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Chapter 14 

IMPORTANCE OF VARIATION I N  ALGAL IMMIGRATION AND GROWTH RATES ESTIMATED BY 
MODELLING BENTHIC ALGAL COLONIZATION 

R. JAN STEVENSON 

Dept. B io logy ,  Univ.  L o u i s v i l l e ,  L o u i s v i l l e ,  Kentucky 40292 (USA) 

ABSTRACT 

diatom accumulat ion,  spec ies  compos i t ion ,  and d i v e r s i t y  p a t t e r n s  d u r i n g  
c o l o n i z a t i o n  on c l a y  t i l e s .  Accumulat ion p a t t e r n s  o f  dominant species and the  
e n t i r e  assemblage were a c c u r a t e l y  p r e d i c t e d  by t h e  model when immig ra t i on  
parameters were i t e r a t i v e l y  v a r i e d  t o  t h e  bes t  f i t . 
f a s t  immigra tors  d u r i n g  e a r l y  stages o f  c o l o n i z a t i o n  were d i f f e r e n t  than those 
species w i t h  h i g h  growth  r a t e s .  
immigra t ion  r a t e s  d u r i n g  c o l o n i z a t i o n  i n d i c a t e d  t h a t  t h e  f a s t e s t  reproducers 
a l s o  had t h e  f a s t e s t  immig ra t i on  r a t e s  d u r i n g  l a t e r  stages o f  c o l o n i z a t i o n .  
F i e l d  procedures f o r  e s t i m a t i n g  immig ra t i on  r a t e s  were p robab ly  n o t  as 
accura te  as es t ima tes  made w i t h  t h e  model. P a t t e r n s  o f  spec ies  compos i t ion  
and d i v e r s i t y  were shown t o  be s t r o n g l y  i n f l u e n c e d  by t h e  balance c rea ted  when 
d i f f e r e n t  spec ies  were f a s t  immigra tors  and f a s t  reproducers .  

A s imp le  mathematical  model o f  immig ra t i on  and growth was used t o  s tudy  

The species t h a t  were 

However, mode l led  es t ima tes  o f  maximum 

14.1 INTRODUCTION 

I n t e r e s t  i n  t h e  m o d e l l i n g  approach t o  s tudy ing  b e n t h i c  a l g a l  c o l o n i z a t i o n  

has been s t i m u l a t e d  by a need t o  q u a n t i t a t i v e l y  es t ima te  a l g a l ' i m m i g r a t i o n  and 

rep roduc t i on  r a t e s  f rom shor t - te rm,  temporal  accumula t ion  p a t t e r n s .  Since 

I v l e v ' s  (1933) s tudy  o f  p e r i p h y t o n  accumula t ion  p a t t e r n s  on s l i d e s  i n  

d i f f e r e n t  c u r r e n t  v e l o c i t i e s ,  t h e  i n t e r p r e t a t i o n  o f  accumula t ion  p a t t e r n s  has 

r e c e n t l y  been used t o  i n v e s t i g a t e  a l g a l  c o l o n i z a t i o n  i n  r e s e r v o i r s  (Hoagland, 

1983), i n  an e s t u a r y  (Hudon and Bourget,  1981), i n  tempera te-c l imate  streams 

(eg. Ko r te  and B l i n n ,  1983; Stevenson, 1984), and i n  bo rea l  streams (Hami l ton  

and Duth ie ,  1984). I n  many o f  these s tud ies ,  t h e  i n t e r p r e t a t i o n  o f  how a l g a l  

immigra t ion  and r e p r o d u c t i o n  r a t e s  v a r i e d  i n  d i f f e r e n t  environments and 

c o n t r o l l e d  accumula t ion  p a t t e r n s  was impor tan t  f o r  e x p l a i n i n g  i n t e r a c t i o n s  

between the  environment and a l g a l  assemblages. 

I n t e r p r e t a t i o n  o f  a l g a l  assemblage dynamics has o f t e n  been de r i ved  from 

es t imates  o f  a l g a l  s tand ing  c rops  on subs t ra tes  f rom o n l y  one date.  

D i f f e rences  i n  accumula t ion  among h a b i t a t s  a re  o f t e n  assumed t o  be t h e  r e s u l t  

o f  d i f f e r e n c e s  i n  growth r a t e s  ( r e p r o d u c t i o n  - dea th ) .  

a lgae on subs t ra tes  i s  n o t  t h e  o n l y  impor tan t  mechanism c o n t r o l l i n g  

accumulat ion.  

shown t o  be a p robab le  cause o f  d i f f e r e n c e s  i n  a l g a l  accumula t ion  around 

However, growth o f  

V a r i a t i o n  i n  immig ra t i on  r a t e s  w i t h  c u r r e n t  v e l o c i t y  has been 
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subs t ra tes  i n  streams (Stevenson, 1984).  

accumula t ion  (eg. Sumner and M c I n t i r e ,  1982). 

de te rm in ing  a l g a l  accumula t ion  may v a r y  among h a b i t a t s  and i n t e r a c t  t o  a f f e c t  

accumulat ion.  

Graz ing  can a l s o  a f f e c t  a l g a l  

Thus, a v a r i e t y  o f  mechanisms 

I n  a d d i t i o n  t o  v a r i a t i o n s  among h a b i t a t s ,  ev idence a l s o  suggests t h a t  a l g a l  

immig ra t i on  and r e p r o d u c t i o n  r a t e s  a r e  somewhat densi ty-dependent and v a r y  

d u r i n g  c o l o n i z a t i o n .  F i e l d  es t ima tes  o f  a l g a l  immig ra t i on  r a t e s  i n d i c a t e  t h a t  

o rgan ics  be ing  adsorbed, secre ted ,  and exc re ted  on to  subs t ra tes  inc reases  

immig ra t i on  r a t e s .  Algae, i n v e r t e b r a t e s ,  and aggregates o f  f u n g i ,  b a c t e r i a ,  

and d e t r i t u s  on subs t ra tes  a l s o  enhance immig ra t i on  by i n t e r r u p t i n g  c u r r e n t s  

and reduc ing  shear s t r e s s  (Stevenson, 1983). 

w i t h  s tand ing  c rop  (Lamber t i  and Resh, 1983) and growth h a b i t s  o f  a lgae t h a t  

m a i n t a i n  them a t  t h e  su r face  o f  deve lop ing  p e r i p h y t o n  mats have suggested t h a t  

a lgae compete f o r  l i g h t  and n u t r i e n t s  (Hoagland e t  a l . ,  1982; Hudon and 

Bourget,  1983). 

