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ABSTRACT 

The upper l i m i t  of d i s t r i b u t i o n  of t h e  s u b t i d a l  r ed  sea  urchin  

(S t rongylocent ro tus  f r anc i scanus  Agassiz) on t h e  o u t e r  c o a s t  of B r i t i s h  

Columbia usua l ly  co inc ides  wi th  the  lower l i m i t  of t h e  nearshore ke lp  

communities. Though t h e  r ed  u rch in  de r ives  much of its energy from 

p l a n t  d e b r i s  and young ke lp  a r i s i n g  i n  t h e  urchin  zone it seldom e n t e r s  

t h e  e s t a b l i s h e d  k e l p  beds t o  o b t a i n  food. High u rch in  d e n s i t i e s  ad j acen t  

t o  t h e  ke lp  beds suggest  t h a t  shoreward movements a r e  ba r r ed  by some 

environmental parameter (s1 .  A s e r i e s  of f i e l d  experiments i s o l a t e d  wave 

genera ted  water  movement a s  a major component of  t h i s  b a r r i e r .  Current  

v e l o c i t i e s  which i n h i b i t e d  upstream movement of t h e  r ed  u rch in  i n  t h e  

l abo ra to ry  approached t h e o r e t i c a l  wave genera ted  flow r a t e s  i n  na ture .  

Wave exposed l o c a l i t i e s  t y p i c a l l y  have sha l lower  urchin  f r o n t s  t han  

s h e l t e r e d  l o c a l i t i e s  i n d i c a t i n g  t h e  p o s s i b i l i t y  of  amel iora t ing  phys i ca l  

f a c t o r s .  Respirometry showed t h a t  water  movement induced a locomotor 

response i n  t h e  r e d  s e a  urchin.  Tolerance o f  phys i ca l  s t r e s s  seemed t o  

vary d i r e c t l y  w i th  ambient temperature.  Tolerance i s  a l s o  suspected t o  

vary inve r se ly  w i t h  s a l i n i t y  and d i r e c t l y  w i th  oxygen p a r t i a l  p re s su re .  

Wave exposure i s  be l ieved  t o  enhance c u r r e n t  t o l e r a n c e  by d i s t r i -  

bu t ing  s u r f a c e  genera ted  parameters  throughout t h e  water  column. 

Red u rch in  s p a t i a l  s t a b i l i t y  may be seconda r i ly  maintained through 

p e r i o d i c  calm by avoidance of s t rong  temperature and s a l i n i t y  g rad ien t s .  

Th i s  mechanism would ope ra t e  independently i n  wave s h e l t e r e d  l o c a l i t i e s .  
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GENERAL INTRODUCTION 

Sea urchins  have rece ived  some a t t e n t i o n  i n  r e c e n t  y e a r s  a s  

decimators  of commercial k e l p  beds o f f  t h e  c o a s t  of southern  Ca l i fo rn i a .  

Leighton (1960) f i r s t  r epo r t ed  t h a t  popula t ions  of S t rongylocent ro tus  

f ranc iscanus  Agassiz and - S. purpura tus  (Stimpson) a t e  t h e i r  way (en masse) 

through mature s t ands  of Macrocystis p y r i f e r a  (L.) .  The u rch ins  had t o  

be des t royed  before  t h e  ke lp  beds r e tu rned  t o  normal s i z e  (Leighton e t  a l . ,  

I n  c o n t r a s t  k e l p  beds,  inc luding  M. i n t e g r i f o l i a  (Bory) form a - 

d i s t i n c t  boundary t o  t h e  shoreward d i s t r i b u t i o n  of S. f ranc iscanus  ( t h e  - 
r ed  u rch in )  i n  Barkley Sound o f f  t h e  west c o a s t  of Vancouver I s l a n d ,  B.C. 

F i g .  1 .  A zone, ba r r en  of  ke lp  p l a n t s  and dominated by S. f ranc iscanus ,  - 
extends seaward t o  cons iderable  depth ,  where i n  many l o c a l e s  it g i v e s  way 

t o  a s p a r s e l y  populated deepwater p l a n t  community. 

Limited shoreward d i s t r i b u t i o n  of  - S. f r anc i scanus  border ing  near- 

shore k e l p  communities has  a l s o  been observed i n  t h e  Gulf I s l a n d s  of  

B r i t i s h  Columbia by Low (19751, and o f f  Santa  Cruz, C a l i f o r n i a  by Pearse  

(1974). S imi l a r  d i s t r i b u t i o n  p a t t e r n s  a r e  descr ibed  f o r  o t h e r  spec i e s  

inc luding  - S. droebachiens is  (Muller) i n  Newfoundland (Himelman and 

S t e e l e ,  1971) ,  and i n  t h e  Aleut ian  I s l a n d s  of Alaska (Es t e s  and Palmisano, 

1974).  Evechinus c h l o r o t i c u s  i n  New Zealand (Dix, 1970) ,  Echinus 

e scu len tus  i n  Scot land  (Reid, 1953) ,  Parechinus angulosus i n  South Af r i ca  

(Morgans, 1959) and s e v e r a l  spec i e s  i n  Hawaii (Eber t ,  1971) .  



Fig. 1 A population of red urchins fronting 

a nearshore kelp community at Wizard 

Islet, Barkley Sound. August, 1972. 
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But f o r  a  l i m i t e d  seasonal  s h i f t  i n  some l o c a l i t i e s  i n  Barkley 

Sound t h e  p o s i t i o n  of t h e  kelp/urchin i n t e r f a c e  is  s t a b l e  (Pace, 1974).  

This s t a b i l i t y  is  a s su red  i n  p a r t  by t h e  r ed  u r c h i n s '  v e r s a t i l i t y  i n  

feeding behaviour.  ~ l t h o u g h  it has a  r e p u t a t i o n  a s  an e f f e c t i v e  herbi-  

vore ,  S. f r anc i scanus  is a  broad g e n e r a l i s t  which r e a d i l y  i n g e s t s  

s e s s i l e  i n v e r t e b r a t e s ,  p l a n k t e r s  and l e p t o p e l  (Leighton, 1971).  I t  i s  

capable of  wi ths tanding  long pe r iods  of s t a r v a t i o n  through r e so rp t ion  of  

body t i s s u e  (Leighton, 1971) and absorp t ion  o f  d i s so lved  o rgan ic  ma t t e r  

(Pearse  -- e t  a l . ,  1970) .  The r ed  u rch in  is h ighly  mobile w i t h i n  i t s  

t e r r i t o r y ,  averaging up t o  54 cm/day (Shanks e t  a l . ,  1974) .  

Pa radox ica l ly ,  t h i s  v e r s a t i l i t y  and m b i l i t y  should permi t  t h e  

u rch in  t o  g raze  d i r e c t l y  upon t h e  ke lp  community s e t t i n g  t h e  s t a g e  f o r  

a  s t a t e  of  i n s t a b i l i t y  a t  t h e  kelp/urchin boundary. 

Low (1975) i n v e s t i g a t i n g  - S. f ranc iscanus  i n  t h e  S t r a i t  o f  Georgia,  

B.C. expla ined  t h e  s t a b i l i t y  of t h i s  boundary i n  terms of behavioural  

response.  He was concerned wi th  formation of aggrega tes ,  which he re- 

garded p r i m a r i l y  a s  a s o c i a l  phenomenom r e l a t e d  t o  reproduct ive  s t r a t e g y .  

He concluded t h a t  aggrega t ions  ad j acen t  t o  ke lp  beds a r e  secondar i ly  

maintained by ave r s ive  response of  t h e  r e d  u rch in  t o  e s t a b l i s h e d  p l a n t  

communities. 

Reese (1966),  on t h e  o t h e r  hand concluded t h a t  s o c i a l  i n t e r a c t i o n s  

of  s e a  urchins  a r e  of minor importance and t h a t  " t h e  common denominator 

o f  t h e  aggrega te  l i e s  w i th  eco log ica l  f a c t o r s  which a r e  e x t r i n s i c  t o  t h e  
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aggrega t ing  spec ies" .  Shanks -- e t  a l .  (1974) observed t h a t  r ed  urchin  

d e n s i t i e s  o f f  C a l i f o r n i a  were h ighes t  next  t o  nearshore  ke lp  beds. They 

found t h a t  movements w i th in  t h e  sea  urchin  zone were random and v a r i e d  

inve r se ly  wi th  dens i ty  and t h e  abundance of food. The accumulation of 

urch ins  a t  t h e  d i s t r i b u t i o n a l  boundary could be expla ined  simply i n  

terms of random d i s p e r s a l  given these  - a p r i o r i  q u a l i f i c a t i o n s .  

The purpose of t h i s  r e sea rch  was t o  i n v e s t i g a t e  and d e f i n e  t h e  

e x t r i n s i c  eco log ica l  f a c t o r s  of t h e  sea  u rch ins '  environment which 

could prevent  t h e i r  shoreward movement i n t o  t h e  ke lp  beds of Barkley 

Sound. 

The s tudy  is  d i v i s e d  i n t o  t h r e e  consecut ive phases.  F i r s t ,  t h e  

r e sea rch  began wi th  a p re l imina ry  f i e l d  survey of t h e  g e n e r a l  s t r u c t u r e  

of urch in /ke lp  communities. Observat ions from t h e  survey l e d  t o  t h e  

second phase,  a s e r i e s  of f i e l d  i n v e s t i g a t i o n s  t o  s tudy  t h e  e f f e c t s  of 

c e r t a i n  environmental parameters  on shoreward movement of 5. f ranc iscanus  

and t o  provide  informat ion  upon which t o  b u i l d  a working model of  

b i o l o g i c a l  and phys i ca l  i n t e r a c t i o n s .  Conclusions drawn from t h e  fore-  

going f i e l d  experiments were t e s t e d  under c o n t r o l l e d  cond i t i ons  i n  t h e  

l abo ra to ry  (phase 3)  . 



GENERAL METHODS 

A l l  a s p e c t s  of t h i s  r e sea rch  were conducted i n  Barkley Sound on 

t h e  west c o a s t  o f  Vancouver I s l a n d ,  B r i t i s h  Columbia. S u b t i d a l  observa- 

t i o n s  were made us ing  SCUBA and a l l  d a t a  were recorded wi th  a Subcom 

model 142D d i v e r ' s  communications system.* Depths were determined us ing  

e i t h e r  a s p o r t s  model d i v e r ' s  depth gauge o r  a plumb l i n e  and r e f e r r e d  

t o  t i d a l  h e i g h t s  using t h e  p red ic t ed  l e v e l s  f o r  Tofino (Canadian Tide 

and Current  Tables ,  Canadian Hydrographic Se rv i ce ,  Marine Sc iences  

Branch, Dept. o f  t h e  Environment, Ottawa.) .  

I n  s i t u  temperature and s a l i n i t y  were measured us ing  a Beckman -- 

RS 503 conduc t iv i ty  metre.  Laboratory measurements of s a l i n i t y  were 

determined wi th  a Ze i s s  o p t i c a l  r e f r ac tome te r .  

Oxygen concent ra t ions  were measured by t h e  Winkler method (S t r i ck -  

land and Parsons ,  1968) i n  t h e  l abo ra to ry ,  o r  d i r e c t l y  i n  t h e  f i e l d  

wi th  a E. I.L. f i e l d / l a b  oxygen ana lyser .  

Unless o therwise  ind ica t ed  s t a t i s t i c a l  d i f f e r e n c e  between means 

w a s  determined by Students  t t e s t  (Dixon and Massey, 1969),  p < .05. 

* Subcom Systems Ltd.,  North Vancouver, B.C. 



INTRODUCTION 

A pre l imina ry  f i e l d  survey i n  Barkley Sound was conducted t o  d e f i n e ,  

i n  g e n e r a l  terms, t h e  s t r u c t u r e  of t h e  ke lp / red  urch in  community and t o  

determine any s t r u c t u r a l  v a r i a t i o n  among s i x  s i tes ,  chosen t o  cover a 

wide range  o f  h a b i t a t s  from wave s h e l t e r e d  to  wave exposed (Fig.  2 ) .  

METHODS 

A t  each s t a t i o n  a s i n g l e  l i n e  t r a n s e c t  was run  a long  a compass 

bea r ing  pe rpend icu l a r  t o  t h e  sho re  l i n e .  Square metre quad ra t s  w e r e  

surveyed a t  two metre  i n t e r v a l s  a long  t h e  t r a n s e c t s  s t a r t i n g  a t  o r  j u s t  

above t h e  0 - t i de  l e v e l  (datum) and extending beyond t h e  lower l i m i t  of 

t h e  u rch in  zone. 

Macrophytes w e r e  recorded a s  pe rcen t  cover ,  conspicuous he rb ivo re s  

(except  Tegula p u l i g o )  and t h e i r  p r e d a t o r s  were counted. Es t imates  were 

made of Tegula p u l i g o  ( tu rban  s n a i l )  abundance. 

RESULTS AND DISCUSSION 

The s i x  sites w e r e  ranked by a q u a l i t a t i v e  e s t i m a t e  of  wave exposure 

(Table  1) . 



Fig. 2 Map of the southern boundary of 

Barkley Sound showing the locations 

of the field survey sites and the 

field experimentation sites. 

1) Swiss Boy Island 

2 Mather ' s Point 

3 ) Helby Island 

4) Mouth Barnfield Inlet 

5 )  Fleming Island 

6 Kelp Bay 



(Kelp) Ba 

50' ' 
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Histograms of v e r t i c a l  d i s t r i b u t i o n  wi th in  t h e  s i x  survey s i t e s  

show a d i r e c t  c o r r e l a t i o n  between exposure t o  wave a c t i o n  and s i z e  and 

d e n s i t y  of red  urchin  popula t ions  (F ig .  3 ) .  I n  t h e  more exposed sites 

t h e  red  urchins  occurred i n  shal lower water .  

The more populous r ed  urchin  communities were always cha rac t e r i zed  

by a bimodal d i s t r i b u t i o n  along t h e  seabed. A high  d e n s i t y  peak was 

bounded by t h e  k e l p  bed and a low d e n s i t y  peak marked t h e  lower l i m i t  

o f  d i s t r i b u t i o n .  The seabed wi th in  t h e  u rch in  zone w a s  bar ren  of  k e l p  

p l a n t s .  A s i m i l a r  p a t t e r n  of  v e r t i c a l  d i s t r i b u t i o n  of - S. f ranc iscanus  

i n  Barkley Sound was descr ibed  f o r  Fleming Passage by Bernard and Millar 

Urchins i n  t h e  shal low water  of t h e  more exposed l o c a l i t i e s  tended 

t o  conceal  themselves i n  c r e v i c e s  and behind outcroppings.  

P o t e n t i a l l y  competi t ive i n v e r t e b r a t e  s p e c i e s  included 

t h e  abalone ( H a l i o t i s  kamchatkana), t h e  t o p  s h e l l  (As t rea  g ibbe rosa ) ,  

t h e  turban  s n a i l  (Tegula p u l i g o ) ,  and two congeners 2. purpura tus  and - 

S. droebachiens is .  Thei r  d i s t r i b u t i o n  broadly  overlapped t h a t  of - 
S. f r anc i scanus  b u t  tended toward a sha l lower  and narrower range which - 
encompassed a p o r t i o n  of t h e  ke lp  bed. 

The on ly  observed p reda to r  of t h e  r ed  u rch in  was t h e  s u n s t a r ,  

Pycnopodia he l i an tho ides .  This  animal is  a broad g e n e r a l i s t  and was 

commonly found wi th in  t h e  red  urchin  zone. However, though not  ind ica-  

t e d  i n  t h i s  survey it i s  a l s o  occas iona l ly  found wi th in  t h e  ke lp  bed. 



Fig. 3 Histograms of bathymetric distributions 

of major components of nearshore kelp and 

red urchin communities in Barkley Sound. 

Sites are ranked in order of decreasing 

exposure. Invertebrates are stacked to 

prevent overlap. Percent cover of 

dominant plant species is indicated in 

the clear bars. Abundances are not 

indicated for plant and animal species 

outside of bars. 
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Red u r c h i n s  p r e f e r  s t a b l e  t o  u n s t a b l e  s u b s t r a t e  (Low, 1975) .  

S u b s t r a t e  w a s  never  l i m i t i n g  a t  t h e  s h a l l o w  boundary o f  t h e  r e d  u r c h i n  

zone b u t  may have been l i m i t i n g  a t  t h e  deep  boundary i n  some l o c a l i t i e s  

such as M a t h e r ' s  P o i n t  where s o l i d  bedrock gave way a b r u p t l y  t o  sand .  

The n e a r  s h o r e  k e l p  community u s u a l l y  c o i n c i d e d  w i t h  t h e  upper  

l i m i t  o f  t h e  r e d  u r c h i n  zone. However i n  many l o c a l i t i e s  t h e  two 

communities were s e p a r a t e d  by a narrow s t r i p  o f  b a r r e n  seabed.  I n  

s o m e  c a s e s ,  such  as a t  Fleming I s l a n d ,  t h i s  s t r i p  w a s  d e n s e l y  p o p u l a t e d  

by A s t r e a  g i b b e r o s a .  

S i l v e r  and B r i e r t o n  (1974) s u g g e s t e d  t h a t  d i f f e r e n t  r e d  u r c h i n  

p o p u l a t i o n s  may o c c u r  i n  s h a l l o w  and deep w a t e r  w i t h i n  a s i n g l e  site. 

The range  o f  r e d  u r c h i n  v e r t i c a l  d i s t r i b u t i o n  p a t t e r n s  observed  i n  t h e  

p r e s e n t  s t u d y  s u g g e s t s  t h e  p o s s i b i l i t y  t h a t  s i m i l a r  p o p u l a t i o n  d i f f e r e n c e s  

may o c c u r  between sites. 

