
Area*Age

Area

L ive  Dead Tota l

28 12 40
21113

34 13  47
74  15  29
36 33  69
41 25  66

Pe rcent
Surv iv ing

70 .0
15.7 4
72 .3
48 .3
52.2
62 .1

PROB

Ase
2
4
2
4
2
4

d f  c h ' i - s q u a r e

1 0 .35
2  3 .27
1  9 .36
2  13 .40

S jnq le  d f  ch i - squa re
d f  ch ' i - squa re

1  11 .9 i
I  4 . 46
i  i . 36

0.  552
0 .  i95
0 .002
0 .001

PROB

I  n  shore
SOKD
SOKU

<  0 .01
<  0 .05
>  0 .10
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Tab le  10 .2 ,  con t i nued

JULY 198i  to  JULY 1982

Area Age

3
5
3
r

3
5

I  n  shore
inshore
SOKD
SOKD
SOKU
SOKU

Source

I  n  te  rcept
Area
Age
Area*Age

I  n  sho re
Insho re
I  n  sho re
SOKD
SOKD
SOKD
SOKU
SOKU
SOKU

Source

I  n te rcep t
Area
Age
Area*Age

ch ' i -square

3 .01
0 .32
? .64
0 .  02

ch i  -square

7 .04
r .28
1  .60
0 .07

626
o2

18 16
59

t7  20
i3  28

L ive  DeadTota I

0.083
0 .  569
0 .  104
0 .901

40  22 .5
6  0 .0
0-

63  36 .5
i8 27 18
s  0 .0

22  50 .0
t7  35 .3
13  23 . r

PROB

Percen t
sgriyr-lg

18.8
0 .0

52.9
35 .7
45 .9
5 t . l

PROB

0.008
0 .258
0 .246
0 .798

32
2

34
14
5 t
41

u l

1
1
I

I

I

Area Agg  L i ve  Dead  To ta l  su rv i v ing

1
4
6
1
4
5
1
4
o

93 i
06
00

23 40
513
05

61611
6 11
310

d f

1
t

i
r

1
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Tab le  10 .3  Resu l t s  o f  a  ca tego r i ca l  ana l ys i s  exam in ing  d i f f e rences  i n  pe rcen t

su rv ' i va l  o f  adu l t  Mac rocys t i s  py r i f e ra  i n  d i f f e ren t  yea rs .  Le t te rs  i nd ' i ca te  g roups

o f  means  t ha t  d i d  no t  d i f f e r  s i gn i f i can t l y  a t  t he  P<0 .05  l eve l  us i ng  s i ng le  d f  ch i -

squa re  t es t s .  A l so  shown  a re  t he  dom inan t  age  c l asses  i n  each  yea r .  The  su rv i va l

va lues  a re  f o r  pe r i ods  o f  app rox ima te l y  1  yea r ,  gene ra l l y  f r om June  o f  t he  yea r

i nd i ca ted  t o  June  o f  t he  f o l  l ow ing  yea r .

Year

1984
1985
1982
1981
1983
7979
1 980
1978

Tota I

62
137
285
92

722
238
229
195

Domi  nan t
age  c l  ass

I
I

1

3
a
L

5
a
L

a
L

Percen  t
su rv  i  va  I

4 .8
11 .7

44 .6
50 .8
54 .2
57  . 6
77  . 4

Group

A
A
R,

R I

CD
CD

U

E
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Tab le  10 .4  Ch i - squa red  t es t s  o f  d i f f e rences  i n  su rv i va l  o f  adu l t  Mac rocys t i s

py r i f e ra  g rouped  acco rd ing  t o  d i s t ances  f r om the i r  nea res t  ne ighbo r .  Sepa ra te

ana l yses  we re  pe r f o rmed  f o r  each  o f  3  pe r i ods .  Le t t e r s  i nd i ca te  g roups  t ha t  d i d  no t

d i f f e r  s ' i gn i f i can t l y  a t  t he  P<0 .05  l eve l  us i ng  s i ng le  d f  ch i - squa re  t es t s .

Augus t  1978  to  Sep tember  1978

Di  s tance to  neares t
ne i  ghbor  (m)

1 .0  to  1 .5
0 .5  o t  1 .0
1 .5  to  2 .0
0 .0  to  0 .5
>2 .  5
2 .  0  to  2 .5

ch i -square  =  6 .31 ,

Percen t
su rv i va l

89
87
84
77
7 R

74

d f = 5 , P t

Group

A
A
A
l

A

A

0 .20

Dqcember 1982 to May 1983

D i  s tance  to  nea res t  Pe rcen t
ne  j  ghbo r  (m)  su rv ' i va l

0 .0  t o  0 .  5
0 .5  t o  1 .0
2 .0  t o  2 .5
1 .5  t o  2 .0
>2 .5
1 .0  t o  1 .5

ch i - squa re  =  5 .27 ,

69
69

64
56
A 1
+ t

d f  =  5 ,  P  .

Group

A
A

A

v A
A
A

0.3

ch i - squa re

Percent
surv i  va l  Group

56A
44A
23A
158
148
7B

df  =5 ,  P<0 .0115.27  ,

January  1986  to  Ap r i  I  1986

Di  s tance to  neares t
ne i  ghbor  (m)

2 .0  to  2 .5
0 .5  to  1 .0
0 .0  to  0 .  5
1 .0  to  1 .5
>2 .5
1 .5  to  2 .0
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Tab le  10 .5  Compar i sons  o f  su r v i va l  o f  adu l t  Mac rocys t i s  py r j f e ra  l oca ted  w i t h i n  t he

cen te r  po r t i on  o f  t he  San  Ono f re  Ke lp  fo res t  vs  those  on  the  edge .  Separa te  ana lyses

were  pe r fo rmed  f  o r  t he  3  i  nd ' i ca ted .