A complete model o f  a l g a l  accumula t ion  shou ld  i n c l u d e  these complex 

c o m p e t i t i v e  and p reda to r -p rey  i n t e r a c t i o n s  as w e l l  as resource  l i m i t a t i o n  

w i t h i n  t h e  environment.  However, impor tan t  i n s i g h t s  i n t o  t h e  dynamics o f  

b e n t h i c  a l g a l  assemblages can be ga ined by usincj s imp le  models w h i l e  

recogn iz ing  t h e  l i m i t a t i o n s  and assumptions i n h e r e n t  i n  t h e  model. 

model was developed f o r  two reasons: f i r s t ,  t o  s tudy  t h e  s e n s i t i v i t y  o f  a l g a l  

accumula t ion  p a t t e r n s  t o  v a r i a t i o n s  i n  immig ra t i on  and growth r a t e s  and 

second, t o  p r o v i d e  a q u a n t i t a t i v e  b a s i s  t o  compare a l t e r n a t i v e  hypotheses f o r  

e x p l a i n i n g  d i f f e r e n t  accumula t ion  p a t t e r n s  i n  d i f f e r e n t  stream c u r r e n t s  

(Stevenson, 1984; Stevenson, i n  p r e s s ) .  

Dec.reases i n  a l g a l  p r o d u c t i v i t y  

Such a 

I n  t h e  model equa t ion  

Nt and Nt+l were a l g a l  abundances on subs t ra tes  on consecu t i ve  days o f  

c o l o n i z a t i o n ,  I. was t h e  i n i t i a l  immig ra t i on  r a t e  on to  newly exposed 

subs t ra tes ,  I,,, was t h e  maximum enhancement of immig ra t i on  as subs t ra tes  became 

co lon i zed ,  K was a cons tan t  t h a t  r e l a t e d  enhancement o f  immig ra t i on  t o  a l g a l  

abundance on subs t ra tes ,  and r was t h e  a l g a l  growth r a t e .  

enhancement o f  immig ra t i on  r e f e r s  t o  t h e  d i f f e r e n c e  i n  minimum immig ra t i on  

r a t e s  on newly exposed subs t ra tes  and maximum immig ra t i on  r a t e s  on subs t ra tes  

which have been c o n d i t i o n e d  by c o l o n i z i n g  organisms. 

c o m p e t i t i o n  among algae, a l g a l  emigra t '  ,n (detachment f rom t h e  s u b s t r a t e ) ,  and 

h e r b i v o r y  were assumed t o  be n e g l i g i b l e  f o r  purposes o f  mode l l i ng .  

s i g n i f i c a n t l y  good f i t  t o  da ta  (Stevenson, i n  p ress ) .  

The maximum 

Densi ty-dependent 

P r e d i c t i o n s  o f  a l g a l  accumula t ion  p a t t e r n s  by t h e  model p rov ided  a 

I. was es t ima ted  f rom 
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f i e l d  c o l l e c t i o n s  as 90% o f  t h e  number o f  a lgae c o l o n i z i n g  t i l e  subs t ra tes  

du r ing  a 24-h p e r i o d  (Stevenson, 1983). 

24-h a l g a l  accumulat ions on t i l e  s u b s t r a t e s  and s u b s t r a t e s  t h a t  had been 

coated w i t h  agar and w i t h  su r face  f l o w s  i n t e r r u p t e d  t o  s i m u l a t e  co lon i zed  

subs t ra tes .  

diatoms a f t e r  one week). 

days o f  t h e  32-day c o l o n i z a t i o n  pe r iod ,  when i t  was assumed t h a t  accumulat ion 

due t o  immig ra t i on  would be n e g l i g i b l e  compared t o  accumula t ion  due t o  

reproduc t ion .  A l g a l  growth r a t e s  were es t ima ted  as 

I,,, was es t ima ted  as t h e  d i f f e r e n c e  i n  

K was es t ima ted  t o  be 2000 c e l l s / c m *  (approx imate  abundance o f  

A l g a l  g rowth  r a t e s  were es t ima ted  d u r i n g  t h e  l a s t  16 

which was t h e  d i f f e r e n c e  i n  n a t u r a l  log- t rans formed abundances between day 32 

and 16, d i v i d e d  by T, t h e  l e n g t h  o f  t i m e  between dates.  

than 14 days, were a f f e c t e d  more by p r o p o r t i o n a l l y  equal  changes i n  

rep roduc t i on  r a t e s ,  than immig ra t i on  r a t e s  (Stevenson, i n  p ress ) .  An ana lys i s  

o f  model s e n s i t i v i t y  was done by c a l c u l a t i n g  changes i n  accumula t ion  p a t t e r n s  

when o n l y  one f a c t o r  i n  t h e  model was changed a t  a t ime .  

rep roduc t i on  r a t e s  by 50% caused a s i x - f o l d  i nc rease  i n  accumula t ion  a f t e r  32 

days. 

increases caused 55% increases  i n  accumula t ion  a f t e r  32 days. 

changes i n  i n i t i a l  immig ra t i on  r a t e s  and t h e  h a l f - s a t u r a t i o n  cons tan t  ( K )  

caused r e s p e c t i v e  i nc reases  and decreases of o n l y  15% i n  accumulat ion a f t e r  32 

days. Changes became more impor tan t  i n  maximum immig ra t i on  than rep roduc t i on  

i f  c o l o n i z a t i o n  pe r iods  were s h o r t .  These r e s u l t s  i n d i c a t e  t h a t  accura te  

e s t i m a t i o n  o f  immig ra t i on  and rep roduc t i on  r a t e s  a r e  impor tan t  f o r  p r e d i c t i n g  

c o l o n i z a t i o n ,  because v a r i a t i o n  i n  bo th  s t r o n g l y  a f f e c t  a l g a l  c o l o n i z a t i o n .  