PHASE I1 - FIELD EXPERIMENTS 

1. KELP CLEARANCE 

INTRODUCTION 

The c l o s e  c o r r e l a t i o n  o f  k e l p  bed and r e d  u r c h i n  v e r t i c a l  d i s t r i -  

b u t i o n s  i n d i c a t e d  i n  t h e  p r e l i m i n a r y  s u r v e y  s u g g e s t e d  t h e  p o s s i b i l i t y  

t h a t  t h e  k e l p  p l a n t s  a r e  a  c o n t r o l l i n g  f a c t o r .  Low (1975) h a s  a l r e a d y  

c o n s i d e r e d  t h i s  p o s s i b i l i t y  and from k e l p  c l e a r i n g  exper iments  concluded 
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t h a t  t he  ke lp  p l a n t s  were a phys i ca l  b a r r i e r  t o  r ed  u rch in  shoreward 

movement. Owing t o  t he  eco log ica l  d i f f e r e n c e s  i n  ou r  r e s p e c t i v e  

l o c a l i t i e s ,  p a r t i c u l a r l y  i n  t h e  composition of t h e  k e l p  communities, 

I decided t o  r e p e a t  t h e s e  experiments i n  Barkley Sound. 

I n  Apr i l  1973, a f i v e  metre wide swath perpendicular  t o  t h e  shore  

w a s  c l e a r e d  through a Macrocystis i n t e g r i f o l i a  bed. The experimental  

s i t e  (Fig. 2) had a we l l  def ined  and densely populated urchin  community 

f r o n t i n g  t h e  ke lp  bed. Slope of t h e  seabed v a r i e d  from 25' a t  t h e  

o u t e r  edge o f  t h e  ke lp  bed t o  15' through t h e  u rch in  zone. Only t h e  

ke lps  (Laminariales)  were removed. Other a l g a e  (Rhodophyta, Chlorophyta 

and s m a l l  Phaeophyta) were l e f t  undisturbed.  A nylon n e t  w a s  s t r u n g  

ac ros s  t h e  seaward en t rance  t o  t h e  swath t o  exclude u rch ins  f o r  one week, 

t o  al low s u f f i c i e n t  t ime f o r  t h e  d i s p e r s a l  of exudates ,  emanating from 

i n j u r e d  p l a n t  t i s s u e ,  which might a f f e c t  urch in  movement. The n e t  was 

removed on May 1 and u rch in  response t o  t h e  c l e a r i n g  w a s  observed a f t e r  

10 days,  3 weeks and then  a t  monthly i n t e r v a l s  u n t i l  September, 1974. 

No k e l p s  were allowed t o  e s t a b l i s h  i n  t h e  c l e a r i n g  through 1973 and d i d  

not  develop through 1974. 

I n i t i a l l y ,  t h e  experiment was intended t o  r e v e a l  u rch in  response 

t o  k e l p  c l e a r i n g  f o r  only the  summer months. But i n  August 1973, t h e  

experiment w a s  extended t o  look f o r  p o s s i b l e  seasonal  movements which 

might have been a l t e r e d  by t h e  ke lp  removal. Monthly t r a n s e c t  surveys 

were begun i n  August 1973 t o  fol low seasonal  changes i n  t h e  p o s i t i o n  



of  t he  u rch in  f r o n t  a t  t h e  c l e a r e d  s i t e  and a t  c o n t r o l  (unc leared)  

p o s i t i o n s  10 metres  t o  e i t h e r  s i d e .  Each t r a n s e c t  r an  from a survey 

p i n  placed about 2 m shoreward of  t h e  urchin  f r o n t  t o  a second p in  

p l aced  beyond the  lower l i m i t  o f  t h e  urchin  zone. A t  each metre i n t e r v a l  

L 
a long t h e  3 t r a n s e c t s ,  1 m quadra ts  were a s se s sed  f o r  pe rcen t  p l a n t  

cover  and u rch in  d e n s i t y .  

Weekly temperature and s a l i n i t y  p r o f i l e s  (1-15 m depths)  were 

determined dur ing  d a y l i g h t  low t i d e s  a t  t h e  s i t e  throughout t h e  s tudy 

per iod .  

A second c l e a r i n g  experiment was conducted i n  J u l y ,  1975 t o  c l a r i f y  

t h e  r o l e  of low-lying annuals  dur ing  summer months. Low (1975) concluded 

t h a t  p l a n t s  of  t h i s  form were m o s t  e f f e c t i v e  i n  r e t a r d i n g  r ed  u rch in  

movements. Th i s  experiment d i f f e r e d  from my f i r s t  b u t  c l o s e l y  resembled 

Low's experiments i n  two major r e s p e c t s :  it was conducted l a t e r  i n  t h e  

p l a n t  growth season when low ly ing  annuals  were a l r eady  w e l l  e s t a b l i s h e d ,  

and an  i n i t i a l  b a r r i e r  t o  u rch in  shoreward movements was no t  used. The 

experiment w a s  conducted about  50 metres  along t h e  shore  from t h e  f i r s t  

c l e a r i n g  experiment and a l l  macrophytes were removed from a n  approximately 

4 m x 4 m swath. Response of t h e  u rch ins  ad j acen t  t o  t h e  c l e a r i n g  and 

f i v e  metres t o  e i t h e r  s i d e  w a s  monitored a f t e r  2 and 7 days. 
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RESULTS C DISCUSSION 

Red Urchin Response t o  K e l p  Removal 

A s e a s o n a l  p i c t u r e  o f  t h e  depth  o f  t h e  u r c h i n  f r o n t  a s  r ep re sen ted  

t h e  rost shoreward u r c h i n  a t  the f i r s t  c l e a r e d  swath and a t  t h e  two 

c o n t r o l  p o s i t i o n s  is shown i n  rig. 4 ,  (only  t h e  last  1 3  months a r e  i n d i -  

cated i n  Fig. 4 ) .  Ewt f o r  a b r i e f  i n t r u s i o n  by a s i n g l e  i n d i v i d u a l  i n  

April, 1974 - S. f r a n c i s c a n u s  d i d  rmt e n t e r  tha  m a t h  throughout  the mixteen 

months of o b e r v a t i o c u .  

Desmarestia l i g u l a t r  developed i n  t h e  swath s h o r t l y  a f t e r  t h e  f i r s t  

k e l p  c l e a r i n g  experiment  war begun. These p l a n t s  were n o t  remwod throuqk, 

the 8-r b u t  disappouod d u r i n g  the f a l l  l e a v i n g  the m a t h  u n o k t r u c t e d  

through winter. 

X t  seem that  a t  l c u t  dur ing  w i n t e r  -nth*, n e i t h e r  thr p e r e n n i a l  

canopy nor t h e  p l a n t  unde r s to ry  p l a y  a  d i r e c t  p h y s i c a l  r o l e  i n  t h e  

pomit ioning o f  t h o  u r c h i n  f r o n t .  Indeed, camplete  repoval o f  t h e  k e l p  

c-ity 80- to  have dampened rod u r c h i n  a c t i v i t y  a t  t h e  m a t h .  Thi14 

may have r e f l e c t e d  th. akmce o f  a food source a d j a c e n t  to t h e  red urchlr. 

tono a t  t h i s p o s i t i o n .  However, it is u n l i k e l y  t h a t  a t t r a c t i v e  m t i u l f  

-ti* frar ttn k e l p  bed wore s i g n i f i c a n t l y  reduced i n  the r.g&on of 

the swath. FhL is d w  t o  tuo f ac to r88  1) tha narrownrsm of  t h e  8wrth 

i n  p r o p o r t i o n  to  thm mi+m and &nmity o f  the k e l p  bed8 2)  t i d a l  c u r r e n t s  

in the region of tbo math ahauld  ham beon t . q u l a r 1 y  mbjected ta water  



Fig. 4 Shallow limits of red urchin vertical 

distribution at three positions 

relative to the kelp cleared swath near 

the mouth of Bamfield Inlet 

at the center of the swath 

- - -  10 m along the shore north 
of the swath 

- - - -  10 m along the shore south 
of the swath 

Shallow limits of red urchin vertical 

distribution at Wizard Islet are 

indicated by horozontal bars. ( - ) 
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r i c h  i n  exudates .  Of course  we cannot  be c e r t a i n  t h a t  " i n t e r e s t "  i n  

t h e  swath was no t  dampened by the  pauc i ty  of food p a r t i c l e s  i n  t h a t  

reg ion  o r  some o t h e r  f a c t o r  r e l a t e d  t o  t h e  absence of  p l a n t s .  However, 

random "exploratory" movements seem t o  p l ay  an important  r o l e  i n  

loca t ingfood wi th in  t h e  u rch in  zone (Shanks e t  a l . ,  1974) .  Some move- 

ment i n t o  t h e  swath might have been expected,  p a r t i c u l a r l y  a t  i t s  edges 

s i n c e  nearby popula t ion  d e n s i t i e s  remained r e l a t i v e l y  high.  

I n  t h e  second c l e a r i n g  experiment d e f i n i t e  shoreward advancement 

of  about  one meter was made by some r e d  urchins  w i t h i n  t h e  f i r s t  2 days. 

By t h e  seventh day a l l  b u t  one urchin  had r e tu rned  t o  t h e  o r i g i n a l  

p o s i t i o n  al though a dense k e l p  bed remained only  t h r e e  meters  shoreward. 

The i n i t i a l  shoreward advancement may have been i n  response t o  t h e  sudden 

i n c r e a s e  i n  p l a n t  exudates  s i n c e  many u rch ins  were feeding  on h o l d f a s t  

remnants. I n  Low's (1975) experiments t h i s  r e t r e a t  d i d  n o t  occur .  This  

discrepancy i n  our  r e s u l t s  may be due t o  t h e  f a c t  t h a t  he was working 

wi th  much h ighe r  popula t ion  d e n s i t i e s  t han  I .  He r e f e r r e d  s e v e r a l  t i m e s  

t o  t h e  f a c t  t h a t  r ed  urchin  movements a r e  i n h i b i t e d  when o t h e r s  block 

t h e i r  pa th .  My observa t ions  ag ree  i n  t h i s  r e s p e c t .  Shoreward advancement 

en  masse, o f  a densely populated red  u rch in  f r o n t  i n  response t o  a ke lp  

removal o p e r a t i o n  could au tomat ica l ly  impose upon i t s e l f  a degree o f  

permanence s i n c e  t h e  most shoreward p l aced  i n d i v i d u a l s  would be blocked 

i n  t h e i r  r e t r e a t  by those  which had fol lowed behind. I f  t h e  seaward 

edge of t h e  d i sp l aced  f r o n t  i s  s t i l l  wi th in  t h e  normal boundaries of  t h e  

u rch in  zone t h e  u rch ins  i n  t h a t  r eg ion  would have no reason t o  r e t r e a t .  



17 

Seasonal  S h i f t s  i n  Red Urchin V e r t i c a l  D i s t r i b u t i o n  i n  Undisturbed 

Locations 

A seasonal  p i c t u r e  of t he  d i s t r i b u t i o n  of u rch ins  a long  t h e  seabed 

a t  t h e n o r t h  c o n t r o l  p o s i t i o n  of t h e  f i r s t  c l e a r i n g  experiment i s  shown 

i n  Fig. 5. A bimodal d i s t r i b u t i o n  p r e v a i l e d  througout  most of  t h e  year  

b u t  broke down i n  e a r l y  sp r ing ,  co inc id ing  wi th  t h e  appearance of  juveni le  

macrophytes w i th in  t h e  urchin  zone. A s h i f t  i n  food source from t h e  

boundaries  t o  w i t h i n  t h e  urchin  zone may have con t r ibu ted  t o  t h e  change 

i n  p a t t e r n .  

The delayed re -es tab l i shment  of t h e  bimodal p a t t e r n  may s i m i l a r l y  

r e l a t e  t o  t h e  abundance of  a l g a l  fragments w i t h i n  t h e  u rch in  zone 

throughout  summer. 

Seasonal  v a r i a t i o n  i n  t h e  p o s i t i o n  of t h e  u rch in  f r o n t  w a s  a l s o  

observed. The s t r o n g  i n t r u s i o n  of r ed  u rch ins  i n t o  t h e  k e l p  bed a t  

t h e  southern  c o n t r o l  p o s i t i o n  (Fig. 4 )  w a s  i n  a  reg ion  densely populated 

by - M. i n t e g r i f o l i a  w i th  an  o u t e r  border o f  Agarum fimbriatum, an annual 

deep water  ke lp .  The urchin  i n t r u s i o n  coincided with t h e  disappearance 

o f  Agarum i n  e a r l y  f a l l .  These urchins  preyed heavi ly  upon t h e  

Macrocystis before  f i n a l l y  r e tu rn ing  t o  t h e i r  summer p o s i t i o n s .  The 

u rch in  f r o n t  a t  t h e  n o r t h  c o n t r o l  p o s i t i o n  f l u c t u a t e d  cons iderably  

through f a l l  and win te r  bu t  exh ib i t ed  b a s i c a l l y  t h e  same p a t t e r n  of 

seasonal  d i s t r i b u t i o n  a t  t h e  south  p o s i t i o n .  This  same phenomenon was 

a l s o  observed a t  Wizard I s l e t  i n  t h e  course  of  t h e  urchin  c l e a r i n g  



Fig. 5 Histograms of distributions of red 

urchins and macrophytes along a permanent 

transect normal to the shoreline at the 

mouth of Bamfield Inlet through 1973-74. 

D - Desmarestia liqulata 

Dr - drift plant material 

L - Laminaria sp. 

M - Macrocystis inteqrifolia 
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experiment (Pace, 1974) and bimonthly p o s i t i o n s  a r e  included i n  Fig.  4. 

A s t rong  shoreward advancement occurred  i n  l a t e  summer of 1973 p l ac ing  

t h e  r e d  urchin  f r o n t  we l l  w i th in  t h e  ke lp  bed. There followed a r e t u r n  

t o  summer depth through January.  I t  i s  apparent  from t h e  p o s i t i o n  of  

t h e  red  urchin  f r o n t  i n  t h e  fo l lowing  September and from subsequent 

q u a l i t a t i v e  observa t ions  t h a t  t h e  advancement and r e t r e a t  cyc l e  is an  

annual  phenomenon. 

Seasonal  v a r i a t i o n s  a l s o  occur  i n  t h e  physical /chemical  environment 

of  t h e  r e d u r c h i n a n d  it would be u s e f u l  a t  t h i s  t ime t o  cons ider  t h e  

t iming o f  t h e s e  even t s  r e l a t i v e  t o  r ed  urchin  movements. 

The ~ h y s i c a l / ~ h e m i c a l  Environment 

Temperature a n d s a l i n i t y  p r o f i l e s  over  t h e  pe r iod  of t h e  Barnfield 

I n l e t  survey  a r e  p re sen ted  i n  Fig. 6 .  I s o p l e t h s  t h e  r ed  u rch in  f r o n t  

w e l l  w i t h i n  t h e  ke lp  bed. There followed a r e t u r n  t o  summer depth  

through January. I t  i s  apparent  from t h e  p o s i t i o n  of  t h e  red u rch in  

f r o n t  i n  t h e  fo l lowing  September and from subsequent q u a l i t a t i v e  

obse rva t ions ,  t h a t  t h e  advancement and r e t r e a t  c y c l e  is an  annual 

phenomenon. 



Fig. 6 Temporal profiles of temperature and 

salinity at the mouth of Bamfield Inlet. 

Constructed from weekly readings over 

15 metres depth at daylight low tide. 
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Red Urchin mvements Within t h e  Urchin Zone a t  

Bamf i e l d  I n l e t  

A seasonal  p i c t u r e  of  t h e  d i s t r i b u t i o n  of urch ins  along t h e  

seabed a t  t h e  nor th  c o n t r o l  p o s i t i o n  of  t h e  f i r s t  c l e a r i n g  experiment 

i s  shown i n  F ig .  5. A bimodal d i s t r i b u t i o n  p reva i l ed  throughout most 

o f  t h e  y e a r  bu t  broke down i n  e a r l y  s p r i n g ,  co inc id ing  wi th  t h e  appear- 

ance of  j uven i l e  macrophytes w i t h i n  t h e  urchin  zone. A s h i f t  i n  food 

source from t h e  boundaries t o  w i t h i n  t h e  u rch in  zone may have con t r ibu ted  

t o  t h e  change i n  p a t t e r n .  

The delayed re-establ ishment  of t h e  bimodal p a t t e r n  may s i m i l a r l y  

r e l a t e  t o  t h e  abundance of a l g a l  fragments w i t h i n  t h e  u rch in  zone through- 

o u t  s u m e r .  

Phys i ca l  Parameters 

Temperature and s a l i n i t y  p r o f i l e s  over the  pe r iod  of t h e  Bamfield 

I n l e t  survey a r e  presented  i n  Fig. 6 .  I s o p l e t h s  a r e  ex t r apo la t ed  from 

weekly measurements. P r e c i p i t a t i o n  was most i n t e n s e  dur ing  l a t e  w in te r  

and sp r ing .  Strong winds which usua l ly  accompanied heavy r a i n f a l l  

tended t o  i n h i b i t  s u r f a c e  s t r a t i f i c a t i o n  a s  i nd ica t ed  by f requent  

p e n e t r a t i o n  of  low s a l i n i t y  water .  Thermal s t r a t i f i c a t i o n  w a s  most 

prominent through l a t e  summer and e a r l y  f a l l  when wind generated v e r t i c a l  

mixing w a s  l e s s .  However, s e q u e n t i a l  p e n e t r a t i o n  of  p rog res s ive ly  h igher  

temperatures  and s a l i n i t i e s  was seen  i n  l a t e  summer. Thus t h e  urchin  

zone i s  p e r i o d i c a l l y  subjec ted  t o  wide v a r i a t i o n s  of temperature and 
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s a l i n i t y ,  t h e  s e v e r i t y  o f  which decreases  w i th  i n c r e a s i n g  depth.  

Seasonal  s h i f t s  i n  t h e  red  urchin  shal low f r o n t  (Fig. 4 ,  5)  do 

no t  correspond wi th  temperature f l u c t u a t i o n s .  Weak c o r r e l a t i o n  wi th  

s a l i n i t y  i s  apparent  a t  t h e  nor th  c o n t r o l  t r a n s e c t  bu t  t h i s  does not  

seem t o  hold f o r  t h e  sou th  c o n t r o l  t r a n s e c t  a s  i n d i c a t e d  by t h e  s t rong  

l a g  i n  red  u rch in  r e t u r n  t o  deeper water .  A s p r i n g  r i s e  i n  oxygen 

l e v e l  (Table 2A) preceded t h e  l a t e  summer shoreward advancement by 

s e v e r a l  months. Th i s  was p a r t i c u l a r l y  obvious i n  1975 s i n c e  t h e  

shoreward advancement d i d  n o t  occur  u n t i l  September (C. Lobban-personal 

communications). 