Augus t  1978  to  Sep tember  1978

Loca t i  on

Canopy
Edge

ch i  - squa re

Pe rcen t  su rv i  va l

r22
r29

=  5 .35 ,  d f  = P  >  0 .05

89
78

1,

December  1982  to  Mav  1983

Loca t i on

Canopy
Edge

ch i  - squa re

Percen t  su rv i  va l

95  6 i
92 68

=  1 .13 ,  d f  =  1 ,  P  >  0 .10

January  1986  to  Ap r i  I  1986

Loca t i  on

Canopy
Edge

J
Percen t  su rv i va l

42
8

60
60

ch i - squa re  =  17 .78 ,  d f  =  1 ,  P  <  0 .01
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Tab l  e  10 .6  T - tes t  compar i  ng  mor ta l  i  t y  ra tes

pe r i ods  o f  j nc reas ' i ng  vs  dec reas ing  abundances .

Mean

Inc reas i  ng  0 .0020

Dec reas i  ng  0 .0037

o f  adu l t  Mac rocys t i s  py r i f e ra t n

SE

9

23

0.0005
1 .75  0 .09

0 .0008
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Tab le  10 .8  A  compar i son

Ono f re  and  San  Ma teo  Ke lp

o f  mor ta l i t y  ra tes  o f

forests  f rom October

adu l t  Mac rocys t i s  py r i f e ra  i n  t he

1982  th rough  December  1986 .

San

Ke l  o  fo res t Ha l  f - l  i  f e Mo rta I i  t .y rate

Mea n NSE

s0K

SMK

1 7 ?

246

0.0040

0.  0028

i6  0 .0009
2 .04  0 .06

16  0 .0006

10-25





Tab le  10 .9  Ha l f - l i ves  o f

Ca l  i f o rn i a  ke lp  f o res t s .

Ke l  p  fo res t

popu l  a t i ons  o f adu l  t  Mac rocys t i  s py r i f e ra  i n  Sou the rn

o

Source

Yea  rs

obse rved  Ha l  f - l  i  f e

Pt .  Loma

La ta  |  ' t  na

De l  Mar

s0K
Tur t l e  Bay  (Mex i co )

La  Jo l l a

Day ton  e t  a1 . ,  1984

Day ton  e t  a1 .  ,  1984

Rosen tha l  e t  a1 . ,  7974

Presen t  s tudy

Nor th ,  1964x

Nor th ,  1964*

197 4-79

797 4-75

1967-72

i978-83

196 i

1959-6  1

10  to  11  mo

4 to  6mo

9 to12mo

10 to 16 mo

7mo

i0 to  16 mo

*Othe r  da ta  g i ven  by  Nor th  a re  exc luded  because  da ta  co l l ec t i on  pe r iods

lvere too shor t  (<4 mos)
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F igu re  10 .1  Map  o f  t he  San  Ono f re  (TOP)  and  San

show ing  t he  l oca t ' i ons  o f  t r ansec t s  used  i n  t he  ana l yses

Mateo (BOTTOM) kelp forests

o f  adu l t  mo r ta f  i t y .
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F igu re  10 .2  Abundances  o f  b l ade  s tage ,  j uven ' i  1e ,  and  adu l t  Mac rocys t i  I  py r i f e ra ;

the  number  o f  new adu l t  rec ru i t s ;  and  the  mor ta l i t y  ra te  o f  adu l t s  w i th in  the  San

Ono f re  Ke ' l p  f o res t  f rom June  1978  th rough  December  1986 .  Mean  va lues  ( :1  SE)  a re

g i ven  fo r  a l l  bu t  t he  mor ta f i t y  ra te  da ta .  Mor ta l i t y  ra tes  were  compu ted ,  based  on

the  sums  o f  t he  number  o f  p l an t s  p resen t  a t  a l l  t r ansec t s  samp led  a t  any  g i ven  t ime .
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F igu re  10 .3  Age  d i s t r i bu t ' i ons

Ke lp  fo res t  f o r  each  yea r  f rom

the  i  nd i  ca ted  va ' l  ue  +0 .  5  yea rs  .

o f  adu l  t  Mac rocys t ' i  s  py r i  f  e ra  w i  t h i  n

1978  t h rough  1986 .  Each  age  c l ass  i s

t ,he San Onofre

represented by

10-31





F i 9Ure 10
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F igu re  10 .4  The  re l a t i onsh ip  be tween  t he  dens i t y

the  San  0no f re  Ke lp  fo res t  and  the  p ropo r t i on  o f

a re  g i ven  f o r  su rv i va l  ove r  each  pe r i od  exam ined .

o f  adu l t  Mac rocys t i s  py r i f e ra  i n

p ' l  an ts  su rv i  v i  ng .  Separa te  p l  o t s
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F i  gu re  10 .5  Rec ru i  tmen t ,  mor ta l  i  t y ,  and  abundances  o f  adu l  t  Mac rocys t j  s  py r i  f e ra

w j t h i n  t he  San  0no f re  ( n )  and  San  Ma teo  Ke lp  (A )  f o res t s  f r om June  1981  t h rougn

December  1986 .  Mean  va lues  (+ l  SE)  a re  g ' i ven  fo r  a l l  bu t  t he  mor ta l i t y  ra te  da ta .

Mor ta l i t y  ra tes  were  compu ted  based  on  the  sums  o f  t he  numbers  o f  p lan ts  p resen t  a t

a l l  t r ansec t s  samp led  a t  a  g i ven  t ime .
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F igu re  10 .6  A  mode l  o f

Macrocyst i  s  pyr i  fera and

the  re l a t i onsh ip  be tween
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