The o b j e c t i v e  o f  t h i s  m o d e l l i n g  s tudy  of  a b e n t h i c  a l g a l  assemblage was t o  

assess t h e  s e n s i t i v i t y  o f  accumula t ion  r a t e s  and community s t r u c t u r e  t o  

changes i n  immig ra t i on  and growth r a t e s  of species.  Es t imates  o f  a l g a l  

immigra t ion  r a t e s  ob ta ined  by f i e l d  methods and by f i t t i n g  model p r e d i c t i o n s  

t o  n a t u r a l  accumula t ion  p a t t e r n s  were compared t o  s tudy  t h e  r e l i a b i l i t y  o f  

e s t i m a t i n g  immig ra t i on .  The d i f f e r e n c e s  i n  a l g a l  immig ra t i on  and growth r a t e s  

among dominant spec ies  i n  a b e n t h i c  a l g a l  assemblage were s tud ied .  Then, f a s t  

growth r a t e s  o f  l a t e  c o l o n i s t s  and s low growth r a t e s  o f  r a p i d l y  immig ra t i ng  

p ioneer  spec ies  were exchanged t o  s tudy  changes i n  accumula t ion  r a t e s ,  species 

composi t ion,  and d i v e r s i t y  o f  assemblages t h a t  cou ld  r e s u l t  i f  species were 

no t  s p e c i a l i z e d  as f a s t  immigra tors  o r  f a s t  reproducers.  

P r e d i c t i o n s  o f  t h i s  model, p a r t i c u l a r l y  f o r  c o l o n i z a t i o n  pe r iods  g r e a t e r  

I n c r e a s i n g  

Changing maximum immig ra t i on  r a t e s  was a l s o  impor tan t  because 50% 

The same 50% 
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Research presented  i n  t h i s  paper was based on m o d e l l i n g  accumula t ion  

p a t t e r n s  o f  i n d i v i d u a l  d ia tom spec ies  and add ing  them t o g e t h e r  t o  s t u d y  t h e  

e n t i r e  assemblage, whereas o n l y  t o t a l  assemblage abundances were mode l led  

p r e v i o u s l y  (Stevenson, 1984; i n  p ress ) .  Resu l t s  i n d i c a t e  cons ide rab le  

i n t e r s p e c i f i c  v a r i a t i o n  i n  a l g a l  immig ra t i on  and r e p r o d u c t i o n  r a t e s ,  t h e  

p o s s i b i l i t y  o f  a l g a l  s p e c i a l i z a t i o n  as immig ra to rs  o r  reproducers ,  and t h a t  

em ig ra t i on  and dens i ty -dependent  c o m p e t i t i o n  f o r  n u t r i e n t s  may be impor tan t .  

14.2 METHODS 

A lga l  abundances on c l a y  t i l e s  were es t ima ted  a f t e r  1, 2, 4, 8, 16, 24, and 

32 days i n c u b a t i o n  i n  a s t ream d u r i n g  t h e  w i n t e r  when water  temperatures were 

about 2" C (Stevenson, 1983; 1984). F i f t e e n  t i l e s ,  i n  c u r r e n t  v e l o c i t i e s  

rang ing  f rom 27 t o  33 cm/s, were c o l l e c t e d  on each sampl ing da te .  Algae were 

scraped f rom t i l e s  and mounted i n  HYRAX medium by u s i n g  v a p o r - s u b s t i t u t i o n  

techn iques  (Stevenson and Stoermer, 1981). 

were counted w i t h  a N ikon l i g h t  microscope a t  1OOOX. 

Q 

A t  l e a s t  500 c e l l s  o f  l i v e  diatoms 

Cliatoms dominated t h e  assemblage. The t e n  d ia tom spec ies  w i t h  h i g h e s t  

r e l a t i v e  abundances were chosen f o r  s tudy .  

day was c a l c u l a t e d  and used t o  genera te  a temporal  accumula t ion  p a t t e r n  w i t h  

which p r e d i c t i o n s  o f  a model were compared. 

immig ra t i on  r a t e s  ( I  ) were equal  t o  mean abundances o f  a lgae  on t i l e s  t h a t  

had been p laced i n  t h e  stream f o r  24-h. F i e l d  es t imates  o f  maximum 

enhancement o f  a l g a l  immig ra t i on  r a t e s  ( I t )  were equal  t o  t h e  sums o f  bo th  t h e  

d i f f e r e n c e  between 24-h abundances on t i l e s  t h a t  had been coated  w i t h  agar and 

t h e  d i f f e r e n c e  between 24-h a l g a l  abundances on t i l e s  w i t h  su r face  f l ows  

i n t e r r u p t e d  and I. (see  Stevenson; 1983 f o r  d e t a i l s ) .  Growth r a t e s  were 

c a l c u l a t e d  w i t h  n a t u r a l  l og - t rans fo rmed  abundances d u r i n g  t h e  l a s t  16 days of  

c o l o n i z a t i o n  (equa t ion  2 ) .  

F i e l d  and model es t ima tes  o f  a l g a l  immig ra t i on  r a t e s  were compared t o  s tudy  

t h e  accuracy o f  e s t i m a t i n g  immig ra t i on  r a t e s .  

were used i n  a FORTRAN computer program t o  es t ima te  I,,, and K w i t h  t h e  model by 

i t e r a t i v e l y  v a r y i n g  Im and K u n t i l  t h e  b e s t  f i t  w i t h  a c t u a l  accumula t ion  

p a t t e r n s  was found. 

accumula t ion  p a t t e r n s  (Nt observed) was c a l c u l a t e d  w i t h  a Chi-squared t e s t  

(Zar ,  1974) u s i n g  n a t u r a l  l og - t rans fo rmed  abundances o f  a lgae. 

compos i t ion ,  and d i v e r s i t y  ( c a l c u l a t e d  w i t h  t h e  Shannon formula;  P ie lou ,  1977) 

d u r i n g  c o l o n i z a t i o n  were s t u d i e d  f o r  accuracy o f  model p r e d i c t i o n s  of  

assemblage c h a r a c t e r i s t i c s .  Subsequent ly,  growth r a t e s  were exchanged between 

species t h a t  were f a s t  and s low immigra tors  d u r i n g  e a r l y  stages o f  

Mean abundance on each sampl ing 

F i e l d  es t imates  o f  i n i t i a l  a l g a l  

0 

F i e l d  es t ima tes  o f  I. and r 

Best  f i t  o f  model p r e d i c t i o n  (Nt p r e d i c t e d )  w i t h  a c t u a l  

The s i m i l a r i t i e s  between f i e l d  and mode l led  assemblage abundance, spec ies  
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c o l o n i z a t i o n  t o  s tudy  s e n s i t i v i t y  of  assemblage c h a r a c t e r i s t i c s  (abundance, 

species compos i t ion ,  and d i v e r s i t y )  t o  changes i n  p o p u l a t i o n  c h a r a c t e r i s t i c s .  