The l a t e  summer shoreward i n t r u s i o n  of r e d  u rch ins  coincided wi th  

pe r iods  of  low wave exposure, and t h e  win ter  seaward movement coincided 

w i t h  h igh  wave exposure. The imp l i ca t ion  t h a t  shoreward movements a r e  

i n  s ane  way i n h i b i t e d  by wave exposure, seems t o  c o n t r a d i c t  t h e  f i e l d  

survey. However, wave exposure tends  t o  break down near  s u r f a c e  strati- 

f i c a t i o n  of temperature,  s a l i n i t y  and oxygen. For example, t h e  exposed 

s i d e  of  Agui la r  P o i n t  (Trevor Channel) is compared wi th  t h e  s h e l t e r e d  

s i d e  of Aguilar  P o i n t  (Bamfield I n l e t )  i n  Table 2B. Consequently, whi le  

t h e s e  f a c t o r s  do no t  appear t o  p l ay  a d i r e c t  r o l e  i n  s easona l  changes i n  

r ed  u rch in  d i s t r i b u t i o n  they  may c o n t r i b u t e  t o  v a r i a t i o n  among s i t e s .  



TABLE 2A ~hysical/Chemical features at a 
depth of 2 metres off the Barnfield 
Marine Station during daylight 
low and high tides. 

Date 

13/1/75 

15/1/75 

23/1/75 

24/1/75 

1/2/75 

10/2/75 

21/2/75 

9/3/75 

23/3/75 

31/4/75 

9/4/75 

17/4/75 

25-4-75 

3/5/75 

9/5/75 

16/5/75 

27/5/75 

1/6/75 

9/6/75 

15/6/75 

21/6/75 

29/6/75 

7/7/75 

14/7/75 

High Tide 

s0/0o 

29.4 

30.0 
- 

25.0 

33.3 

30.0 

30.5 

33.3 

32.8 

32.8 

30.0 

29.4 

30.0 

22.8 

27.8 

30.0 

25.0 

28.3 

31.6 

32.2 

Low Tide 



Aug.8, 2 12.7 30.8 108% sat. 2 11.9 31.3 115%sat. 
1975 

4 11.9 31.4 115% sat. 4 11.6 31.5 118% sat. 

TABLE 2B Comparison of physical/chemical 
properties of the water column 
near the seabed on the sheltered 
and exposed sides of Aguilar Point. 
Data sampled during daylight low 
tides. 

Sheltered Exposed 

Date Depth tC S Depth tC S O2 
(m) (m) O2 
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2. URCHIN TRANSPLANTATIONS 

INTRODUCTION 

A comparison was made of t he  response of  red  urchins  t r a n s p l a n t e d  

beyond and w i t h i n  t h e i r  normal range. Two types  of t r a n s p l a n t a t i o n s  

were c a r r i e d  ou t :  i n  t h e  f i r s t ,  smal l  groups of urch ins  were moved w i t h i n  

a  s h e l t e r e d  l o c a l i t y  and i n  t h e  second, groups were exchanged between 

an exposed and a  s h e l t e r e d  s i t e .  

METHODS 

Tagging Method 

A method of sp ine  tagging  was developed which causes minimal 

d i s tu rbance  t o  t h e  u rch in  and can be employed i n  s i t u .  The t a g s  (Fig.  7 )  -- 
c o n s i s t e d  of  2  nun I . D .  rubber  bands a t t a c h e d  t o  " spaghe t t i "  t a g s  by 

1-2 c m  l eng ths  of pe r lon  l i n e .  The bands were app l i ed  t o  t h e  s p i n e s  

w i t h  t h e  a i d  of  a  s p e c i a l l y  designed a p p l i c a t o r  (Fig. 7 ) .  

Up t o  twenty t a g s  a r e  p laced  i n  s e r i e s  on t h e  s t e e l  cy l inde r ,  

t h e  end o f  which is  bevel led  t o  prevent  damage t o  t h e  urchin  sp ine .  

The c y l i n d e r  i s  p laced  over t h e  sp ine  and t h e  most d i s t a l  t a g  i s  r e l eased  

by depress ing  t h e  handles .  Since t h e  c y l i n d e r  can be unscrewed from t h e  

a p p l i c a t o r  s e v e r a l  loaded cy l inde r s  can be employed i n  a s i n g l e  d ive .  

Eventual ly t h e  tagged sp ine  i s  r e j e c t e d  by t h e  u rch in  b u t  t h i s  is  a  slow 

process  r e q u i r i n g  from 2 t o  8 weeks. 



Fig. 7 The urchin tagging tool loaded 

with three tags. An urchin 

spine is shown bearing a tag. 



'a, 
\ 
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Experiment 1 Transplan ts  Within a S ing le  S i t e  

The f i r s t  t r a n s p l a n t  experiment was c a r r i e d  ou t  a t  a s h e l t e r e d  

l o c a l i t y  near  Aguilar  Po in t  (Fig. 2 ) .  The u rch in  zone w a s  bounded 

shoreward by a s p a r s e l y  s e t t l e d  k e l p  and f o l i o s e  r ed  a l g a l  community. 

The s u b s t r a t e  dec l ined  a t  about  20' and cons i s t ed  of l oose  rock g iv ing  

way t o  coarse  sediment a t  about  3 metres  depth.  Four groups of  10 

tagged urchins  were d i sp l aced  a s  fol lows:  ( a )  5 metres  shoreward of t h e  

urchin  f r o n t ;  (b)  5 metres  seaward o f  t h e  u rch in  f r o n t ;  ( c )  con t ro l s -  

picked up and r e tu rned  t o  t h e i r  o r i g i n a l  p o s i t i o n  w i t h i n  t h e  u rch in  f r o n t  

The f i n a l  group (d)  was c o l l e c t e d  a t  random along t h e  u rch in  f r o n t  and 

placed toge the r  w i th in  t h e  urchin  f r o n t  a t  t h e  same dep th  5 met res  t o  

one s i d e  of t h e  experimental  a r ea .  Ind iv idua l  p o s i t i o n s  r e l a t i v e  t o  a 

10 m l i n e  s t r u n g  along t h e  o r i g i n a l  urch in  f r o n t  were recorded a t  0 and 

2 days. 

Experiment 2 Exchange of Urchins Between S i t e s  

I n  t h e  second t r a n s p l a n t  experiment r ed  urchins  were exchanged 

betweentheabove descr ibed  s h e l t e r e d  s i t e  and a nearby exposed s i t e  

(Fig. 2 ) .  The depth of  t h e  urchin  f r o n t  was 1 m shal lower a t  t h e  

exposed s i t e .  Twenty u rch ins  from each s i t e  were t r a n s f e r r e d  i n  a 

wire  mesh cage which was slowly towed through t h e  water.  Of t h e s e ,  

10 were p laced  i n  a group wi th in  t h e  urchin  f r o n t  and 10 were placed 

a t  t h e i r  o r i g i n a l  depth. 
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RESULTS AND DISCUSSION 

Experiment 1 

Mean movements of t h e  four t ransplanted  groups of urchins a r e  

presented i n  Table 3 .  Seaward movement of group (a )  departed s i g n i f i c a n t l y  

•’ran 0 whereas shoreward movement of group (b) was s l i g h t l y  
(t = 3.877) 

above t h e  r e j e c t i o n  l e v e l  of p = .05 . Signed movement of 
(t = 2.301) 

t h e  con t ro l  group was t i g h t l y  c lus te red  near  0. The tagging and handling 

procedure s e a s  t o  have had l i t t l e  e f f e c t  on t h e  urchins '  movements. 

While the  tendency of group (b) t o  move shoreward might be explained i n  

terms of  t h e  abundance of food near shore o r  t h e  presence of a more 

favourable ( s o l i d )  s u b s t r a t e  the  seaward movement of  group (a )  seems t o  

con t rad ic t  t h i s  i n t e r p r e t a t i o n .  The movement of group (d) away from the  

experimental a r e a  suggests  t h a t  the  movements of groups (a)  and (b) were 

not simply a homing response. I t  seems t h a t  the  a t t r a c t i v e  f a r c e  

(abundance of  food) wi th in  the  kelp bed i s  outweighed by repuls ive  fo rces  

cha rac te r i z ing  t h a t  region. The urchin f r o n t  may represent  a po in t  of  

balance between t h e s e  opposing forces .  

Experiment 2 

Depth changes f o r  each group of 10 urchins i n  the  second experiment 

a f t e r  2 and 23 days a r e  shown i n  Table 4.  A l l  groups responded i n i t i a l l y  

by moving seaward. The s t ronges t  movement was exhibi ted  by group C which 

moved i n t o  t h e  placement region of group D. Though group D a l s o  showed a 



TABLE 3 Movement o f  u r c h i n s  r e l a t i v e  t o  t h e  
u r c h i n  f r o n t  o v e r  2 d a y s .  * I n d i c a t e s  
movement away f rom t h e  t r a n s p l a n t  sites 
( l a t e r a l  movement) . 

T r a n s p l a n t  L o c a t i o n  U r c h i n s  Mean D i s t a n c e  
R e l a t i v e  t o  U r c h i n  Recovered  Moved (+ up)  

F r o n t  ( -  down) s2 

a )  5 m shoreward  10  -2.12 2.99 

b) 5 m seaward  8 +1.43 3.09 

c) N o  d i s p l a c e m e n t  9 -0.19 0.66 

d )  5 m l a t e r a l  8 0.68 * 0.52 
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s t rong  i n i t i a l  downward movement (not  s i g n i f i c a n t l y  less than group C) 

some ind iv idua l s  of group D were s t i l l  near t h e i r  o r i g i n a l  placement 

a f t e r  23 days. S imi la r ly ,  groups A and B remained c l o s e  t o  t h e i r  

o r i g i n a l  placement pos i t ions .  Owing t o  t h e  d i f f i c u l t y  of p r e c i s e l y  

remeasuring and ca lcu la t ing  depths (a  problem which i s  i n  p a r t  a 

funct ion  of sea  s t a t e )  it can be s a f e l y  concluded t h a t  v e r t i c a l  movement 

of only group C was s i g n i f i c a n t  
(t = 5.626)' 

The r e s u l t s  of  t h i s  experiment could have a s o c i a l  b a s i s ,  perhaps 

a l l  groups moved seaward u n t i l  t h e  main populat ion was encountered. 

Since group C was t h e  only group t r a n s f e r r e d  ou t s ide  of a normal range 

of urchin d i s t r i b u t i o n  t h i s  could account f o r  i t s  g r e a t e r  d i s t ance  moved. 

However, t h i s  does not  account f o r  t h e  i n i t i a l  movement of group D away 

from the  urchin f r i n g e  (though it was only sparse ly  populated).  I n  

add i t ion ,  urchin  populat ions a t  Aguilar Po in t  a r e  patchy. A c l e a r  pa th  

f o r  f u r t h e r  seaward movement was open t o  both of these  groups. Group A 

should have been capable of re turning t o  i t s  "native" depth range (2.6 m )  

wi th in  23 days. 

Urchins t r a n s f e r r e d  between s i t e s  seem t o  l i m i t  t h e i r  v e r t i c a l  

d i s t r i b u t i o n t o  t h e  shoreward confines of the  new urchin zone even though 

t h e i r  previous range may have encompassed shallower o r  deeper depths. 

Differences i n  to le rance  o r  response t o  environmental parameters between 

populat ions do not  seem t o  account f o r  t h e  v a r i a t i o n s  i n  v e r t i c a l  d i s t r i -  

bution among s i t e s .  
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3. FIELD CONTAINMENT EXPERIMENTS 

INTRODUCTION 

To d e f i n e  f a c t o r s  poss ib ly  r e spons ib l e  f o r  r e s t r i c t i n g  t h e  

u rch ins '  upper l i m i t  of d i s t r i b u t i o n ,  I s t u d i e d  t h e  response of u rch ins  

d i sp l aced  shoreward. These u rch ins  were i s o l a t e d  from p h y s i c a l  con tac t  

wi th  t h e  k e l p  community. 

METHODS 

I n  t h e  f i r s t  experiment a s i n g l e  1.2 m x 2 .4  m x 0 .2  m containment 

was used. The base was plywood pa in t ed  wi th  Rustoleum (a non-toxic p a i n t ) .  

A perspex p a r t i t i o n  d iv ided  t h e  containment lengthwise i n t o  two equal  

chambers, w i t h  f o u r  inf low p o r t s  a t  each end, through which seawater  w a s  

pumped from d i f f e r e n t  sources  us ing  March model LC-2C-MD* suhne r s ib l e  

pumps. A removable perspex l i d  w a s  marked i n t o  16  equal  squares  f o r  

mapping urchin  movement. Loose f i t t i n g  of l i d  and s i d e s  permi t ted  water  

t o  leave  t h e  chambers. I n  a d d i t i o n ,  two outf low p o r t s  were c u t  i n  t h e  

o u t s i d e  w a l l s  of each containment. The containment was anchored per -  

pend icu la r ly  t o  shore  w i t h  i ts  lower edge border ing  t h e  u rch in  f r o n t ,  

and its upper edge i n  t h e  ke lp  bed, a t  t h e  l o c a t i o n  of  t h e  f i r s t  t r a n s p l a n t  

experiment . 

The f i r s t  experiment was designed t o  compare urchin  movement i n  

response t o  t h e  shal low water  from t h e  k e l p  bed (-0.3 m)  i n  t h e  l e f t  

* 
March M f g .  Co., Glenview, I l l i n o i s ,  U.S.A. 
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chamber with the response to deep water from the urchin zone (2.6 m) 

in the right chamber. The water sources were reversed after seven 

days. Five urchins were placed in the middle of each chamber, and their 

positions recorded initially and at various intervals during the experi- 

ments. Five untagged control urchins, similarly handled, were left in 

the kelp bed outside of the containment. 

In the second and third experiments a modified containment was 

used in combination with the one above. It consisted of a plywood sheet 

(1.2 m x 2.4 m) with clear perlon fishing line strung around the perimeter 

to retain the urchins without significantly altering the natural current 

flow. 

The second containment (perlon sided) was placed beside the first 

containment, from which the lid and partition were removed and pumps 

disconnected. The new containment offered less resistance to natural 

water flow. Ten urchins were placed near the shallow end of each chamber 

and individual positions recorded. Another ten urchins were placed in 

the kelp bed at the same depth and their positions recorded relative to 

a survey pin. All positions were re-recorded after two days. This 

experiment was repeated. 

RESULTS & DISCUSSION 

The results of the first experiment are shown in Table 5. After 

3 days the urchins in the chamber receiving kelp bed water were clustered 



TABLE 5 C o m p a r i s o n  of red urchin m o v e m e n t s  
w i t h i n  sealed chambers i n  the presence 
of w a t e r  d r a w n  f r o m  a kelp bed ( -0 .3  m) 
and an urchin  zone (2 .6  m ) .  

S - s h a l l o w  end of c h a m b e r  

M - m i d d l e  of chamber 

D  - deep end of chamber 

L e f t  C h a m b e r  R i g h t  C h a m b e r  
D a y  ( U r c h i n  zone w a t e r )  ( K e l p  bed w a t e r )  C o n t r o l s  

S M D  S M D  S M D  

M o d i f i c a t i o n  L e f t  C h a m b e r  R i g h t  C h a m b e r  
on D a y  7 ( K e l p  bed w a t e r )  ( U r c h i n  zone w a t e r )  
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at the deep end, and those in the chamber receiving urchin zone water 

were at both ends. On day seven, the distribution had altered 

only slightly. Owing to the strong bias imposed by the 0 day 

positions (positions assumed by the end of the experimental set-up) 

it is difficult to attack much significance to this phase of the 

experiment. However, there seemed to be a tendency for the urchins 

to cluster at the seaward end of the tank in the presence of kelp 

bed water. If this were indeed the case then reversal of the water 

sources should elicit a similar response in the left chamber. Follow- 

ing reversal of the water sources on the seventh day, the urchins in 

both chambers continued to aggregate at the inflow ports. The urchins 

in the chamber which now received kelp bed water did not move to the 

deep end. It seems that the initial behavior (3 day) of the urchins 

in the right chamber was not a response to the presence of kelp bed 

water. 

If water quality was a factor in the urchins' natural response 

one might expect them to actively avoid the water drawn from within 

the kelp bed yet the urchins in the left chamber did not retreat from 

the inflow ports immediately following reversal of the water sources. 

Their behaviour suggests that (within limits) the presence of flowing 

water is a more important factor than its physical or chemical nature. 

The high level of tolerance exhibited toward kelp bed water suggests 

that some other factor restrains their shoreward movements. A possible 

explanation is that they are limited by excessive water movement. 

Experiments two and three were designed to test this hypothesis. In 

experiments two and three, the pattern of downward movement following 
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shoreward displacement was the same (Table 6). Urchins subject to 

unobstructed natural current flows moved the farthest in both experiments. 

The control urchins moved the least distance possible due to hindrance 

of movement by the irregular nature of the substrate. These experiments 

indicated that retreat response can be retarded by alteration of the 

natural current flows. This is in keeping with the previously mentioned 

tendency of red urchins in exposed localities to occur in seabed crevices 

and behind large rocks. 

If water movement is a limiting factor, an experimentally determined 

current tolerance limit should fall within the range of natural current 

flows at the urchin front. T h e  third phase of this study investigates 

this aspect, and its biological implications. 

PHASE I11 - LABORATORY EXPERIMENTS 1. FLOW TANK STUDIES 

INTRODUCTION 

Two flow tank experiments were conducted to define the behavioural 

response of red urchins to water movement and to determine the upper 

limit of current tolerance under controlled conditions. 

METHODS 

A flow tank (Fig. 8) was constructed of plywood and coated with 

fibreglass resin. The tank was divided lengthwise into two equal portions 



T a b l e  6  Mean seaward movements o v e r  2 d a y s  
o f  r e d  u r c h i n s  d i s p l a c e d  s h o r e w a r d  
unde r  v a r i o u s  levels o f  s u p p r e s s i o n  
o f  n a t u r a l  c u r r e n t .  