The two spec ies  t h a t  were dominant d u r i n g  e a r l y  stages o f  c o l o n i z a t i o n  and t h e  

two species w i t h  t h e  h i g h e s t  growth r a t e s  were i d e n t i f i e d .  Growth r a t e s  o f  

f a s t  reproducers  were exchanged w i t h  t h e  s lower  growth r a t e s  o f  t h e  species 

dominant d u r i n g  e a r l y  c o l o n i z a t i o n .  

14.3 RESULTS 

Ten diatoms comprised most o f  t h e  d ia tom assemblage on t i l e s  i n  t h e  stream, 

rang ing  f rom 70% on day 1, t o  90% a f t e r  o n l y  8 days, t o  98% by  day 32. 
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Fig .  14.1. R e l a t i v e  abundances o f  d ia tom species found on t i l e s  i n  t h e  stream 
dur ing  t h e  c o l o n i z a t i o n  pe r iod .  The assemblage has been s i m p l i f i e d  t o  t h e  t e n  
most dominant species.  DITENUE=Diatoma tenue, FRVAUCHE=Fra i l a r i a  vaucher iae, 
GOOLIVAC=Gomphonema o l  i vaceum, NAPELLIC=Navicul a p e l  1 i c u h M P E N = S y n e d r a  
rumpens, SYULNA=Synedra u lna .  



t h e  assemblage was s i m p l i f i e d  t o  i n c l u d e  o n l y  these taxa  ( F i g .  14.1), d iatoms 

cou ld  be c l a s s i f i e d  i n  one o f  t h r e e  groups: 1) p ioneers ,  w i t h  r e l a t i v e  

abundances decreas ing  d u r i n g  t h e  c o l o n i z a t i o n  pe r iod ;  2 )  l a t e  c o l o n i s t s ,  w i t h  

r e l a t i v e  abundances i n c r e a s i n g  d u r i n g  c o l o n i z a t i o n ;  and 3)  i n te rmed ia tes ,  w i t h  

more s t a b l e  r e l a t i v e  abundances than  o t h e r  taxa  d u r i n g  c o l o n i z a t i o n .  

Decreases i n  r e l a t i v e  abundances o f  Synedra u l n a  and F r a g i l a r i a  vaucher iae  

f rom h i g h  l e v e l s  d u r i n g  t h e  f i r s t  week o f  c o l o n i z a t i o n  ( F i g .  14.1) i n d i c a t e d  

t h a t  t h e i r  immig ra t i on  r a t e s  were f a s t e r  and t h e i r  growth r a t e s  were s lower  

than o t h e r  taxa .  Wi th  growth r a t e s  o f  a l l  t axa  rang ing  between 0.079 and 

0.206 (Tab le  14.1), g rowth  r a t e s  o f  these p ioneer  taxa ,  l e s s  than  0.1, were 

t h e  two lowest .  The r a p i d l y  i n c r e a s i n g  r e l a t i v e  abundances and h i g h  growth 

r a t e s ,  about 0.2, o f  N a v i c u l a  p e l l i c u l o s a  and Gomphonema o l i vaceum i n d i c a t e d  

t h a t  t hey  were l a t e  c o l o n i s t s  and t h e  b e s t  reproducers .  R e l a t i v e  abundances 

o f  Synedra rumpens and Diatoma tenue were more cons tan t  than o t h e r  taxa .  

Es t imated growth r a t e s  o f  these two i n t e r m e d i a t e  taxa  were between those of 

immigra tors  and reproducers .  

Cons iderab le  v a r i a t i o n  e x i s t e d  among f i e l d  and mode l led  es t ima tes  o f  

maximum immig ra t i on  r a t e s  and es t ima tes  based on c l a s s i f i c a t i o n  o f  t h e  diatoms 

as e i t h e r  p ioneers ,  i n te rmed ia tes ,  o r  l a t e  c o l o n i s t s  (Tab le  14.1). F i e l d  

es t imates  o f  maximum immig ra t i on  r a t e s  o f  l a t e  c o l o n i s t s  were low, as would be 

expected f rom t h e i r  l ow  r e l a t i v e  abundances d u r i n g  t h e  f i r s t  days o f  

TABLE 14.1 

Es t imates  o f  maximum enhancement o f  immig ra t i on  r a t e s  f o r  s i x  d ia tom spec ies  
( I  . ce l  ls-cm-2.d-1) u s i n g  f i e l d  and m o d e l l i n g  procedures.  Chi-squared goodness 
o f m f i t  ( X 2 ,  d f = 4 )  s t a t i s t i c s  f o r  model p r e d i c t i o n s  o f  t h e  accumula t ion  
p a t t e r n s  genera ted  by u s i n g  mode l led  and f i e l d  es t ima ted  immig ra t i on  r a t e s  a r e  
r e p o r t e d  w i t h  t h e  growth  r a t e s  ( r ) ,  i n i t i a l  immig ra t i on  r a t e s  ( I o ) ,  and h a l f  
s a t u r a t i o n  cons tan ts  ( K )  used i n  t h e  mode l l i ng .  

F i e l d  Model 
Es t imated Es t imated 

K X 2  I m  K X z  
I* I0 I m  Diatom Species 

Pioneers 
Synedra u l n a  0.079 10.5 262. 2000 0.53 118. 200 0.26 
F r a g i l a r i a  vaucher iae  0.095 9.0 39. 2000 2.80 193. 250 0.23 

I n  t e  rmed i a t e s  
Synedra rumpens 0.164 2.2 31. 2000 2.23 176. 950 0.27 
Diatoma tenue 0.128 7.9 108. 2000 1.93 656. 1950 0.33 -- 

L a t e  C o l o n i s t s  
Nav icu la  e l l i c u l o s a  0.206 0.1 2. 2000 160. 1312. 4300 0.69 
m m b  0.193 3.3 42. 2000 2.67 1060. 4150 0.18 



199 

c o l o n i z a t i o n ,  however unexpected ly  l ow  f i e l d  es t imates  were a l s o  observed o f  a 

p ioneer  and i n t e r m e d i a t e  spec ies  (Tab le  14.1). 

were t h e  f a s t e s t  immig ra to rs  o n l y  d u r i n g  e a r l y  stages o f  c o l o n i z a t i o n  ( F i g .  