Exper iment  Chamber U r c h i n s  Mean D i s t a n c e  SD 
Recovered Moved 

1 A p r i l  2 9 ,  s o l i d  9  108 .7  c m  69.54 
1974 s i d e s  

P e r l o n  7  171 .1  " 29.88 
s i d e s  

C o n t r o l  11 85.6 " 76.05 

2 May 8 ,  S o l i d  7  
1974 s i d e s  

P e r l o n  9  
s i d e s  

C o n t r o l  8  

S t a t i s t i c a l  Comparisons 

PC 

1 S o l i d  x P e r l o n  .025 

Is x C o n t r o l  .300 

P e r l o n  x C o n t r o l  .005 

2 S o l i d  x P e r l o n  

S o l i d  x C o n t r o l  

P e r l o n  x C o n t r o l  



Fig. 8 The flow tank with two urchins moving 

upstream (to the right) shortly after 

the beginning of an experiment. 

Bottom figure (vertical section) shows 

the flow structure of water entering 

the tank. 

D - deflectors 

DS - diffusion screen 

Sh - shelf 

S - shutter 





39 

measuring 2.2 m x 0.3 m. Water entered through a turbulence box, 

designed to break down the gradient caused by the single in-flow pipe 

and to establish a uniform pressure front along the floor of the tank. 

This objective was not fully realized. Drag resulting from laminar 

flow along the sides of the tank was a major problem. 

The speed of inflowing water was adjusted by raising or lowering 

a perspex shutter fitted with an angle-iron brace along its lower edge. 

The brace provided strength to the shutter and reduced turbulence. A 

2 cm sill established the maximum flow rate level at approximately 

mid-test height of the urchin. Current was measured with a Duman Neyrpic 

current meter. During this study the seawater remained approximately 

at 33'/00 S and 10 C. 

In the first experiment flow rate was kept to a minimum (<.05 m/s) 

in one side of the tank and at a high level in the other (0.2 m/s at 0.5 

metres from the inflow). This set-up was reversed halfway through the 

experiment. One animal was placed at the downstream end of each side 

and its maximum "upstream" position achieved within 1 hour was recorded. 

In the second experiment only one side of the chamber was used and the 

water velocity was maintained at a high level (0.8 m/s at 0.37 m from 

the inflow). Each urchin was given several hours to demonstrate maximum 

upstream advancement. The final 7 animals were forced to move upstream 

by squirting a brine solution onto their downstream side. 
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RESULTS & DISCUSSION 

In the first experiment (Table 7)  mean distances could not be 

compared since distribution was truncated on the minimal flow side. 

Total upstream movement (full length of the chamber) and partial upstream 

movement were tested for independence in a two way classification using 

Yates correction for small sample size (Dixon and Massey, 1969). There 

was a significant difference (p<.05) in upstream movements between the 

two sides which can only be attributed to the current flow. 

Under both flow conditions most urchins were in the process of 

returning to their original position by the end of each run which 

suggests that their initial movements were primarily of an exploratory 

nature. 

The second expe riment wa .s run to define the current toierance 

limits and to determine whether size (test diameter) was an important 

variable. Maximum current encountered is plotted against test diameter 

in Fig. 9. A positive relation between size and tolerance is not indica- 

ted. Under these conditions, 5. franciscanus could not move upstream 

nor remain in position under flow rates above 0.41 m/s. 

Severe depression of spines and retraction of tube feet on the 

upstream surface were always exhibited by animals near their limit 

of current tolerance. 



TABLE 7 Comparison of red urchin movements 
under high and low current speeds 
in the flow tank. 

Length of flow tank = 2.2 metres 

Maximum Upstream Position of Each Urchin 

High Current Low Current 

2.2 m 

2.0 

0 

1.7 

2.2 

1.7 

2.2 

2.2 

2.2 

1.4 



Fig. 9 Current tolerance limits of red 

urchins in the flow tank. 

- urchins artificially stimulated 

to move upstream 

0 - urchins not artificially stimulated 

to move upstream 





2. RESPIROMETRY 

INTRODUCTION 

The only common denominator of the foregoing field and laboratory 

experiments is water movement. Although the containment experiments 

revealed no conclusive response to water origin it is possible that 

changes in water chemistry which accompany exposure gradients regulate 

tolerance at the metabolic level to water movement. This could permit 

shoreward placement of the urchin front with increasing exposure. This 

hypothesis is expressed graphically in Fig. 10. This graph is based on 

a series of metabolic relationships which have been determined in other 

poikilotherms, notably fish (for reviews see Fry, 1971; Newell, 1970; 

Prosser and Brown, 1961). The relationships are as follows: 

1. The movement of water past a stationary object imposes a force 

which is a function of the square of the current speed (see 

Carstens, 1968). For simplicity the log plot is expressed as 

a log phase of slope = 0.0 and an arithmetic phase of slope 

= 1.0. 

2. The minimum rate of oxygen uptake (an expression of aerobic 

metabolism) conforms directly to the current speed vs. 

force plot and is translated vertically by the standard 

metabolic rate (level of metabolic activity in an organism 

which is at "rest"). 



Fig. 10 Theoretical relationship of red urchin 

metabolic rate under the influence of 

a controlling factor (Temperature - t) 
and a limiting factor (oxygen partial 

pressure) to water movement. 

a - long term current tolerance limit 

at tl and t2 under uptake 

conformation. 

b, c - long term current tolerance limit 

at tl and t2 respectively under 

uptake regulation. 

1, 2 - level of no excess activity at 

tl and t2 respectively under uptake 

conformation. 

3, 4 - level of no excess activity at 

tl and t2 respectively under uptake 

regulation 
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3. The oxygen uptake vs. current speed curve levels off at the 

active metabolic level (pos. 3 & 4) (maximum aerobic capacity 

of metabolism). Further increases in current speed beyond 

this point (b or c) can only be met through anaerobic meta- 

bolism and the involvement of an oxygen debt. 

4. Provided oxygen is not limiting, extrinsic controlling 

factors such as temperature govern levels of standard and 

active metabolism proportionally. It follows from Fig. 10 

that the current tolerance limit varies directly with 

temperature under oxygen independence (active metabolism 

is independent of small changes in environmental oxygen 

tension) . 

5. Under oxygen dependence (active metabolism varies directly 

with environmental oxygen tension) current tolerance poten- 

tially varies inversely with temperature. This relationship 

could be dampened or even reversed in a biological system 

through variation with temperature in oxygen uptake and 

transport efficiency. This condition is depicted in Fig. 10. 

Though a single oxygen tension is indicated two different 

levels of uptake are achieved (pos. 1 and 2) and current 

tolerance limits (pos. a) are the same. 
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The ob jec t ive  here is not  t o  prove t h e  above physiologi- 

c a l  model, bu t  t o  determine whether some of t h e  fundamental 

r e l a t i o n s h i p s  which it expresses apply t o  t h e  red  urchin. 

Two separa te  systems se rve  t h e  r e s p i r a t o r y  requirements 

of t h e  r ed  urchin.  The water vascular  system opera tes  as t h e  

channel of i n t e r n a l  gas exchange ( f o r  a d e t a i l e d  account of 

func t iona l  morphology see  Fenner, 1973). Passive d i f fus ion  

occurs ex te rna l ly  through t h e  tube f e e t  and peripharyngeal 

g i l l s *  and i n t e r n a l l y  through t h e  ampullae. Transport wi th in  

t h e  lumina of t h e  water vascular  system and wi th in  the  coelomic 

cav i ty  i s  generated by c i l i a r y  a c t i v i t y .  Transport pigments 

a r e  lacking.  The e f f i c i ency  of t h i s  system is a l s o  l imi ted  

by t h e  mul t ip le  funct ion  of the  water vascular  system 

(locomotory, food gather ing ,  sensory and r e s p i r a t o r y ) .  Gas 

exchange i s  f a c i l i t a t e d  by extension and waving movements of 

t h e  tube f e e t  and by c i l i a r y  c u r r e n t s  on t h e  body surface .  

The e x t e r n a l  t i s s u e s ,  including a l l  s i t e s  of locomotor a c t i v i t y ,  

exchange gases d i r e c t l y  with t h e  sea .  The foregoing physio- 

l o g i c a l  model i s  concerned l a rge ly  with t h i s  l a t t e r  aspect  of 

r e s p i r a t o r y  a c t i v i t y .  

* 
The peripharyngeal  g i l l s  a r e  not considered t o  cont r ibute  s u b s t a n t i a l l y  
t o  t o t a l  oxygen uptake (Farmanfarmaian, 1966). 
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The imp l i ca t ions  of t h e  phys io log ica l  model might be r e l e v a n t  

t o  both t h e  shal low and deep l i m i t s  of r e d  urchin  d i s t r i b u t i o n .  A 

c e r t a i n  minimum f lush ing  r a t e  i s  e s s e n t i a l  t o  meet i n t r i n s i c a l l y  

r egu la t ed  metabol ic  demands. The minimum f l u s h i n g  r a t e  (expressed 

a s  c u r r e n t  speed i n  Fig. 10)  under which a l l  l e v e l s  of  metabol ic  

a c t i v i t y  a r e  achieved v a r i e s  i nve r se ly  wi th  oxygen p a r t i a l  p re s su re .  

A p o r t i o n ,  i f  no t  a l l ,  of t h e  water t r a n s p o r t  which is requ i r ed  f o r  

e f f i c i e n t  gas  exchange is  met by t h e  a c t i v i t y  of  c i l i a  on t h e  body 

s u r f a c e  and by waving movement of  t h e  tube  f e e t .  Never the less ,  it 

is conceivable  t h a t  a  lower l i m i t  of v e r t i c a l  d i s t r i b u t i o n  is s e t  

by t h e  requirement t h a t  f l u sh ing  of  t h e  exchange s u r f a c e s  be 

supplemented by n a t u r a l  c u r r e n t  flows. F lush ing  is  assumed t o  be 

adequate  a t  t h e  sha l low l i m i t  o f  r e d  u rch in  d i s t r i b u t i o n .  Conse- 

quent ly ,  t h e  p r e s e n t  s tudy  concerns i t s e l f  on ly  wi th  t h e  upper l i m i t  

o f  c u r r e n t  t o l e r a n c e .  

To apply  t h e  model t o  r e d  urchins  it is  e s s e n t i a l  t o  e s t a b l i s h  

t h a t  metabol ic  a c t i v i t y  is regu la t ed  by high l e v e l s  of water  movement. 

I t  is  a l s o  e s s e n t i a l  t h a t  t h e  u rch ins '  c apac i ty  t o  meet t h e  metabol ic  

demands o f  water  movement i s  i n  t u r n  r e g u l a t e d  by c o n t r o l l i n g  f a c t o r s  

such as temperature and l i m i t i n g  f a c t o r s  such a s  oxygen tens ion .  

METHODS 

The Respirometer 

The resp i rometer  (Figs .  11 & 12) was designed f o r  use e i t h e r  

a s  a  s tandard  c losed  system o r  a  n u l l  p o i n t  system. The c losed  



Fig. lla The closed/null-point system 

respirometer at the Bamfield Marine 

Station. 

b Close-up of the respirometry chamber 

in its cooling bath. 

A - oxygen analyser 

AT - acclimation tank 

CU - cooling unit 

do2 - deoxygenated seawater 

so2 - oxygen saturated seawater 

E - oxygen electrode 

F - filter 

FF - fine flush metering valve for 
null-point method 

M - variable speed motor 

P - recirculating pump for 
ventilation of oxygen electrode 

R - respirometry chamber 





Fig. 12 Schematic representation of the 

closed/null-point system respirometer. 

The chamber, pump and electrode are 

immersed in a cooling bath which is 

not indicated. 



X Ct, 
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system was used f o r  t ime i n t e r v a l s  of 30 o r  mre minutes dur ing  which 

oxygen drop seldom exceeded 0.5 ppm. The n u l l  p o i n t  method maintained 

t h e  oxygen concen t r a t ion  a t  a  f i x e d  l e v e l  by f l u s h i n g  wi th  0 s a t u r a t e d  
2 

water a t  a  c o n t r o l l e d  r a t e .  Readings were c a l c u l a t e d  from t h e  d i sp l aced  

volume a t  10 minute i n t e r v a l s .  These va lues  can be expected t o  d e v i a t e  

cons iderably  from those  determined over 30 minutes i n  t h e  c losed  system. 

This  e f f e c t  is  compounded by t e c h n i c a l  e r r o r  which v a r i e s  i nve r se ly  

wi th  t h e  t ime i n t e r v a l .  For t h i s  reason t e n  minute r a t e s  a r e  given 

i n  t h e  t e x t  on ly  where it is intended t o  demonstrate a  s h o r t  term p a t t e r n  

of uptake and readings  over  a t  l e a s t  30 minutes a r e  averaged when d a t a  

of both methods a r e  incorpora ted  i n  a  s i n g l e  a n a l y s i s .  

Oxygen concen t r a t ions  (ppm) were measured w i t h  a  Beckman 39065 

polarographic  oxygen e l e c t r o d e  coupled t o  a  777 oxygen ana lyser .  The 

probe w a s  i s o l a t e d  from t h e  chamber by a c losed  bypass dur ing  c a l i b r a t i o n .  

0 s a t u r a t e d  w a t e r  was g r a v i t y  f ed  t o  t h e  chamber. A meter ing va lve  
2 

permi t ted  manual flow r e g u l a t i o n  f o r  nu l l -po in t  maintainance. A f l o a t i n g  

s t o r a g e  b o t t l e  w a s  used t o  maintain a  cons t an t  p r e s s u r e  a t  t h e  probe 

equ iva l en t  t o  a depth of  1 metre.  Nitrogen bubbled, deoxygenated water  

was used t o  dep res s  oxygen l e v e l s  i n  t h e  chamber. Feed l i n e s  were always 

backflushed wi th  chamber water  be fo re  each experiment and p re s su re  r e s t o r e d  

through a  3-way va lve  i n  t h e  probe r e t u r n  l i n e .  

Mixing and r o t a t i o n  of chamber water  were provided by two c i r c u -  

l a t o r s  d r iven  by a  v a r i a b l e  speed e l e c t r i c  motor. Current  speed, i n  

r evo lu t ions  p e r  minute,  was determined wi th  an  anemometer-type Vane. 
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Only t h e  h o r i z o n t a l  component of  water movement was measured. Values 

given i n  t h e  t e x t  a r e  only an  approximation s i n c e  c a l i b r a t i o n  was 

c a r r i e d  o u t  without  a n  u rch in  i n  t h e  chamber. A l l  nu l l -po in t  experi-  

ments were run  a t  25 r.p.m. t o  minimize mixing t ime wi thout  imposing 

undue s t r e s s  on t h e  urchin .  No d i f f i c u l t y  was encountered i n  main- 

t a i n i n g  a n u l l  p o i n t  a t  t h i s  speed. 

Treatment of  Urchins 

Usually urch ins  were he ld  p r i o r  t o  use  f o r  a minimum of two days 

i n  a n  acc l imat ion  tank .  This  tank was maintained a t  t h e  temperature 

(+0.5 C.)  and s a l i n i t y  of t h e  experiment. Some animals  were he ld  f o r  

extended pe r iods  i n  flowing seawater  of approximately t h e  same temper- 

a t u r e  and s a l i n i t y  of  t h e  experiment. These were e i t h e r  f ed  

M. i n t e g r i f o l i a  a t  one week i n t e r v a l s  o r  pe rmi t t ed  t o  graze  on c o l o n i a l  - 

diatoms which f l o u r i s h e d  i n  t h e  hold ing  tank .  N u t r i t i o n a l  s t a t e  w a s  

n o t  o therwise  r egu la t ed .  Each u rch in  was condi t ioned  t o  t h e  r e sp i ro -  

meter a t  t h e  minimilm'speed of  t h e  experiment f o r  1 t o  4 hours.  A l l  

animals were b l o t t e d  and weighed immediately a f t e r  each experiment. 

Animals w i t h  an  o v e r a l l  diameter  ( sp ine  t i p  t o  t i p )  of  less than  20 cm 

were g e n e r a l l y  s e l e c t e d  t o  minimize t h e i r  c o n t a c t  w i t h  t h e  w a l l s  of t h e  

chamber. 

Correc t ion  and Weight S tandard iz ing  Procedure 

F u l l  s c a l e  d r i f t  o f  t h e  oxygen e l e c t r o d e  was determined a f t e r  each 

experiment and v a r i e d  from n i l  t o  0.01 ppm/min. A l i n e a r  c o r r e l a t i o n  
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of weight wi th  mid-range uptakes determined above 7.5 ppm O2 a t  8 . 5  C. 

33'/00 S by t h e  closed system method only i s  shown i n  Fig. 13. Standard 

and a c t i v e  metabolismvaried with individuals  i r r e s p e c t i v e  of weight. 

I n  add i t ion ,  v a r i a t i o n  was imposed by d i f f e r e n t  experimental formats 

(appendix). These sources of v a r i a t i o n s  along with mechanical e r r o r  

a r e  responsib le  f o r  a  c o r r e l a t i o n  c o e f f i c i e n t  dev ia t ion  of only 0.88. 

Metabolic r a t e s  were correc ted  t o  approximate mean weight (250 g )  

according t o  t h e  l i n e a r  c o r r e l a t i o n  (Ulbricht  and Pr i t cha rd ,  1972). 

RESULTS & DISCUSSION 

Oxygen Dependence (8.5 C ,  33'/00 S )  

Oxygen uptake f o r  per iods  of 30 o r  more minutes, over a range of  

oxygen concentra t ions ,  a r e  p l o t t e d  i n  Figs.  14 & 15. The n u l l  po in t  

method was used only i n  the  lower speed range (4 .6  - 25.4 rpm). Values 

determined by t h i s  method broadly overlap those of the  closed system 

method (Fig. 1 4 ) .  The upper range of values a t  low cur ren t  speed in-  

creases  r ap id ly  above 8.0 ppm 0 and c lose ly  resembles dependence curves 
2 

described f o r  var ious  Antarc t ic  echinoids by Belman and Giese (1974). 

Since t h i s  a c t i v i t y  s h i f t  i s  not observed t o  t h e  same ex ten t  a t  high 

cur ren t  speeds (Fig. 1 5 ) ,  we might conclude t h a t  uptake is r e s t r i c t e d  

by high cur ren t  speed. However, cons idera t ion  of t h e  circumstances 

of these  unusually high r a t e s  suggest another p o s s i b i l i t y .  A l l  r a t e s  

above 14 vg/g/hr i n  Fig. 14 were determined e i t h e r  e a r l y  i n  the  experi- 

ment o r  upon r e t u r n  from low oxygen l e v e l s  i n  the  respirometer .  The 

Bamfield Marine S t a t i o n  seawater system i n  which the  urchins were 



Fig. 13  Correlation of red urchin wet weight 

vs. half-range metabolic ra tes .  

Vertical  bars indicate f u l l  range of 

uptake for  each urchin. 
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Fig. 14 Scattergram of red urchin metabolic 

rates in absence of current stress 

over a range of oxygen concentrations. 

0 - null-point determinations 

@ - closed system determinations 
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Fig. 15 Scattergram of red urchin metabolic 

rates under current stress over a 

range of oxygen concentrations. 

Values determined only by the closed 

system method. 
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acclimated is  low i n  oxygen content  (approx. 40-70% s a t u r a t i o n ) ,  a 

f a c t  not  appreciated i n  the  e a r l y  phase of the  s t u d i e s  when t h e  ex- 

cess ive  r a t e s  were f requent ly  observed. I n  add i t ion ,  a e r a t i o n  of t h e  

accl imation chamber was o f t e n  minimized t o  reduce i n f l u x  of heat .  The 

uptake surges may r e f l e c t  an i n t e r n a l  deple t ion  of oxygen reserves  

r a t h e r  than a metabolic d e f i c i t  i n  a biochemical sense.  Johansen and 

Vadas (1967) recognized the  importance of separa t ing  " the  t r u e  l e v e l  

of oxygen uptake from t h e  mere s torage  of oxygen i n  t h e  spacious coelomic 

f l u i d  compartment". 

The da ta  i n  Figs.  14 and 15 a r e  drawn from a broad a r r a y  of ex- 

periments, many of which a r e  exploratory (see  appendix). Consequently, 

the  condi t ion  of s t r e s s  under which each value was obtained var ied  

considerably.  This cont r ibuted  t o  a broad over lap  of uptakes i n  t h e  

two cur ren t  speed ranges. Nevertheless,  i f ,  a s  explained above the  

high values i n  Fig. 14 exaggerate metabolic a c t i v i t y ,  r a t e s  of 0 
2 

uptake a t  high cur ren t  speed were genera l ly  higher than a t  low speeds, 

through t h e  range of oxygen s a t u r a t i o n  t e s t e d .  

A l l  values except low speed r a t e s  above 14 ug/g/hr i n  Fig. 14 

a r e  incorporated i n  Fig. 16. The range wi th in  each oxygen l e v e l  is 

comparable t o  F r y ' s  (1947) scope f o r  a c t i v i t y .  The upper range o r  

a c t i v e  metabolic r a t e  shows s t rong oxygen dependence. However, the  

da ta  do not ind ica te  whether t h i s  app l i e s  through t h e  e n t i r e  sa tura-  

t i o n  range. The lower range of values approximates s tandard metabolism 

and seems t o  be independent of oxygen concentrat ion.  
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Figure 16 demonstrates t h a t  the  a c t i v e  metabolic l e v e l  is not 

s t r i c t l y  t i e d  t o  locomotor a c t i v i t y  a s  defined by t h e  present  experi-  

mental procedure. A high l e v e l  of muscle toner s  associa ted  with 

e x c i t a t i o n ,  undulating movements of the  appendages o r  locomotion of 

the  e n t i r e  urchin  can push t h e  r a t e  of oxygen uptake toward the  a c t i v e  

metabolic l e v e l  even a t  low cur ren t  speeds. This broad concept of 

a c t i v e  metabolism is  incorporated i n t o  the  physio logica l  model (Fig. 10) 

where it is seen t h a t  the  maximum uptake curve provides s u f f i c i e n t  scope 

f o r  a c t i v i t y  a t  minimal cu r ren t  v e l o c i t i e s .  

Current Tolerance 

A standard measure of oxygen debt  i s  t h e  magnitude of uptake 

following physica l  s t r e s s  and t h e  time requi red  f o r  uptake t o  r e t u r n  

t o  t h e  standard r a t e .  Both events  may be obscured by spontaneous 

a c t i v i t y  (Bre t t ,  1964). 

a )  Current  Tolerance Under Oxygen Dependence (8.5 C ,  33'/00 S) 

Oxygen dependence of metabolism implies t h a t  a s  ambient oxygen 

dec l ines ,  so  does cu r ren t  to lerance .  This r e l a t i o n s h i p  was b r i e f l y  

considered by subjec t ing  a s i n g l e  urchin t o  moderate cu r ren t  s t r e s s  

(58 rpm) a t  low and high oxygen l e v e l s  (Fig. 17, B, C). Oxygen debt 

was s t rongly  indica ted  a f t e r  85 minutes a t  4.8 ppm 0 (Fig. 17B), 
2 

whereas only a minor debt  was suggested a f t e r  two hours a t  8 . 3  ppm 0 
2 

(Fig. 17C). 



F i g .  16  S c a t t e r g r a m  of  r e d  u r c h i n  oxygen up t akes  

o v e r  a range  of  oxygen c o n c e n t r a t i o n s .  

Values  de te rmined  by t h e  c l o s e d  sys tem 

and n u l l - p o i n t  methods. Data are 

compiled from F i g .  1 5  and v a l u e s  below 

14 ug/g/hr i n  F i g .  1 4 .  



OXYGEN CONCENTRATION (ppm) 



Fig. 17 Four red urchin respirometry experiments. 

The closed system method (intervals - 30 min.) 
was used in all experiments. The null-point 

method (intervals = 10 min.) was only used 
\ 

in experiments A-C. N ' I L A r  cf fi ' /' 



A wt'113 gms -1 

D wt-213 grns 1 

TIME (min) 



b) Current  Tolerance Under Oxygen Independence 

Response t o  c u r r e n t  s t r e s s  under near  s a t u r a t e d  oxygen 

concen t r a t ions  was s t u d i e d  under t h r e e  t empera tu re / sa l in i ty  cond i t i ons  

(Table 8 ) .  Long term acc l imat ion  was occas iona l ly  s u b s t i t u t e d  by 

2.5-4 hour pre-runs i n  t h e  respirorneter .  Only t h e  c losed  system method 

- 5  ppm. w a s  used and oxygen l e v e l s  were not  permi t ted  t o  f a l l  below 7 

The format was based on t h a t  of B r e t t  (1964) a s  fo l lows:  

-accl imation (1-4 hours)  a t  4.6 rprn - s t r e s s  4.6 rprn (40 min. 

-25 rprn (40 min. ) -58 rpn (40 min.) -89 rprn (40 min. ) 

-Recovery (4.6 rprn 30 min.) x 3. (This format v a r i e d  s l i g h t l y  f o r  two 

experiments a t  8.5 C ,  33'/00 S ) .  Resu l t s  of  t h e s e  experiments a r e  

p re sen ted  i n  Fig. 18  ( s e e  appendix f o r  r a w  and a d j u s t e d  d a t a ) .  Since 

t h e r e  were t o o  few d a t a  t o  o b t a i n  a weight vs .  uptake c o r r e l a t i o n  a t  

12.5C, 33% S and 8.5, 30% S a l l  uptake va lues  i n  each of t h e s e  groups 

were a d j u s t e d  r e l a t i v e  t o  a mean h a l f  range a c t i v i t y  f o r  each group. 

Rates a t 8 . 5  C,33% S were ad jus t ed  r e l a t i v e  t o  t h e  l i n e a r  c o r r e l a t i o n  

(Fig. 13)  t o  corresponding weights  f o r  comparison w i t h  each of t h e  

o t h e r  two experimental  condi t ions .  

1. Current  S t r e s s  a t  8.5 C, 33O.00 S 

Metabolic response t o  c u r r e n t  s t r e s s  a t  8.5 C ,  and 33O/00 S 

(F ig .  18) i n d i c a t e s  a d i r e c t  r e l a t i o n  between uptake and c u r r e n t  

speed. I n i t i a l  0 uptake r a t e s  a t  4.6 rprn d i f f e r e d  s i g n i f i c a n t l y  
2 

from uptake r a t e s  a t  89 rpm. The p a t t e r n  of  uptake through t h e  



TABLE 8 Recent history of red urchins used 
in the current stress experiments 
(Fig. 18). 

Experimental Date Weight Acclimation to Pre-Experiment 
Conditions g Respirometer Environment 

8/4/7 5 360 1.5hr 4.6rpm 

23/4/75 410 3hr " 

7/6/75 272 lhr " 

16/6/75 208 4hr " 

17/6/75 281 4hr " 

8.5 C, 33"/00 
(2 day) 

8.5 C, 33O/oo 
(1 day) 

8.5 C ,  33O/oo 
(2 day) 

BMS s/W system 
10.5 C, 33O/oo 

BMS s/W system 
10.5 C, 33*/00 

12.5 C, 33O/oo 
(2 day) 

12.5 C, 33O/oo 
(2 day) 

BMS s/W system 
10.5 C, 33O/oo 

(2 day) 

BMS s/W system 
10,5 C, 33O/oo 

8.5 C, 3@/00 
(2 day) 

BMS S/W system 
9.0 C, 33 /oo 

8.5 C, 30•‹/oo 
(2 day) 

8.5 C, 30•‹/oo 
(2 day) 

BMS s/W system 
10 C, 33O/oo 

(2 day) 



F i g .  1 8  Oxygen u p t a k e s  o f  r e d  u r c h i n s  a t  

4 0  minute  i n t e r v a l s  under  i n c r e a s i n g  

c u r r e n t  stress fo l lowed  by t h r e e  

30 minu te  i n t e r v a l s  i n  absence  o f  

c u r r e n t  stress. 

H o r i z o n t a l  b a r s  - Mean 

V e r t i c a l  N a r r o w  b a r s  - Range 

V e r t i c a l  Wide b a r s  - + - 1 S t a n d a r d  E r r o r  
of the Mean 
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recovery phase i n d i c a t e s  t h a t  a metabolic debt  was incurred.  Uptake 

d i d  not  vary with cu r ren t  flow from 4.8 t o  25.4 rpm and was roughly 

propor t ional  from 25.4 t o  57.7 rpm. Assuming t h a t  su r face  drag is 

roughly propor t ional  t o  cu r ren t  speed over the  range t e s t e d  the  mean 

r a t e  of oxygen uptake a t  88.7 rprn should have been 5 13.7 pg/g/hr 

ins t ead  of 12.6 pg/g/hr. This departure from propor t iona l i ty  suggests  

t h a t  an a c t i v e  metabolic l e v e l  was reached somewhere between 57.7 and 

89 rpm. Linear ex t rapo la t ion  from mean uptakes a t  25.4 and 57.7 rpm 

placed t h i s  l e v e l  a t  around 71 rpm. 

The n u l l  p o i n t  method was use fu l  i n  de tec t ing  small oxygen debts  

incurred below t h e  a c t i v e  metabolic l eve l .  This  is evident  i n  Fig. 17C 

where t h e  f i r s t  ind ica t ions  of oxygen debt  began t o  appear a f t e r  1 hour 

a t  57.7 rpm. Minor debts  of t h i s  na ture  might not be de tec ted  by t h e  

closed system method. For example, i n  Fig .  17D, it seems t h a t  no debt  

was incurred through a 1 hour run a t  57.7 rprn nor through ha l f  an hour 

a t  57.7 rpm followed by hal f  an hour a t  89 r p m .  However, it is poss ib le  

t h a t  a s  i n  Fig. 17C, minor debts  were repaid  wi th in  t h e  f i r s t  30 minutes 

of t h e  recovery phase and t h a t  subsequent r a t e s  w e r e  due t o  spontaneous 

a c t i v i t y .  

2. Current S t r e s s  a t  12.5 C ,  33'/00 S 

Uptake a t  12.5 C was s i g n i f i c a n t l y  higher than a t  8.5 C, 33'/00 S 

throughout t h e  cu r ren t  s t r e s s  phase and toward t h e  end of the  recovery 

phase (p<.05). The mean r a t e  of uptake a t  ha l f  range a c t i v i t y  was 15.24 

ug/g/hr a t  12.5 C and 11.03 ~ g / g / h r  a t  8.5 C correc ted  t o  mean weight of 
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259 g .  The r e s u l t a n t  Q of 1 .95 i s  only  s l i g h t l y  lower than  
10 

U l b r i g h t ' s  (1973) va lue  of 1.99 f o r  co ld  acc l imated  S.  f ranc iscanus  - 

i n  t h i s  temperature range. 

3. Current  S t r e s s  a t  8 .5  C ,  30•‹/oo S 

Uptake a t  8.5 C ,  30•‹/oo S  was gene ra l ly  h ighe r  t han  uptake a t  

8.5 C ,  33'/00 S b u t  s i g n i f i c a n t  on ly  a t  25.4 rpm. The uptake p a t t e r n  

p a r a l l e l e d  uptake a t  12.5 C ,  33'/00 S  but  s i g n i f i c a n t  on ly  a t  25.4 

rpm. The uptake p a t t e r n  p a r a l l e l e d  uptake a t  12.5 C,  33'/00 S. 

Both t h e s e  groups seemed more s e n s i t i v e  t o  t h e  i n i t i a l  change i n  

c u r r e n t  speed than  those  a t  8 .5 C ,  33% S b u t  t h e  sudden drop i n  oxygen 

uptake a t  175 min. sugges ts  t h a t  an  oxygen deb t  was n o t  incur red .  

Behavioural Responses t o  Water Movement 

Behavioural responses t o  c u r r e n t  s t r e s s  i n  t h e  resp i rometer  

repea ted  those  noted i n  t h e  flow tank.  The t y p i c a l  r e s t i n g  mode 

i s  shown i n  Fig. 19A, s p i n e s  a r e  f l a r e d  and t u b e  f e e t  are about 20% 

extended. A t  h igh c u r r e n t  speed (Fig.  19B) s p i n e s  were seve re ly  

depressed and o r i e n t e d  with t h e  c u r r e n t .  With a  sudden inc rease  o r  

decrease  i n  c u r r e n t  speed sp ines  u sua l ly  dropped (Fig. 19D). I f  flow 

w a s  n o t  exces s ive  t h e  sp ines  e i t h e r  r e tu rned  t o  t h e  r e s t i n g  p o s i t i o n  

o r  remained p a r t i a l l y  depressed (Fig.  19C). 



Fig. 19 Typical behavioural response of red urchins 

to water movement in the respirometer. 

A - absence of current stress 

B - strong current stress 

C - moderate current stress 

D - response to sudden cessation of 

moderate current stress 





Tube f e e t  were usua l ly  withdrawn a t  h ighes t  c u r r e n t  speeds ,  and 

s t r o n q l y  extended immediately upon reduct ion  of  c u r r e n t  speed. S ince  

ex tens ion  of tube  f e e t  i nc reases  t h e i r  s u r f a c e  a r e a  f o r  oxygen abso rp t ion  

t h i s  response might i n d i c a t e  t h a t  oxygen r e s e r v e s  i n  t h e  coelomic c a v i t y  

were dep le t ed  dur ing  c u r r e n t  s t r e s s .  Deplet ion could occur  through 

i n t e r f e r e n c e  by laminar  flow w i t h  gas exchange a t  t h e  s u r f a c e  of t h e  

tube  f e e t  o r  through r e t r a c t i o n  of tube  f e e t ,  p o s s i b l y ,  t o  reduce drag. 

This  i n h i b i t i o n  of  uptake might e x p l a i n  why i n  some experiments 

( e - g .  Fig.  17A) uptake s t e a d i l y  dec l ined  w i t h  inc reas ing  c u r r e n t  speed 

whi le  recovery uptake i n d i c a t e d  an oxygen deb t .  

Metabolic E f f e c t s  o f  Tube Fee t  Re t r ac t ion  

The n u l l  p o i n t  method provided oppor tun i ty  t o  compare tube  f e e t  

ex tens ion  w i t h  oxygen uptake on a s h o r t e r  t ime s c a l e .  Comparison of 

oxygen uptake w i t h  ex tens ion  of tube f e e t  might i n d i c a t e  whether t h e  

major p o r t i o n  of  oxygen deb t  fol lowing c u r r e n t  s t r e s s  was incu r red  

w i t h i n  the  coelomic c a v i t y  o r  i n  t h e  body wal l .  The format w a s  as 

fol lows:  pre-run (25.4 rpm, 0 7.5  ppm, 30 min. C.S.) -cur ren t  s t r e s s  
2 

(89 rpm. 0 7.5 ppm, 60 min. C.S.) -recovery (25.4 rpm, 0 7.5 ppm, 
2  2 

N . P .  10  min. i n t e r v a l s  f o r  60 min . ) .  Curren t  s t r e s s  and recovery uptakes 

f o r  f o u r  r e d  u rch ins  w i th  corresponding mean tube  f e e t  ex tens ion  a r e  

shown i n  Fig.  20. S t rong  ex tens ion  of t ube  f e e t  preceded an  i n i t i a l  

uptake su rge  i n  t h e  recovery phase and a  second uptake surge  was n o t  

accompanied by tube  f e e t  extension.  O s c i l l a t i o n s  o f  t h i s  na ture  appeared 

f r equen t ly  a f t e r  c u r r e n t  s t r e s s  and were cha rac t e r i zed  by a  gradual  d e c l i n e  t o  



Fig. 20 Comparison of red urchin oxygen uptake 

and percent extension of tube feet during 

current stress and through one hour of 

recovery at low current speed. 

Horizontal bar - mean uptake 

Vertical bar - standard error of the mean 
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s t anda rd  l e v e l s  (Fig. 17A-C). S imi l a r  s h o r t  term v a r i a t i o n s  i n  oxygen 

uptake were a l s o  observed by Ulbr ight  (1974) i n  5. purpura tus .  