14.2) and t h a t  l a t e  c o l o n i s t s  were a c t u a l l y  t h e  f a s t e s t  immigra tors ,  as we1 1 

as t h e  f a s t e s t  reproducers ,  d u r i n g  l a t e r  stages o f  c o l o n i z a t i o n .  

l a t e  c o l o n i s t s  had h i g h e r  Im than p ioneers ,  t h e  es t ima tes  o f  a l g a l  abundances 

( K )  needed t o  i nc rease  immig ra t i on  t o  maximum r a t e s  were a l s o  h i g h e r  f o r  l a t e  

c o l o n i s t s  than p ioneers .  Thus, immig ra t i on  o f  l a t e  c o l o n i s t s  inc reased most 

Mode l led  es t ima tes  o f  maximum immig ra t i on  r a t e s  i n d i c a t e d  t h a t  p ioneers  

Al though 

W 

5 

NAPELLIC 

DITENUE 

FRVAUCHE 

GOOLIVAC 

SYRUMPEN 
SYULNA 

TIME Id1 

Fig .  14.2. 
du r ing  t h e  c o l o n i z a t i o n  pe r iod .  See F ig .  14.1 f o r  spec ies  abbrev ia t i ons .  

I m n i g r a t i o n  r a t e s  es t ima ted  by m o d e l l i n g  o f  s i x  d ia tom species 
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* 

i 

r a p i d l y  d u r i n g  l a t e r  s tages  o f  c o l o n i z a t i o n  and immigrat . ion r a t e s  o f  p ioneers  

were enhanced r a p i d l y  d u r i n g  e a r l y  stages o f  c o l o n i z a t i o n .  

Comparison o f  observed accumula t ion  p a t t e r n s  and those generated when us ing  

f i e l d  and mode l led  es t ima tes  o f  maximum immig ra t i on  r a t e s  i n d i c a t e d  t h a t  f i e l d  

es t ima tes  p robab ly  underes t imated maximum immig ra t i on  r a t e s  (F ig .  14.3). 

S i g n i f i c a n t l y  good f i t s  of  observed accumula t ion  p a t t e r n s  were generated by 

u s i n g  bo th  f i e l d  and mode l led  es t ima tes  o f  immig ra t i on  (Tab le  14.1), however 

FRVAUCHE DITENUE 

w 
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z 
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8 
m 
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I ,  , 

NAPELLIC 

Fig .  14.3. Log-transformed abundances o f  s i x  diatoms t h a t  were p r e d i c t e d  by 
mode l l i ng  accumula t ion  p a t t e r n s  w i t h  es t imates  o f  immig ra t i on  r a t e s  ob ta ined  
w i t h  f i e l d  procedures ( d o t t e d  l i n e )  and w i t h  m o d e l l i n g  procedures ( s o l i d  
l i n e ) .  
See Fig .  14.1 f o r  spec ies  abbrev ia t i ons .  

Abundances o f  a lgae  on t i l e s  i n  t h e  stream a r e  marked w i t h  an " X " .  
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lower X 2  va lues  i n d i c a t e d  t h a t  accumula t ion  p a t t e r n s  were b e t t e r  f i t  by 

model led than f i e l d  es t imates .  

P r e d i c t i o n s  o f  assemblage accumulat ion,  spec ies  compos i t ion ,  and d i v e r s i t y  

pa t te rns  when u s i n g  mode l led  es t ima tes  o f  maximum immig ra t i on  f i t  a c t u a l  

assemblage accumulat ion,  spec ies  compos i t ion ,  and d i v e r s i t y  p a t t e r n s  observed 

i n  t h e  stream. Small d e v i a t i o n s  between mode l led  and observed accumulat ion 

pa t te rns  were e v i d e n t  among p o p u l a t i o n  and assemblage p a t t e r n s  (F igs .  14.3 and 

14.4). 

stream abundances on days 4 and 8 r e s p e c t i v e l y .  

p r e d i c t i o n s  f o r  abundances were l ower  on day 16 than those observed. However, 

t he  model was u s u a l l y  q u i t e  accu ra te  i n  p r e d i c t i n g  d ia tom abundances on day 32 

w i t h  a very  good f i t  f o r  t o t a l  assemblage abundances ( X 2  = 0.1856) and 

popu la t i on  abundances (Tab le  14.1). 

assemblages (i . e . ,  evenness, because spec ies  r i chness  was c o n s t a n t l y  10) f rom 

Mode l led  accumula t ion  p a t t e r n s  were i n t e r m e d i a t e  between h i g h  and low 

I n  a d d i t i o n ,  model 

Shannon d i v e r s i t y  o f  s i m p l i f i e d  

the  stream was g e n e r a l l y  lower  d u r i n g  t h e  f i r s t  two weeks o 

d i v e r s i t y  o f  t h e  mode l led  assemblage (F ig .  14.5). A d i v e r s  

stream assemblage on day 2 was n o t  observed i n  t h e  mode l led  

d i v e r s i t y  was ma in ta ined  l o n g e r  i n  t h e  stream assemblage. 

14- 
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8- 

6- 

0- 32 
1 4  16 

TIME [d l  

c o l o n i z a t i o n  than 

t y  peak i n  t h e  

assemblage and 

n bo th  assemblages 

F ig .  14.4. Log-transformed abundances o f  t h e  ten-spec ies  assemblages t h a t  
were p r e d i c t e d  by t h e  model w i t h  immig ra t i on  r a t e s  o f  t h e  spec ies  es t imated  
us ing  mode l l i ng  procedures.  
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t h e r e  was a s l i g h t  i nc rease  i n  d i v e r s i t y  between day 8 and 16, wh ich  was 

f o l l o w e d  by  a decrease. 

Resu l t s  o f  a l t e r i n g  p o p u l a t i o n  c h a r a c t e r i s t i c s  t o  make p ioneers  i n t o  f a s t  

reproducers i n d i c a t e d  t h a t  t h e  h i g h  immigra t io 'n  r a t e s  o f  5, o l ivaceum and y. 
p e l l i c u l o s a  d u r i n g  l a t e r  stages o f  c o l o n i z a t i o n  were impor tan t .  

growth r a t e s  o f  these two taxa  were swi tched w i t h  those o f  t h e  p ioneers  (2. 
u l n a  and E. vaucher iae) ,  f i n a l  accumula t ion  a f t e r  32 days was s l i g h t l y  lower  

When t h e  f a s t  

5 i n  t h e  a l t e r e d  assemblage (6.61 X 10 

assemblage (6.79 X 10 ce l l s / cm2;  F i g .  14.6).  Abundance o f  t h e  a l t e r e d  

assemblage inc reased  more r a p i d l y  than  f o r  t h e  u n a l t e r e d  assemblage du r  

f i r s t  week o f  c o l o n i z a t i o n ,  b u t  more s l o w l y  d u r i n g  t h e  second week when 

immig ra t i on  became more impor tan t .  

Dev ia t i ons  i n  d i v e r s i t y  p a t t e r n s  between a l t e r e d  and mode l led  assemb 

c o r r e l a t e d  w i t h  t h e  change i n  p o p u l a t i o n  c h a r a c t e r i s t i c s .  D i v e r s i t y  o f  

a l t e r e d  assemblage decreased more r a p i d l y  d u r i n g  t h e  f i r s t  week o f  

c e l l s / c m 2 )  than i n  t h e  u n a l t e r e d  
5 

ng t h e  

l a t e -  

ages 

t h e  

c o l o n i z a t i o n  and increased more r a p i d l y  d u r i n g  t h e  second and t h i r d  weeks of  

c o l o n i z a t i o n  than  t h e  u n a l t e r e d  assemblage ( F i g .  14.5).  

decrease i n  d i v e r s i t y  o f  t h e  a l t e r e d  assemblage was due t o  t h e  enhanced growth  

The more r a p i d  e a r l y  

2.1 

> 
u) 
K 
w 

t 

g 1.9 

P z 
a 
I 
u) 

1.i 

I 

7 s  I 

12 4 8 16 24 32 

TIME Id1 

Fig .  14.5. Shannon d i v e r s i t y  o f  ten-spec ies  assemblages on t i l e s  i n  t h e  
stream ( s o l i d  l i n e  connec t ing  "X ' ls ) ,  when mode l led  w i t h  u n a l t e r e d  ( s o l i d  l i n e )  
and a l t e r e d  ( d o t t e d  l i n e )  p o p u l a t i o n  c h a r a c t e r i s t i c s .  
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r a t e s  o f  p ioneers ,  which inc reased t h e  unevenness o f  p o p u l a t i o n  abundances 

t h a t  had been balanced by f a s t e r  growth o f  l a t e  c o l o n i s t s  i n  t h e  u n a l t e r e d  

mode l led  assemblage. 

g r e a t e r  i n  a l t e r e d  than u n a l t e r e d  assemblages, was caused by evenness 

i n c r e a s i n g  as f a s t ,  l a t e - i m m i g r a t i o n  r a t e s  o f  l a t e  c o l o n i s t s  s t a r t e d  t o  

i nc rease  r a p i d l y .  

a l t e r e d  assemblage than i n  t h e  u n a l t e r e d  and stream assemblages, because the  

species w i t h  t h e  f a s t ,  l a t e - i m m i g r a t i o n  r a t e s  no l o n g e r  had f a s t  growth ra tes .  

U n l i k e  spec ies  compos i t ion  p a t t e r n s  i n  mode l led  and s t ream assemblages, 

r e l a t i v e  abundances were r e l a t i v e l y  cons tan t  th roughout  t h e  c o l o n i z a t i o n  

p e r i o d  i n  a l t e r e d  assemblages ( F i g .  14.7). 

d i d  n o t  comprise s u b s t ' a n t i a l l y  sma l le r  p r o p o r t i o n s  o f  assemblages a t  t h e  end 

than a t  t h e  beg inn ing  o f  t h e  c o l o n i z a t i o n  pe r iod ,  because they  now had f a s t  

The subsequent mid- te rm inc rease  i n  d i v e r s i t y ,  which was 

S i m i l a r l y ,  h i g h  d i v e r s i t y  was sus ta ined  longer  i n  t h e  

Pioneers i n  t h e  a l t e r e d  assemblage 
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R e l a t i v e  abundances o f  d ia tom sDecies d u r i n q  t h e  c o l o n i z a t i o n  
p e h o d  when t h e  assemblage was mode l led  w i t h  u n a l t e r e d  es t imates  of p o p u l a t i o n  
c h a r a c t e r i s t i c s .  See F ig .  14.1 f o r  spec ies  abbrev ia t i ons .  Un labe led  spaces 
a r e  same spec ies  as those i n  r e s p e c t i v e  l o c a t i o n s  i n  F ig .  14.1. 
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growth r a t e s .  R e l a t i v e  abundances o f  l a t e  c o l o n i s t s ,  now w i t h  t h e  s lowest  

growth r a t e s ,  d i d  n o t  d e c l i n e  d u r i n g  l a t e r  stages o f  c o l o n i z a t i o n  as r e l a t i v e  

abundances o f  o t h e r  spec ies  w i t h  s low r e p r o d u c t i o n  r a t e s  had i n  mode l led  and 

stream assemblages. 

ab le  t o  s u s t a i n  t h e i r  r e l a t i v e  abundances, even though p ioneers  were growing 

f a s t e r .  