Behavioural evidence presented  here  seems t o  i n d i c a t e  t h a t  t h e  

major p o r t i o n  of oxygen d e f i c i t  fol lowing c u r r e n t  s t r e s s  was i ncu r red  

a t  s i t e s  o t h e r  t han  t h e  coelomic c a v i t y .  The resp i rometry  d a t a  i n  

gene ra l  s t r o n g l y  sugges t  t h a t  t h e s e  s i t e s  a r e  locomotor. 



GENERAL DISCUSSION 

There a r e  two bas ic  mechanisms by which environmental parameters 

l i m i t  d i s t r i b u t i o n  of organisms. The f i r s t  r equ i res  a sharp d i scon t inu i ty  

i n  one o r  more environmental f ac to r s .  This concept has been broadly 

appl ied  t o  s h o r t  range d i s t r i b u t i o n a l  problems such a s  t h e  p resen t  study. 

Or ienta t ion  t o  a boundary i s  r i g i d l y  maintained. This mechanism is  

highly s e l e c t i v e  and opera tes  a t  the  l e v e l  of the  individual .  For example, 

Low (1975) maintains t h a t  red  urchins which a r e  d isplaced beyond t h e i r  

boundary a r e  damaged by swaying macrophytes and a r e  subsequently preyed 

upon. He concluded t h a t  o the r  echinoids i n d i r e c t l y  permit ted the  shore- 

ward placement of  t h e  r ed  urchin  f r o n t  i n  exposed l o c a l i t i e s  by cropping 

off  macrophytes which re tarded the  red urchins '  movements. Though he 

based t h i s  conclusion on observations on t h e  ou te r  coas t  of  Vancouver 

I s l and  t h i s  does not seem t o  apply i n  Barkley Sound. Both - S. purpuratus 

and - S. droebachiensis  commonly occurred wi th in  t h e  red  urchin zone 

and adjacent  ke lp  communities, though always i n  numbers too  low t o  a f f e c t  

macrophyte growth uniformly along t h e  r ed  urchin f ron t .  The seasonal  

shoreward advancement of t h e  red urchin f r o n t  and the  kelp c l ea r ing  

experiments demonstrated t h a t  red  urchin  shoreward movements a r e  no t  

normally i n h i b i t e d  by the  p l a n t s .  I n  add i t ion ,  s ince  abandoning the  

urchin c l e a r i n g  experiment (Pace, 1974) I have observed red  urchins 

deep wi th in  t h e  undergrowth which developed following t h e i r  removal. 

A l l  p o t e n t i a l  predators  of t h e  red urchin  and competitors f o r  

food inhabi ted  both kelp and urchin communities. A l l  competitors 

a r e  a l s o  capable of obtaining food p a r t i c l e s  which a r e  not  ava i l ab le  
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t o  r ed  urchins  e i t h e r  due t o  d i f f e r e n c e s  i n  t h e  compet i tors '  mouth 

p a r t s  o r  t o  sma l l e r  body s i z e .  Consequently, though capable of 

competing wi th  r ed  urchins  f o r  food, t h e i r  occurrence i n  t h e  ke lp  

bed and t h e  r ed  u rch ins '  absence i s  n o t  n e c e s s a r i l y  a c a s e  of com- 

p e t i t i v e  exc lus ion .  I n  a d d i t i o n ,  t h e  low numbers of  compet i tors  i n  

t h e  ke lp  beds do n o t  seem t o  have monopolized space.  

The f i r s t  containment experiment i n d i c a t e d  t h a t  r e d  urchins  

a r e  n o t  s e n s i t i v e  t o  sudden changes of  water  type .  However, t h e  

water  q u a l i t y  may n o t  have d i f f e r e d  d rama t i ca l ly  between k e l p  and 

urchin  zones a t  t h e  t ime of  t h i s  experiment. The s i t e  of t h e  con- 

ta inment  experiments is moderately exposed du r ing  e a r l y  s p r i n g  and 

t u r b u l e n t  mixing may have d e - s t r a t i f i e d  t h e  water  column i n  t h a t  

a r e a .  The weakness of  c o r r e l a t i o n  between t h e  o n s e t  of temperature 

and s a l i n i t y  changes and seasonal  s h i f t s  i n  r ed  u rch in  v e r t i c a l  

d i s t r i b u t i o n  f u r t h e r  sugges ts  a wide range of t o l e r a n c e  t o  t h e s e  

f a c t o r s .  Seasonal  changes i n  temperature and s a l i n i t y  may be accommo- 

da t ed  through metabol ic  adjustment.  This  may no t  apply t o  s h o r t  term 

changes caused by movement ac ros s  t h e  seabed of thermo- and h a l o c l i n e s  

wi th  t h e  r i s e  and f a l l  o f  t h e  t i d e .  

The second mechanism of environmental c o n t r o l  involves  i n t r i n s i c  

d i s c o n t i n u i t i e s  i n  t o l e r a n c e  of  t h e  organisms t o  parameters  which may 

vary  uniformly i n  space. This  concept is  g e n e r a l l y  app l i ed  on a broad 

geographic s c a l e  and s e l e c t i v i t y  ope ra t e s  a t  t h e  popula t ion  l e v e l .  On 
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a l o c a l  s c a l e  t h i s  mechanism can opera te  a s  a f a c t o r  i n  competitive 

exclusion through i t s  inf luence  on l i f e  processes.  

The p resen t  s tudy r e l a t e s  red urchin v e r t i c a l  d i s t r i b u t i o n  t o  a 

d i scon t inu i ty  of cu r ren t  to lerance  wi th in  a uniform v e r t i c a l  g rad ien t  

of  water movement. The physiological  model provides a conceptual 

framework wi th in  which a coaction of c o n t r o l l i n g  and l imi t ing  f a c t o r s  

is  expressed i n  terms which can be appl ied  i n  a genera l  sense t o  nature.  

Although many i n v e s t i g a t o r s  (Dix, 1970; Himmelman and S t e e l e ,  

1971; Morgans, 1959; and Reid, 1953) have speculated upon t h e  importance 

of water movement i n  l i m i t i n g  sea  urchin d i s t r i b u t i o n ,  none has con- 

s ide red  t h e  b i o l o g i c a l  mechanisms involved. I have demonstrated t h a t  

water movement imposes a metabolic demand which can exceed t h e  capaci ty  

of aerobic  metabolism. 

The type  of cu r ren t  flow i n  t h e  respirometer  var ied  dramatical ly 

from t h a t  encountered i n  nature.  Nevertheless,  behaviour response t o  

cu r ren t  s t r e s s  was e s s e n t i a l l y  the  same. F r i c t i o n a l  drag on t h e  body 

su r face  c rea ted  r o t a t i n g  moments which were countered by propping of 

sp ines  a g a i n s t  t h e  bottom of  the  chamber and by attachment of the  

tube f e e t .  Metabolic response t o  cu r ren t s  of high ve loc i ty  indica ted  

t h a t  counterac t ion  of r o t a t i n g  moments c a l l e d  f o r  a continuous expen- 

d i t u r e  o f  energy which was repaid  during per iods  of low water ve loci ty .  

The form of t h i s  r e l a t ionsh ip  bears  remarkable s i m i l a r i t y  t o  B r e t t ' s  

(1964) f ind ings  i n  young sockeye salmon which a l s o  showed t h a t  oxygen 
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d e b t s  were incur red  a t  in te rmedia te  c u r r e n t  (swimming) speeds. From 

t h e  p r e s e n t  d a t a  it i s  n o t  p o s s i b l e  t o  determine how long in te rmedia te  

flow r a t e s  can be t o l e r a t e d .  Red urchins  i n  c a p t i v i t y  tended t o  c l u s t e r  

near  inf low p o r t s  where they  would remain f o r  s e v e r a l  days. I n  a d d i t i o n  

t h e i r  tendency t o  s e l e c t  v e r t i c a l  r a t h e r  than  h o r i z o n t a l  s u r f a c e s  (Low, 

1975) sugges ts  t h a t  t h e  r e d  urchin  i s  capable of enduring minor phys i ca l  

f o r c e s  f o r  i n d e f i n i t e  per iods  without  f a t i g u e .  Personal  observa t ions  

suppor t  t h i s  conclusion.  

The main s i t e  of metabol ic  response t o  c u r r e n t  f o r c e  i s  presumed 

t o  be t h e  r e t r a c t o r  muscles of t h e  tube  f e e t .  Maintainance of sp ine  

r i g i d i t y  is no t  considered expensive s i n c e  a c a t c h  mechanism i s  e f f e c t e d  

by a c i r c l e t  o f  smooth f i b r e s  a t  t h e  base of each s p i n e  (Takahashi, 1966).  

Spine depress ion  may c o n t r i b u t e  t o  energy expendi ture  through t h e  in-  

volvement o f  t h e  o u t e r  c i r c l e t  o f  muscle f i b r e s .  I n  n a t u r e  t h i s  

expendi ture  may be o f f s e t  by t h e  r educ t ion  i n  form-drag which accompanies 

depress ion  o f  t h e  sp ines .  Russe l l  (1970) desc r ibed  t h i s  behavioural  

response i n  two New Zealand echinoids .  Spine depress ion  i n  response 

t o  sudden c u r r e n t  changes (decreases  a s  w e l l  as i n c r e a s e s )  may have 

f u n c t i o n a l  s i g n i f i c a n c e  i n  na tu re  s i n c e  wave genera ted  c u r r e n t s  a r e  

cha rac t e r i zed  by r a p i d  d e c e l e r a t i o n s  a s  w e l l  a s  a c c e l e r a t i o n .  

The b r i e f  pe r iod  of  tube  f e e t  ex tens ion  f o l l o w i q  reduct ion  of 

c u r r e n t  speed compared wi th  t h e  slow d e c l i n e  i n  uptake sugges ts  t h a t  

t h e  major p o r t i o n  of t h e  oxygen deb t  was incu r red  i n  t h e  e x t e r n a l  

body w a l l  dur ing  c u r r e n t  s t r e s s  r a t h e r  t han  i n  t h e  coelomic cav i ty .  
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Re t r ac t ion  of t u b e  f e e t  t o  reduce drag  should n o t  be a problem i n  

na tu re  where c u r r e n t  flows a r e  no t  uniform over  t h e  body su r f ace .  I n  

t h e  flow tank ,  f o r  example, r e t r a c t i o n  commonly occurred  only  on t h e  

upstream s u r f a c e  o f  t h e  test. This  response may a l s o  se rve  t o  p r o t e c t  

t h e  s o f t  t i s s u e  o f  t h e  tube  f e e t  from damage caused by d e b r i s  i n  t h e  

water .  

The apparent  enhancement of c u r r e n t  t o l e r a n c e  a t  e l eva t ed  temp- 

e r a t u r e s  by - S.  f r anc i scanus  ag rees  wi th  t h e  gene ra l  t r e n d  found i n  

swimming c a p a c i t y  of f i s h  (Fry,  1971).  Echinoids i n  gene ra l  are 

s e n s i t i v e  t o  temperature changes w i t h i n  t h e i r  normal l i m i t  o f  t o l e r a n c e  

(Belrnan and Giese,  1974; Ulbr ight  and P r i t c h a r d ,  1972; and Percy,  1974).  

Thermal adap ta t ion  i n  5. f ranc iscanus  was i n v e s t i g a t e d  by Ulbr ight  

(1973b). The s p e c i e s  showed s l i g h t  i nve r se  temperature compensation 

(counter-clockwise r o t a t i o n  of t h e  r a t e  v s .  temperature curve fol lowing 

h igh  temperature acc l ima t ion ) .    his impl ies  t h a t  t h e  e l eva t ed  range 

of  uptake r a t e s  a t  12.5 C i n  t h e  p r e s e n t  s tudy  a r e  a conserva t ive  

e s t ima te  of response fol lowing more gradual  temperature changes i n  

na ture .  However, t hey  may apply more r e a l i s t i c a l l y  t o  s h o r t  term 

temperature f l u c t u a t i o n s  a s s o c i a t e d  wi th  t h e  r i s e  and f a l l  of t h e  t i d e .  

Ulbr ight  and P r i t c h a r d  (1972) showed t h a t  mean 0 uptake could exceed 
2 

14.3 pg/g/hr. a t  24 C f o r  a 360 g - S. f ranc iscanus  (conversion from 

pl/g according t o  P i e r c e  -- e t  a l . ,  1973) compared wi th  7.9 pg/g/hr. a t  

8.5 C i n  t h e  p re sen t  s tudy  (Fig. 1 3 ) .  I t  seems t h a t  i n  t h i s  s i z e  

ca tegory  a t  l e a s t  a doubling of uptake a t  8 .5 C can occur  i n  na ture  

be fo re  phys io log ica l  l i m i t a t i o n s  t ake  e f f e c t .  This  would correspond 

roughly t o  15.8 C us ing  a Q of  1.95. Temperatures i n  t h i s  range 
10 
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rarely occur in the near surface waters of Barkley Sound. 

Although temperature elevation seems to have affected both 

standard and active metabolism, variance is too strong to determine 

whether adjustment is proportional. Newel1 and Northcroft's (1967) 

data for several intertidal invertebrates show proportional displace- 

ment of standard and active metabolism at intermediate temperatures 

in some cases and disproportional displacement in others. The present 

study indicates that standard and active uptake vary proportionally 

with weight. This might also be assumed to apply to activity shifts 

within a weight category. 

Farmanfarmaian (1966) stated that "echinoderms can tolerate 

sea water salinities within the range of 50 to 120% (of natural 

concentrations) without any significant change in their metabolism". 

However, this conclusion was based largely on studies of intertidal 

S. purpuratus. Intertidal organisms generally exhibit greater salinity - 

and temperature tolerance than subtidal organisms (Newell, 1970). 

Strongylocentrotus franciscanus is more sensitive to temperature 

changes within normal ranges than - S. purpuratus (Ulbright and Pritchard, 

1972) and a similar response to salinity changes might be expected and 

is suggested in Fig. 1B. 

The question which is critical in the present context is whether 

salinity, like temperature, is a metabolic controlling factor. The 

strong similarity of metabolic response to reduced salinity and elevated- 

temperature suggests that this might be the case. The high temperature-low 
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s a l i n i t y  groups a l s o  showed less behavioural  response to c u r r e n t  

s t r e s s .  The lack  of evidence i n  t h e  l i t e r a t u r e  t o  r e s o l v e  whether 

o r  no t  s a l i n i t y  i s  a metabol ic  c o n t r o l l i n g  f a c t o r  f o r  poiki lotherms 

stems mainly from t h e  f a c t  t h a t  l i t t l e  e f f o r t  has  been made t o  d e f i n e  

metabol ic  l i m i t s  (Newell, 1970).  Since echinoids  cannot osmoregulate,  

s a l i n i t y  could e f f e c t  metabol ic  a c t i v i t y  a t  t h e  i n t e r n a l  t r a n s p o r t  

l eve  1. 

I t  should be poin ted  o u t  t h a t  30% s a l i n i t y  i s  a c t u a l l y  c l o s e r  

t o  n a t u r a l  cond i t i ons  experiences by - S. f r anc i scanus  i n  Barkley Sound 

than  t h e  33% s a l i n i t y  of  t he  BMS S/W system. The depth (approximately 

30 m) from which t h e  Bamfield Marine S t a t i o n  draws its water  is n o t  

s t r o n g l y  inf luenced  by s u r f a c e  d i l u t i o n  and is below l o c a l  r e d  u rch in  

d i s t r i b u t i o n s .  

Although oxygen is  known t o  be a l i m i t i n g  f a c t o r  i n  f i s h  (Fry,  

1971) and o t h e r  po ik i lo therms (Newell, 1970) most animals have t h e  

capac i ty  t o  r e g u l a t e  uptake independently of ambient oxygen concentra- 

t i o n  t o  same e x t e n t .  Act ive and s tandard  metabolism g e n e r a l l y  respond 

d i f f e r e n t l y  t o  0 concent ra t ion ,  t h e  l a t t e r  showing oxygen independence 
2 

over  a g r e a t e r  range of oxygen content .  

Uptake dur ing  a c t i v e  metabolism a t  high c u r r e n t  speed shows uniform' 

dependence on ambient oxygen concen t r a t ion  (Fig.  1 6 ) .  However, as i n  

S. purpura tus  (Johansen & Vadas 19671, and S. droebachiens is  (Steen,  - - 

1965) ,  oxygen independence may apply a t  high oxygen concent ra t ion  s i n c e  
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t h e r e  w a s  no i n d i c a t i o n  t h a t  uptake w a s  l i m i t e d  through t h e  c u r r e n t  

s t r e s s  experiment.  

Although oxygen dependence has been shown t o  i n c r e a s e  wi th  

temperature i n  p o i k i l o t h e m s  (Newell, 19701, t h e r e  i s  l i t t l e  evidence 

t h a t  t h i s  has  import f o r  s e a  urchins  under n a t u r a l  temperature condi- 

t i o n s .  For example, S t e e n ' s  (1965) d a t a  show only  p a r t i a l  independence 

i n  - S. droebachiens is  a t  16 C and complete independence a t  6 C.  Aside 

from t h e  f a c t  t h a t  he d id  not  d e f i n e  metabol ic  l i m i t s ,  16  C is unnatur- 

a l l y  high f o r  a bo reo -a rc t i c  echinoid.  

I t  does n o t  n e c e s s a r i l y  fo l low from oxygen dependence of  a c t i v e  

metabolism t h a t  c u r r e n t  t o l e r a n c e  v a r i e s  d i r e c t l y  wi th  oxygen t ens ion .  

S ince  t h e  e x t e r n a l  t i s s u e s  of t h e  t e s t  a r e  independent of  t r a n s p o r t  

through t h e  water  vascu la r  system they  may be  oxygen independent over  

a g r e a t e r  range of  oxygen t ens ions  than  i n t e r n a l  t i s s u e s .  The metabol ic  

deb t  fo l lowing  exposure t o  low oxygen t ens ion  i n  F ig .  17B may b v e  been 

incu r red  e n t i r e l y  w i th in  t h e  coelomic cav i ty .  The coelomic c a v i t y  may 

se rve  a s  a r e s e r v o i r  of oxygen t h a t  can be c a l l e d  upon when ambient 

oxygen t e n s i o n  is  low (Johansen & Vadas, 1967).  I n  na tu re  t h i s  means 

t h a t  s h o r t  term f l u c t u a t i o n s  of  low magnitude i n  oxygen t ens ion  might 

n o t  impose p h y s i c a l  c o n s t r a i n t s .  