The f a s t  l a t e - i m m i g r a t i o n  r a t e s  o f  l a t e  c o l o n i s t s  were 

14.4 D I S C U S S I O N  

The range o f  immig ra t i on  and growth r a t e s  among common diatoms was 

cons ide rab le .  

than d i f f e r e n c e s  among growth  r a t e s .  

more impor tan t  f a c t o r  than growth  i n  accumula t ion .  Accord ing  t o  

e x t r a p o l a t i o n s  o f  a s e n s i t i v i t y  a n a l y s i s ,  when 50% changes i n  g rowth  and 

D i f f e r e n c e s  among immig ra t i on  r a t e s  o f  spec ies  were g r e a t e r  

That d i d  n o t  mean t h a t  immig ra t i on  was a 
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F ig .  14.7. R e l a t i v e  abundances of  d ia tom spec ies  d u r i n g  t h e  c o l o n i z a t i o n  
p e r i o d  when t h e  assemblage was mode l led  w i t h  a l t e r e d  es t ima tes  o f  p o p u l a t i o n  
c h a r a c t e r i s t i c s .  See F i g .  14.1 f o r  spec ies  abbrev ia t i ons .  Un labe led  spaces 
a re  same spec ies  as those occupying r e s p e c t i v e  l o c a t i o n s  i n  F ig .  14.1. 
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immig ra t i on  r e s p e c t i v e l y  caused s i x - f o l d  and 50% changes i n  accumula t ion  

(Stevenson, i n  p ress) ,  t h e  t w o - f o l d  d i f f e r e n c e s  among growth r a t e s  and 

t h i r t e e n - f o l d  d i f f e r e n c e s  among immig ra t i on  r a t e s  p robab ly  accounted f o r  

s i m i l a r  changes i n  accumula t ion  on subs t ra tes  a f t e r  a 32-day c o l o n i z a t i o n .  The 

g r e a t  d i f f e r e n c e s  among d ia tom immig ra t i on  r a t e s  i n d i c a t e s  t h a t  immigra t ion ,  

as w e l l  as rep roduc t i on ,  can be an impor tan t  f a c t o r  i n  a l g a l  c o l o n i z a t i o n  and 

success ion  on subs t ra tes .  

D i f f e r e n c e s  i n  immig ra t i on  and growth r a t e s  among d ia tom spec ies  i n d i c a t e d  

t h a t  some diatoms, i n  c e r t a i n  h a b i t a t  c o n d i t i o n s ,  may be s p e c i a l l y  adapted as 

p ioneer  spec ies  o r  l a t e  c o l o n i s t s .  P ioneer  spec ies  immigra ted  most r a p i d l y  

d u r i n g  e a r l y  stages o f  c o l o n i z a t i o n  b u t  had t h e  l owes t  growth r a t e s .  

common suggest ion  i s  c o r r e c t ,  t h a t  n u t r i e n t  a v a i l a b i l i t y  t o  c e l l s  decreases 

w i t h  assemblage d e n s i t y ,  then p ioneers  may g a i n  a c o m p e t i t i v e  advantage by 

immig ra t i ng  r a p i d l y  and sequester ing  n i t r o g e n  and phosphorus reserves  t o  

s u s t a i n  low growth r a t e s  d u r i n g  l a t e r  stages o f  c o l o n i z a t i o n .  

w i t h  f a s t  growth r a t e s  and r a p i d  immig ra t i on  r a t e s  d u r i n g  l a t e r  stages o f  

c o l o n i z a t i o n ,  may be a b l e  t o  absorb n u t r i e n t s  a t  l ower  concen t ra t i ons  ( l ower  

K s )  than  p ioneer  spec ies  d u r i n g  l a t e  c o l o n i z a t i o n  when mats and, 

t h e o r e t i c a l l y ,  n u t r i e n t  d i f f u s i o n  g r a d i e n t s  develop. 

immig ra to rs  o r  f a s t  reproducers  and la te - immig ra to rs .  

s t a t e  t h a t  immig ra t i on  r a t e s  a r e  more c l o s e l y  r e l a t e d  t o  d e n s i t i e s  o f  a lgae i n  

t h e  p l a n k t o n  than  t o  i n t e r a c t i o n s  w i t h  b e n t h i c  organisms and t h e i r  

m o d i f i c a t i o n s  o f  s u b s t r a t e  c o n d i t i o n s .  One a l t e r n a t i v e  hypothes is  s t a t e s  t h a t  

immig ra t i on  r a t e s  o f  l a t e  c o l o n i s t s  inc reased o n l y  d u r i n g  l a t e  stages o f  

c o l o n i z a t i o n  because o f  e p i s o d i c  changes i n  abundances o f  a lgae  i n  t h e  water.  

S l i g h t  i nc reases  i n  d ischarge c o u l d  cause such sudden changes i n  a l g a l  d r i f t  

as more l o o s e l y  a t tached  a lgae d r i f t  f rom subs t ra tes .  I have observed t h a t  

wind d i s tu rbance  o f  submerged macrophytes can d i s t u r b  macrophy t ic  subs t ra tes  

and cause inc reases  i n  a l g a l  d r i f t .  However, d ischarge d u r i n g  c o l o n i z a t i o n  

decreased i n  Fleming Creek and macrophytes were n o t  p resen t  d u r i n g  t h e  w i n t e r .  

Another a l t e r n a t i v e  hypothes is  i s  t h a t  immig ra t i on  and p lank ton  

abundances changed w i t h  seasonal v a r i a t i o n  i n  h a b i t a t  c o n d i t i o n s  and w i t h  a 

s h i f t  i n  spec ies  b e s t  adapted f o r  f a s t  r e p r o d u c t i o n  d u r i n g  success ive  

c o l o n i z a t i o n  pe r iods .  

h i g h  d e n s i t i e s  i n  t h e  water  because o f  h i g h  abundances on subs t ra tes  and h igh  

abundances on subs t ra tes  because t h e i r  r e p r o d u c t i v e  r a t e s  were f a s t  i n  t h e  

past;  d e n s i t i e s  on subs t ra tes  and i n  t h e  water  decreased because t h e i r  

r e p r o d u c t i v e  r a t e s  d e c l i n e d  w i t h  r e c e n t  c l i m a t i c  changes. 

a re  f a s t  reproducers  a r e  b e s t  adapted t o  t h e  new ambient c o n d i t i o n s  o f  t h e  

I f  t h e  

La te  c o l o n i s t s ,  

There a r e  a l t e r n a t i v e  hypotheses f o r  spec ies  be ing  e i t h e r  f a s t  e a r l y -  

A l t e r n a t i v e  hypotheses 

Thus, p ioneers  w i t h  f a s t  e a r l y - i m m i g r a t i o n  r a t e s  had 

The spec ies  t h a t  
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p resen t  c o l o n i z a t i o n  pe r iod .  Consequently, t h e i r  abundances on subs t ra tes  and 

i n  t h e  wa te r  i nc rease  and cause an i nc rease  i n  t h e i r  immig ra t i on  r a t e s .  

p lank ton  o r  b i o t i c  i n t e r a c t i o n s  w i t h  p rev ious  c o l o n i z e r s  a r e  n o t  m u t u a l l y  

exc lus i ve ,  b u t  a r e  complementary. 