Ul t imate ly ,  d e c l i n i n g  oxygen t ens ions  must impose metabol ic  

l i m i t a t i o n s  upon t h e  e x t e r n a l  body wal l .  The phys io log ica l  model 

expresses  t h i s  cond i t i on  but  does n o t  de f ine  t h e  range of oxygen 
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t ens ions  over  which t h i s  e f f e c t  a p p l i e s .  While small d i f f e r e n c e s  i n  

oxygen t e n s i o n  between s i t e s  i n  na tu re  may have o v e r a l l  metabol ic  

imp l i ca t ions  it would be premature t o  conclude t h a t  c u r r e n t  t o l e r a n c e  

is  s i m i l a r l y  a f f e c t e d .  

Under oxygen dependence and independence temperature e l e v a t i o n  

inc reases  t h e  requirement f o r  oxygen. S ince  oxygen t ens ion  r i s e s  

wi th  temperature,  i nc reased  metabol ic  demand i s  accommodated t o  some 

e x t e n t  a t  a l l  oxygen concent ra t ions .  Davis, e t  a l .  (1963) found t h a t  -- 
t h e  swimming capac i ty  of j uven i l e  salmon cont inued t o  i n c r e a s e  wi th  

temperature even a t  low oxygen concent ra t ions .  This  may have been 

r e l a t e d  s o l e l y  t o  oxygen t ens ion .  However, it is l i k e l y  t h a t  uptake 

and ( o r )  t r a n s p o r t  e f f i c i e n c y  is  a l s o  enhanced by temperature e l e v a t i o n  

Fry and H a r t  (1948) showed t h a t  a c t i v e  metabolism i n  f i s h  w a s  n o t  t i e d  

d i r e c t l y  t o  oxygen t ens ion .  I n  Fig.  10 an  e f f i c i e n c y  increment pushes 

t h e  i n t e r s e c t  of t h e  uptake capac i ty  under 0 dependence and t h e  uptake 
2 

requirement  curve t o  t h e  r i g h t .  P o t e n t i a l l y ,  temperature e l e v a t i o n  may 

cont inue t o  favour c u r r e n t  t o l e r a n c e ,  even under oxygen dependence. 

I n  summary, water  movement induces a locomotor response i n  

S. f ranc iscanus .  Capaci ty t o  t o l e r a t e  c u r r e n t s  seems t o  va ry  d i r e c t l y  - 

with  temperature a t  h igh  oxygen p a r t i a l  p re s su re s .  Tolerance may vary 

w i t h  oxygen t ens ion  though it is no t  y e t  c l e a r  t h a t  t h i s  a p p l i e s  w i th in  

t h e  n a t u r a l  range of oxygen concent ra t ions .  Other r e s t r a i n t s  r e l a t e d  

t o  i n t e r n a l  metabolism may determine t h e  lower l i m i t  of oxygen t o l e r -  

ance. Curren t  t o l e r a n c e  i s  suspected t o  vary  i n v e r s e l y  wi th  s a l i n i t y  

bu t  t h e  evidence is  not  conclusive.  



Appl ica t ion  of t h e  Laboratory S tud ie s  t o  Nature 

The resp i rometry  s t u d i e s  were intended t o  determine t h e  b i o l o g i c a l  

meaning of t h e  u rch ins '  response t o  c u r r e n t  i n  t h e  flow tank .  Applica- 

t i o n  of t h e  flow tank  r e s u l t s  t o  t h e  f i e l d  is l i m i t e d  by t h e  complexity 

of t h e  n a t u r a l  system. P a r a l l e l  o s c i l l a t i n g  flows i n  na tu re  con t inua l ly  

s u b j e c t  t h e  u rch in  t o  t h e  f o r c e s  of water a c c e l e r a t i o n  and s t eady  flow 

r e s i s t a n c e .  Though t h e  magnitude o f  t h e s e  f o r c e s  may be less than  those  

encountered i n  t h e  flow t ank ,  t h e  cons t an t  r e p e t i t i o n  of  wave f o r c e s  may 

cause  f a t i g u e .  To quote  Cars tens  (1968) " . . . f a t i gue  is a f requent  cause  

of f a i l u r e  even i n  mechanical systems, and it is l i k e l y  t h a t  l i v i n g  

organisms a r e  f a r  more prone t o  t h i s  t ype  of breakdown." I n  a d d i t i o n ,  

o s c i l l a t i n g  f low r e q u i r e s  t h a t  t h e  u rch in  be a b l e  t o  wi ths tand  s t r e s s e s  

from oppos i t e  d i r e c t i o n s  i n  r a p i d  success ion .  The energy expended i n  

a n t i c i p a t o r y  at tachment  could c o n s t i t u t e  a l a r g e  p o r t i o n  of  t h e  t o t a l  

energy cos t .  Overturning o r  l i f t  moments a r e  genera ted  by a c c e l e r a t i o n  

of  water  over  t h e  a b o r a l  s u r f a c e  and by a v e r t i c a l  component of wave- 

genera ted  w a t e r  movement which t r a v e l s  below t h e  wave c r e s t  (Inman and 

Nasu, 1956) . 

Whereas propping of t h e  subora l  s p i n e s  may h e l p  t o  counter  ho r i -  

z o n t a l  moments, t h e  tube  f e e t  must wi ths tand  f o r c e s  normal t o  t h e  

d i r e c t i o n  of flow. The c o s t  o f  attachment can be  reduced by employing 

i r r e g u l a r i t i e s  of t h e  s u b s t r a t e  t o  provide  a l a r g e r  s u r f a c e  f o r  sp ine  

at tachment .  I n  a d d i t i o n ,  red  urchins  occurr ing  i n  c r e v i c e s  and behind 

l a r g e  rocks may be e f f e c t i v e l y  i s o l a t e d  from t h e  most seve re  dynamic 



-79- 

cond i t i ons .  Th i s  behavioural  p a t t e r n  was most commonly observed i n  

t h e  more exposed l o c a l i t i e s .  That urch ins  i n  s h e l t e r e d  l o c a l i t i e s  

d i d  no t  employ t h i s  method of c u r r e n t  avoidance may relate i n  p a r t ,  

t o  s u b s t r a t e  d i f f e r e n c e s  between exposed and s h e l t e r e d  l o c a l i t i e s .  

Exposed sites were gene ra l ly  of high r e l i e f ,  loose  l a r g e  rocks  and 

c r e v i c e s  were common. converse ly ,  s h e l t e r e d  s i t e s  were of  low r e l i e f  

and loose  rocks  were gene ra l ly  s m a l l  and c l o s e l y  packed. Yamanishi 

and Tanaka (1971) compared t h e  c l i n g i n g  power on a  smooth s u r f a c e  of 

two echinoids  from an  exposed h a b i t a t .  One was n a t u r a l l y  i n fauna l  

and t h e  o t h e r  w a s  no t .  The ep i f auna l  s p e c i e s  e x h i b i t e d  g r e a t e r  c l i ng -  

i n g  power i n d i c a t i n g  t h a t  t h e  tube  f e e t  were b e t t e r  developed f o r  

t h a t  func t ion .  Webster (1975) a l s o  found t h a t  among echinoderms i n  

gene ra l ,  ep i f auna l  forms have higher  metabol ic  r a t e s  t han  in fauna l  

forms. This  sugges t s  t h a t  t h e  a c t i v i t i e s  of ep i f auna l  forms c a l l  

f o r  a  h igher  l e v e l  of  metabolism. 

The s i m i l a r i t y  of  r e d  urchin  behaviour (depress ing  of  sp ines )  

i n  t h e  flow tank  and i n  t h e  resp i rometer  t o  n a t u r e ,  sugges ts  t h a t  

some u rch ins  i n  exposed l o c a l i t i e s  encounter  c u r r e n t  v e l o c i t i e s  

approaching t h e i r  l i m i t  of t o l e r ance .  This  could be endured through 

repayment o f  oxygen deb t s  a t  high t i d e  when t h e  water  i s  deeper and 

water  movement i s  l e s s  severe .  I t  is  e s s e n t i a l  t h a t  ambient oxygen 

t ens ion  be adequate  t o  meet t h i s  demand. Existence near  a l i m i t  of 

c u r r e n t  t o l e r a n c e  r e s t r i c t s  t h e  mob i l i t y  of t h e  u rch in  s i n c e  a l l  

e f f o r t  must be d i r e c t e d  toward maintaining p o s i t i o n  on t h e  s u b s t r a t e .  

Th i s  i s  n o t  n e c e s s a r i l y  de t r imen ta l  s i n c e  t h e  c u r r e n t s  c a r r y  food 

p a r t i c l e s  which a r e  e a s i l y  t rapped by t h e  u rch ins '  sp ines .  However, 
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s i n c e  feeding  involves  t h e  a c t i v i t y  of t h e  t u b e  f e e t  t h e  s i z e  of food 

p a r t i c l e s  which can be s a f e l y  manipulated and consumed under exposed 

cond i t i ons  i s  l i m i t e d .  This  may impose long term e n e r g e t i c  l i m i t a t i o n s  

which s e t  t h e  shal low l i m i t  of r e d  urchin  v e r t i c a l  d i s t r i b u t i o n  somewhat 

below t h e i r  l i m i t  of c u r r e n t  t o l e r ance .  

Another f a c t o r  which could reduce t h e  impact of c u r r e n t  s t r e s s  a t  

t h e  shal low boundary i s  clumping. Feare (1971) concluded t h a t  aggrega- 

t i o n  w a s  e s s e n t i a l  i n  t h e  i n t e r t i d a l  dogwhelk (Nucel la  l a p i l l u s )  t o  

reduce c u r r e n t  s t r e s s  on t h e  ind iv idua l .  I n  a flow t ank ,  i n d i v i d u a l  

dogwhelks were d is lodged  a t  water v e l o c i t i e s  g r e a t e r  than  0.5 m / s ,  

whi le  groups of  15  were a b l e  t o  wi ths tand  more t h a n  0.87 m/s .  Red 

u rch ins  w i t h i n  a dense aggrega te  a r e  s h e l t e r e d  from h o r i z o n t a l  c u r r e n t  

flows. Urchins a t  t h e  boundary a r e  exposed t o  unimpeded f lows only  

i n  a n  h o r i z o n t a l  d i r e c t i o n .  

The v e l o c i t y ,  0.4 m/s, r ep resen t s  a  c u r r e n t  beyond which f u r t h e r  

upstream movement of  s i n g l e  r ed  urchins  w a s  no t  poss ib l e .  I t  is a 

t o l e r a n c e  l i m i t  w i t h i n  a narrow t ime frame s i n c e  a l l  u rch ins  remained 

a t  t h e  p o i n t  of  maximum c u r r e n t  v e l o c i t y  f o r  on ly  a b r i e f  pe r iod  ( l e s s  

t han  t h i r t y  minutes) .  A lower v e l o c i t y  t o l e r a n c e  l i m i t  which involves  

a  longer  t ime frame might apply more r e a l i s t i c a l l y  t o  na tu re .  

F i n a l l y ,  bea r ing  i n  mind t h e  resp i rometry  s t u d i e s ,  t h e  c u r r e n t  

t o l e r a n c e  l i m i t  of 0.4 m / s  only a p p l i e s  under t h e  p h y s i c a l  cond i t i ons  

of  t h e  flow tank  experiments.  Current  t o l e r ance  i s  expected t o  vary 
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i n  accordance wi th  temperature,  and perhaps s a l i n i t y  and oxygen p a r t i a l  

p r e s s u r e  i n  na tu re .  

I n  conclus ion ,  whi le  t h e  c u r r e n t  t o l e r a n c e  l i m i t  o f  0.41 m / s  

measured i n  t h e  flow tank is we l l  w i th in  t h e o r e t i c a l  shal low water  

v e l o c i t i e s  under moderately exposed cond i t i ons  (approaching 1 m / s  a t  

a depth  of  3 .1 m f o r  wave he igh t s  up t o  0.61 m ,  Inman and Nasu, 1956) ,  

e x t r a p o l a t i o n  t o  s p e c i f i c  n a t u r a l  s i t u a t i o n s  can only  be d e a l t  wi th  

i n  g e n e r a l  terms. 

A u s e f u l  t o o l  i n  cons ider ing  whether r e d  u rch in  v e r t i c a l  d i s t r i -  

bu t ion  is l i m i t e d  by water  movement i n  accordance wi th  t h e  p r e d i c t i o n s  

of  t h e  phys io log ica l  model is  a comparison of  seasonal  s h i f t s  i n  r e d  

u rch in  v e r t i c a l  d i s t r i b u t i o n  wi th  changes i n  t h e  c h a r a c t e r  of t h e  water  

column. A t  Wizard Is let ,  f o r  example, t h e  u rch in  f r o n t  is a t  i ts  deepes t  

p o i n t  through l a t e  w in te r  and e a r l y  s p r i n g  (Fig.  4 ) .  This  corresponds 

w i t h  a p e r i o d  of  low water  temperatures ,  reduced s a l i n i t i e s  (Fig. 61, 

low oxygen concen t r a t ion  i n  subsur face  water  (Table 2 )  and f requent  

w in te r  storms. The negat ive  e f f e c t s  of low tempera tures  i n  terms of 

c u r r e n t  t o l e r a n c e  may be tempered somewhat by t h e  p o s i t i v e  e f f e c t s  of  

low s a l i n i t y .  However, t h e  ove r r id ing  f a c t o r  a t  t h i s  t i m e  o f  year  i s  

probably t h e  frequency of  wave surges .  Curren t  t o l e r a n c e  seems t o  be  

minimized a t  a t i m e  of year  when c u r r e n t  v e l o c i t i e s  a r e  maximum. The 

wind s torms and oceanic  s w e l l s  g r adua l ly  a b a t e  through l a t e  s p r i n g  and 

e a r l y  summer. Surface  waters  begin t o  warm and h igh  s a l i n i t y  is slowly 

r e s to red .  
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However, t h e  urchin f r o n t  does not begin t o  advance shoreward u n t i l  

l a t e  summer. This could be due t o  severa l  f a c t o r s ;  the  occasional  

occurrence of heavy ocean swel ls ;  continued cold  temperatures i n  

subsurface waters holding metabolic a c t i v i t y  t o  a minimum; and the  

abundance of  food wi th in  the  urchin zone i n  t h e  form of juvenile  

p lan t s .  This food source i s  depleted toward t h e  end of  sumner and 

t h e  thermocline has f a l l e n  wel l  below the  urchin f r o n t .  Long s p e l l s  

of calm weather a l s o  p r e v a i l  through August and September. Near- 

surface  waters  a r e  r i c h  i n  oxygen, and reproductive a c t i v i t y  is a t  

a peak (Bernard and Mil lar ,  19731, although i ts impact on metabolic 

demand is  s t i l l  not  c l e a r  (Webster and Giese, 1975). The urchin 

f r o n t  advances en masse i n t o  t h e  i n f r a l i t t o r a l  ke lp  community. A l l  -- 
macrophytes except t h e  tall woody s t i p e d  Pterygophora a r e  consumed. 

Decline of su r face  water temperatures and oxygen content  gradually 

reduce oxygen demand and cur ren t  tb le rance  and t h e  urchin  f r o n t  

r e t r e a t s  with t h e  onse t  of winter  storms. Events of 1974-75 suggest 

t h a t  t h e  excessively low s a l i n i t i e s  which p r e v a i l  through e a r l y  

sp r ing  do no t  play a d i r e c t  r o l e  i n  t h e  seasonal  r e t r e a t .  S a l i n i t i e s  

i n  near-surface waters  were high through e a r l y  1975 and westerly winds 

were unusually s t rong and frequent .  This coincided with a more pro- 

nounced r e t r e a t  than i n  1971 and extens ive  ke lp  beds developed on 

o f f shore  r e e f s  a t  Wizard I s l e t  where they had not  previously occurred. 

Though seasonal  changes i n  urchin d i s t r i b u t i o n  were l e s s  well  

defined a t  t h e  mouth of Bamfield I n l e t  they were not necessar i ly  

incons i s t en t  wi th  Wizard I s l e t  i f  food is  t h e  prime motivating f a c t o r  
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i n  t h e  shoreward advancement. Since t h e  o u t e r  f r i n g e  of t h e  in f ra -  

l i t t o r a l  ke lp  community a t  Wizard Islet is  dominated by Pterygophera 

c a l i f o r n i c a  seasonal  p l a n t  growth i n  the  understory is  sparse  and 

read i ly  consumed by red  urchins.  However, a t  Bamfield I n l e t ,  t h e  

border of t h e  ke lp  bed is densely populated by low ly ing  p l a n t s  which 

occur annually,  such a s  Desmarestia l i g u l a t a  and Agarum cribrossum. 

By the  t i m e  these  have been removed both by urchin grazing and 

senescence, o the r  parameters which l i m i t  shoreward advancement a r e  

beginning t o  take e f f e c t .  I t  s e e m s  t h a t  i f  food is abundant wi th in  

t h e  urchin zone t h e r e  is  no need t o  expand its boundaries. Note, f o r  

example, t h e  s t rong r e t r e a t  a t  a l l  t h r e e  Bamfield I n l e t  t r a n s e c t  

pos i t ions  (Fig. 4 )  which coincided wi th  t h e  d i s p e r s a l  of p l a n t  d e b r i s  

ac ross  t h e  urchin  zone i n  e a r l y  September o f  1974 (Fig.  5 ) .  

Though seasonal  changes i n  red  urchin  v e r t i c a l  d i s t r i b u t i o n  

c o r r e l a t e d  wi th  t h e  p red ic t ions  of t h e  physio logica l  model it is 

understood t h a t  i n t e r n a l  b io log ica l  events  which govern motivation 

t o  advance beyond a d i s t r i b u t i o n a l  boundary, a r e  of overr id ing 

importance. 

Broad app l i ca t ion  of current  s t r e s s  theory t o  a range of h a b i t a t s  

hinges upon t h e  inf luence  of wave a c t i o n  on t h e  physical/chemical 

na tu re  o f  t h e  water column. Wave motion genera tes  n e t  onshore t rans-  

p o r t  of water a t  the  surface  and along t h e  bottom. This is  balanced 

by seaward t r a n s p o r t  below t h e  breaker zone. These two flows converge 

i n t o  a plume which is  p a r t i a l l y  d ispersed  a t  t h e  su r face  and p a r t i a l l y  

t ranspor ted  seaward wi th in  the  water column. The d i s t ance  of the  
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plume from the  shore increases  with exposure. The n e t  r e s u l t  is  a 

break-down of near-surface temperature and s a l i n i t y  s t r a t i f i c a t i o n  

which is f u r t h e r  enhanced by tu rbu len t  mixing along t h e  seabed. 

Oxygen tens ion is a l s o  enhanced through pneumatic a e r a t i o n  a t  t h e  

su r face  (Irnhoff and Albrecht ,  1972). Comparison of t h e  exposed and 

she l t e red  s i d e s  of Aguilar Point  (Table 2) i n d i c a t e s  t h a t  these  

e f f e c t s  can occur over a r e l a t i v e l y  s h o r t  d is tance .  

The o v e r a l l  e f f e c t  of wave exposure i s  t o  d i s t r i b u t e  surface  

generated inf luences  down through the  water column by mixing of 

surface  and subsurface waters .  The physio logica l  s t u d i e s  have in-  

d ica ted  t h a t  thermal e l eva t ion ,  d i l u t i o n  and oxygenation o f  t h e  water 

may be conducive t o  c u r r e n t  to lerance .  I n  add i t ion  t o  a e r a t i o n  a t  

t h e  su r face  throughout t h e  year  thermal e l eva t ion  during summer months 

g ives  way t o  d i l u t i o n  during winter  months. A s  long a s  t h e  magnitude 

of  these  e f f e c t s  i s  moderated by e f f i c i e n t  v e r t i c a l  mixing, t h e i r  

impact need not  be  det r imenta l  t o  whole body metabolism. I n  terms 

of ex tan t  p a t t e r n s  o f  red  urchin v e r t i c a l  d i s t r i b u t i o n ,  I propose t h a t  

wave a c t i o n  enhances cu r ren t  to lerance  and t h a t  t h i s  e f f e c t  con t r ibu tes  

t o  t h e  observed d i f fe rences  i n  v e r t i c a l  d i s t r i b u t i o n  between wave ex- 

posed and wave she l t e red  l o c a l i t i e s .  Avoidance o f  water movement by 

employing s u b s t r a t e  i r r e g u l a r i t i e s  and aggregation a t  the  d i s t r i b u -  

t i o n a l  boundary con t r ibu tes  f u r t h e r  t o  t h i s  phenomenon. 

The above p o s i t i v e  a spec t s  of wave exposure cannot be separated 

from t h e  a d d i t i o n a l  b e n e f i t  of environmental s t a b i l i t y .  A s  wave 



-85- 

exposure d e c l i n e s  l a y e r i n g  of physical /chemical  parameters  becomes 

more prominent.  The r ed  urchin  f r o n t  i n  t h e  most s h e l t e r e d  s i t e s  

could  be depressed e n t i r e l y  through avoidance of  r a p i d  changes of  

water q u a l i t y  which occur  when a s t r a t i f i e d  body of water  moves back 

and f o r t h  a c r o s s  t h e  seabed wi th  t h e  r i s e  and f a l l  of t h e  t i d e .  

S ince  t h e  c l o s e l y  r e l a t e d  - S. droebachiens is  is  capable  o f  

occupying t h e  nea r  i n t e r t i d a l  zone under s h e l t e r e d  cond i t i ons  

(Ricke ts  & Calvin ,  1962) t h e  same capac i ty  should be  w i t h i n  t h e  limits 

of long-term phys io log ica l  adap ta t ion  i n  - S. f ranc iscanus .  However, 

if c u r r e n t  stress i s  t h e  primary f a c t o r  governing v e r t i c a l  d i s t r i b u t i o n  

under exposed cond i t i ons ,  phys io log ica l  a d a p t a t i o n  a long  t h e s e  l i n e s  

could be de t r imen ta l .  Th i s  can be expla ined  by cons ide ra t ion  of  t h e  

popula t ion  a t  l a r g e .  I t  is  obvious from Fig .  3 t h a t  t h e  popula t ion  

d e n s i t y  of - S. f r anc i scanus  i n  Barkley Sound i n c r e a s e s  wi th  exposure. 

I t  may be i n f e r r e d  t h a t  t h i s  r e f l e c t s  a h igh  degree of h a b i t a t  p r e f e r -  

ence. The s p e c i e s  may d i s t r i b u t e  a long  a n  exposure g r a d i e n t ,  t h e  wave 

s h e l t e r e d  h o r i z o n t a l  l i m i t  r ep re sen t ing  t h e  l e a s t  p r e f e r r e d  condi t ions .  

Popula t ion  d e n s i t y  a t  t h i s  l i m i t  of d i s t r i b u t i o n  v a r i e s  d i r e c t l y  w i th  

t h e  o v e r a l l  popu la t ion  l e v e l  owing t o  t h e  mob i l i t y  o f  t h e  a d u l t  phase 

and n o t  t o  l a r v a l  recru i tment .  For example, r e d  u rch ins  a r e  moderately 

abundant on e i t h e r  s i d e  of t h e  en t rance  t o  Bamfield I n l e t  b u t  a r e  n o t  

found o f f  S t a t i o n  P o i n t  (F ig .  2 1 ,  which is  sepa ra t ed  by Bamfield and 

Grapplet  I n l e t s  from dense r e d  urchin  popula t ions ,  a l though condi t ions  

seem s u i t a b l e .  
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Factors  which govern v e r t i c a l  d i s t r i b u t i o n  wi th in  a  p re fe r red  

l o c a l i t y  a r e  e s s e n t i a l  t o  su rv iva l  and owing t o  the  mobil i ty of the  

a d u l t  phase it is  e s s e n t i a l  t h a t  the  capaci ty  f o r  recogni t ion  of t h e  

boundary be maintained by a l l  i nd iv idua l s  i n  the  populat ion.  Recogni- 

t i o n  of  t h e  boundary during wave exposed condi t ions  would be wi th in  

the  capacity of a l l  i nd iv idua l s  regardless  of t h e i r  previous h i s to ry .  

The boundary must a l s o  be maintained during b r i e f  per iods  of calm 

weather which may occur a t  any time of t h e  year .  Wholesale advance- 

ment of  the  urchin  f r o n t  a t  exposed loca t ions  could be d i sas t rous  if 

improperly timed, p a r t i c u l a r l y  i f  the  populat ion dens i ty  is high,  a s  

r e t r e a t  of  t h e  shal lowest  individuals  would be prevented by those 

d i r e c t l y  behind. One f a c t o r  which may be used f o r  s p a t i a l  reference 

i s  s t r a t i f i c a t i o n  of t h e  water column. Aside from metabolic and 

osmotic s t r e s s e s  imposed by s t rong g rad ien t s ,  t h e i r  avoidance could 

be an important component of s p a t i a l  s t a b i l i t y  s i n c e  s t r a t i f i c a t i o n  

v a r i e s  inve r se ly  with exposure. I n  t h i s  r e spec t  it i s  i n t e r e s t i n g  t o  

note t h a t  t h e  shoreward advancement a t  Wizard I s l e t  coincided with a  

per iod  of r e l a t i v e l y  uniform temperatures and s a l i n i t i e s .  

I n  sumwry, I maintain t h a t  water movement limits red  s e a  urchin 

v e r t i c a l  d i s t r i b u t i o n  i n  wave exposed l o c a l i t i e s .  Evidence presented 

here  s e e m s  t o  i n d i c a t e  t h a t  t h e  capaci ty  of  t h e  red urchin t o  m e e t  

t he  metabolic demands imposed by water movement v a r i e s  with environ- 

mental f a c t o r s  such a s  temperature and poss ib ly  s a l i n i t y  and oxygen 

tens ion.  Al te ra t ion  of these  parameters by wave exposure may con t r i -  

bu te  t o  cu r ren t  to le rance  and permit shoreward placement of t h e  urchin 
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f r o n t  i n  exposed vs .  s h e l t e r e d  l o c a l i t i e s .  Given t h e  p r e s e n t  l e v e l  

of  knowledge concerning c u r r e n t  flow r a t e s  and c u r r e n t  t o l e r a n c e  

l e v e l s  i n  na tu re  t h i s  hypothes is  cannot b e  u n i v e r s a l l y  app l i ed .  I t  

does no t  seem l i k e l y  t h a t  r ed  urchin  v e r t i c a l  d i s t r i b u t i o n  is  l i m i t e d  

by excess ive  water  movement i n  wave s h e l t e r e d  l o c a l i t i e s .  I propose 

t h a t  s t r o n g  l a y e r i n g  of  su r f ace  genera ted  parameters  (e .g .  tempera- 

t u r e )  may induce a n  avoidance response which r e s t r i c t s  shoreward 

movement o f  t h e  r e d  urchin  under t h e s e  cond i t i ons .  This  mechanism 

may be s a i d  t o  r ep re sen t  a  cond i t i on  of  behavioura l  homeostasis and 

could be an  important  s a f e t y  f a c t o r  i n  maintaining s p a t i a l  s t a b i l i t y  

i n  exposed l o c a l i t i e s  dur ing  b r i e f  pe r iods  o f  calm. 



SUMMARY 

1. Red u rch ins  i n  Barkely Sound, B.C. a r e  most abundant i n  moderately 

exposed l o c a l i t i e s  and l e a s t  abundant o r  absen t  from s h e l t e r e d  l o c a l i -  

t i e s .  The v e r t i c a l  range expands wi th  i n c r e a s i n g  exposure. The shore- 

ward l i m i t  o f  d i s t r i b u t i o n  v a r i e s  i nve r se ly  i n  depth  w i t h  exposure. 

The shoreward and, t o  a  l e s s e r  e x t e n t ,  t h e  seaward limits of  r ed  urchin  

d i s t r i b u t i o n  a r e  cha rac t e r i zed  by dens i ty  peaks. The shal low water 

peak usua l ly  f r o n t s  a  dense macrophyte community. 

2.  A p re l imina ry  f i e l d  survey revea led  no c o n s i s t e n t  c o r r e l a t i o n  of  

competi tor  o r  p r e d a t o r  d i s t r i b u t i o n  and r e d  u rch in  d i s t r i b u t i o n .  

3.  Two k e l p  c l e a r i n g  experiments i n d i c a t e d  t h a t  t h e  v e r t i c a l  range 

o f  - S. f r anc i scanus  w a s  n o t  l i m i t e d  by a v e r s i v e  response t o  t h e  p l a n t  

community. Removal of t h e  p l a n t s  seems t o  have enhanced t h e  e f f e c t  

o f  o t h e r  l i m i t i n g  f a c t o r s .  

4. S h i f t s  i n  r e d  urchin  v e r t i c a l  d i s t r i b u t i o n  correspond wi th  seasonal  

c l i m a t i c  changes. A shoreward advancement occurs  i n  l a t e  summer when 

wave s w e l l s  a r e  low, and water  temperatures ,  s a l i n i t i e s  and oxygen 

concen t r a t ions  a r e  uniformly high. A w in te r  seaward r e t r e a t  occurs  

dur ing  a long pe r iod  of heavy ocean s w e l l s  and low temperatures ,  

s a l i n i t i e s  and oxygen concent ra t ions .  
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5. An u rch in  tagging  method f o r  f i e l d  s t u d i e s  of  s h o r t  d u r a t i o n  was 

developed. Red urchins  a r t i f i c i a l l y  d i sp l aced  shoreward of  t h e i r  normal 

range r e a d i l y  r e tu rned  t o  t h e  urchin  f r o n t .  Urchins exchanged between 

exposed and s h e l t e r e d  l o c a t i o n s  responded t o  shoreward t r a n s p l a n t a t i o n  

s i m i l a r l y  t o  r e s i d e n t  urch ins .  Depth v a r i a t i o n  i n  u rch in  v e r t i c a l  

d i s t r i b u t i o n  among s i t e s  does no t  seem r e l a t e d  t o  popu la t ion  d i f f e r e n c e s .  

6. Red urchins  d i d  no t  respond nega t ive ly  t o  water  drawn from wi th in  

t h e  k e l p  bed. Re t r ea t  response t o  shoreward t r a n s p l a n t a t i o n  i s  dampened 

i n  t h e  presence  of  a r t i f i c i a l  b a r r i e r s  t o  n a t u r a l  c u r r e n t  flows. Urchins 

i n  a  flow tank  a r e  p o s i t i v e l y  r h e o t a c t i c  bu t  e x h i b i t  a  r e l a t i v e l y  low 

l i m i t  o f  t o l e r a n c e  t o  water  movement compared wi th  t h e o r e t i c a l  c u r r e n t  

flows i n  n a t u r e .  

7. A l i q u i d  phase n u l l  p o i n t  resp i rometry  method w a s  developed which 

pe rmi t s  s tudy  of  s h o r t  term f l u c t u a t i o n s  o f  metabol ic  r a t e s  a t  a  

cons t an t  oxygen l e v e l .  Uptake r a t e s  corresponded t o  r a t e s  determined 

by t h e  c losed  system method. The ins t rument  was employed a s  a  c losed  

system f o r  s t u d i e s  of metabol ic  response t o  c u r r e n t  s t r e s s  under near- 

s a t u r a t i o n  oxygen l e v e l s .  

8. The r e d  u rch in  is  0 dependent over  most of  t h e  range of  oxygen 
2 

t e n s i o n s  b u t  may r e g u l a t e  above 8.0 ppm 0 a t  8.S0c, 33% S. It has 
2 

n o t  been determined whether conformation a p p l i e s  equa l ly  t o  t h e  body 

wa l l  and t h e  coelomic cav i ty .  This  p o i n t  must be  e s t a b l i s h e d  t o  

determine whether n a t u r a l l y  occurr ing  low oxygen l e v e l s  l i m i t  t o l e r ance  

t o  water  movement. 
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9. Water movement imposes phys i ca l  s t r e s s e s  which can cause t h e  

red  u rch ins '  metabol ic  requirement t o  exceed capac i ty  and e n t e r  a 

s t a t e  of oxygen d e f i c i t .  Metabolic response t o  i n t e rmed ia t e  flow 

r a t e s  is  cumulative, i n d i c a t i n g  t h a t  minor d e b t s  may be incu r red  

below t h e  a c t i v e  metabol ic  l e v e l .  

10. Urchins responded s i m i l a r l y  t o  e l eva t ed  temperatures  and 

reduced s a l i n i t i e s .  Under both cond i t i ons  u rch ins  seemed more 

s e n s i t i v e  t o  a n  i n i t i a l  change i n  c u r r e n t  speed b u t  exh ib i t ed  

on ly  a weak behavioura l  response t o  h igh  c u r r e n t  speeds. Tolerance 

o f  water  movement seemed t o  vary d i r e c t l y  w i th  water  temperature 

i n  accordance w i t h  d a t a  on swimming capac i ty  i n  f i s h .  Tolerance 

of water  movement seemed t o  vary  inve r se ly  wi th  s a l i n i t y .  

11. Behavioural  responses t o  water movement i n  t h e  resp i rometer  

r e f l e c t e d  those  e x h i b i t e d  i n  t h e  presence  of s t rong  water movement 

i n  t h e  flow tank  and f r equen t ly  observed i n  na tu re .  S t ronges t  

behavioural  responses  were exh ib i t ed  by u rch ins  exposed t o  h igh  

c u r r e n t  speeds which i n d i c a t e d  t h a t  a metabol ic  d e f i c i t  w a s  i n -  

cu r r ed  under c u r r e n t  stress i n  t h e  resp i rometer .  

12. Wave exposure mixes s u r f a c e  wi th  subsur face  water  and enhances 

a e r a t i o n .  These e f f e c t s  may be conducive t o  c u r r e n t  t o l e r a n c e  and 

permi t  shoreward placement o f  t h e  r ed  u rch in  f r o n t  i n  exposed 

l o c a l i t i e s .  U t i l i z a t i o n  of  s u b s t r a t e  i r r e g u l a r i t i e s  t o  avoid 
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c u r r e n t  flows and clumping t o  dampen p h y s i c a l  s t r e s s  on t h e  i n d i v i d u a l  

f u r t h e r  c o n t r i b u t e  toward shoreward placement i n  exposed l o c a l i t i e s .  

13. D i f f e r e n t i a l  s t r a t i f i c a t i o n  of t h e  water  column may a c t  indepen- 

d e n t l y  of  water  movement during b r i e f  pe r iods  of calm weather t o  

l i m i t  v e r t i c a l  d i s t r i b u t i o n  of r e d  urchins .  This  e f f e c t  may apply 

on a  continuous b a s i s  i n  wave s h e l t e r e d  l o c a l i t i e s .  I n  wave exposed 

l o c a l i t i e s  they  may c o n t r i b u t e  t o  t h e  s t a b i l i t y  of t h e  urchin  f r o n t  

through temporal v a r i a t i o n s  i n  wave exposure. 
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Appendix 

Respirometry data showing experimental formats. 

Data are given before and after adjustment 

relative to 250 grams. 

Series a-c are experimental formats used in Fig.18. 

Data not incorporated into Fig.18. 

a - 8.5 C; 33%~. S (adjusted for 250 grams weight) 

b - 12.5 C; 3 3 % ~  S (adjusted for 259 " I' 1 

c - 8.5 C; 30%0 S (adjusted for 249 ' 

All other experiments were conducted at 8.5 C; 33%oOS. 



Wet Current Duration Mean Oxygen Uptake 
Weight Speed 02 
(grams) (rpm) (minutes) (ppm) ( ug/g/hr ) 

Measured Adjusted to 250 g 

New Experiment 

25.4 
I 1  



New Experiment 

25.4 
I1  



New Experiment 



New Experiment 

25.4 
I t  

89.0 

25.4 
I 1  

11 

89.0 

25.4 
I 1  

New Experiment 

70.0 

25.4 



New Experiment 

70.0 

25.4 