es t ima ted  d u r i n g  c o l o n i z a t i o n  i n  t h i s  study, t hey  shou ld  be cons idered i n  

f u t u r e  research; then, immig ra t i on  r a t e s  i n  t h e  model o f  accumula t ion  

cou ld  be r e l a t e d  t o  p l a n k t o n  abundances. 

immig ra t i on  r a t e s  were r e l a t e d  t o  b e n t h i c  a l g a l  abundance. Other  

immig ra t i on  s t u d i e s  have shown t h a t  t h e r e  a r e  d i f f e r e n c e s  i n  d ia tom 

immig ra t i on  a b i l i t i e s ,  t h a t  d ia tom immig ra t i on  r a t e s  i nc rease  d u r i n g  t h e  

c o l o n i z a t i o n  pe r iod ,  and t h a t  immig ra t i on  o f  some diatoms p robab ly  

i nc rease  more than o t h e r s  d u r i n g  t h e  c o l o n i z a t i o n  p e r i o d  (Stevenson, 

1983). Bo thwe l l  (1983!, however, d i d  n o t  observe inc reases  i n  immig ra t i on  

r a t e s  d u r i n g  c o l o n i z a t i o n  o f  a lgae  on open-ce l l  styrofoam. A c t u a l l y ,  

B o t h w e l l ' s  obse rva t i on  f u r t h e r  s u b s t a n t i a t e s  p rev ious  obse rva t i ons  t h a t  

development o f  sur face  i r r e g u l a r i t i e s  (aggregates o f  a lgae, d e t r i t u s ,  

b a c t e r i a ,  and f u n g i )  on smooth subs t ra tes  enhances immig ra t i on  r a t e s  more than 

o rgan ic  coa t ings  (Stevenson, 1983). 

subs t ra tes  p robab ly  i n t e r r u p t e d  f l ow ,  and consequent ly,  a d d i t i o n a l  su r face  

i r r e g u l a r i t y  and c o a t i n g  o f  subs t ra tes  w i t h  sec re ted  mucopolysacchar ides had 

l i t t l e  e f f e c t  on immig ra t i on .  

A l g a l  accumula t ion  r a t e s  and community s t r u c t u r e  were s e n s i t i v e  t o  changes 

i n  bo th  immig ra t i on  and growth  r a t e s .  

r a t e s  by l a t e  c o l o n i s t s  d u r i n g  l a t e r  s tages  o f  c o l o n i z a t i o n  was e v i d e n t  a f t e r  

exchanging growth r a t e s  between p ioneers  and l a t e  c o l o n i s t s .  

no i nc rease  i n  assemblage accumula t ion  when p ioneers  grew f a s t e r  than l a t e  

c o l o n i s t s .  Assemblage accumula t ion  was expected t o  be g r e a t e r  i f  p ioneers  

were a l s o  f a s t  reproducers  because p ioneers  would have l o n g e r  t o  reproduce on 

subs t ra tes  than  l a t e  reproducers .  Prev ious  s tudy  w i t h  t h e  accumula t ion  model 

(Stevenson, i n  p ress )  had shown t h a t  immig ra t i on  accounts f o r  most o f  

accumula t ion  d u r i n g  t h e  f i r s t  week o f  c o l o n i z a t i o n ,  and growth i s  most 

impor tan t  t h e r e a f t e r .  

l a t e - i m m i g r a t i o n  r a t e s ,  as were de tec ted  i n  t h i s  s tudy .  

l a t e  c o l o n i s t s  t h a n  p ioneers  was g r e a t  enough t o  compensate f o r  t h e  t i m e  l o s t  

d u r i n g  wh ich  growth  on s u b s t r a t e s  d i d  n o t  occur.  

immig ra t i on  was a l s o  e v i d e n t  when l a t e  c o l o n i s t s  were a b l e  t o  m a i n t a i n  

cons tan t  p r o p o r t i o n s  o f  t h e  assemblage. 

p r o p o r t i o n s  o f  t h e  assemblage when t h e y  were s low growers. 

Exp lanat ions  f o r  changes i n  immig ra t i on  r a t e s  t h a t  i n v o l v e  changes i n  

A l though p lank ton  abundances were n o t  

It i s  a l s o  probab le  t h a t  

The s u r f a c e  i r r e g u l a r i t i e s  o f  B o t h w e l l ' s  

The importance o f  h i g h  immig ra t i on  

F i r s t ,  t h e r e  was 

The l a t e  c o l o n i s t s  i n  t h a t  s tudy  d i d  n o t  have f a s t  

Fas te r  immig ra t i on  by 

The importance o f  l a t e  

Pioneers comprised success i ve l y  smal l  

Again, immig ra t i on  
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o f  l a t e  c o l o n i s t s  be ing  f a s t e r  than p ioneers  was impor tan t  f o r  genera t i on  o f  

these r e s u l t s .  

The importance o f  v a r i a t i o n s  i n  immig ra t i on  and growth r a t e s  i n  c o n t r o l l i n g  

species compos i t ion  and d i v e r s i t y  was e v i d e n t  i n  d i f f e r e n c e s  f o r  model led and 

a l t e r e d  assemblages. 

reproducers  sus ta ined  h i g h  d i v e r s i t y  d u r i n g  t h e  c o l o n i z a t i o n  pe r iod ,  whereas 

d i v e r s i t y  decreased when t h e  same spec ies  were f a s t  immigra tors  and f a s t  

reproducers.  Even tua l l y ,  when abundances a r e  h i g h  and r e p r o d u c t i o n  accounts 

f o r  most o f  accumulat ion,  uneven rep roduc t i on  r a t e s  among spec ies  caused a 

decrease i n  evenness and d i v e r s i t y .  The importance o f  f a s t  l a t e - i m m i g r a t i o n  

r a t e s  was aga in  e v i d e n t  i n  a h i g h e r  m i d - c o l o n i z a t i o n  d i v e r s i t y  i nc rease  and i n  

d i v e r s i t y  be ing  sus ta ined  l o n g e r  d u r i n g  c o l o n i z a t i o n  i n  a l t e r e d  than model led 

assemblages. 

d i r e c t l y .  

developed d u r i n g  t h i s  m o d e l l i n g  work. 

addressed here  by examining r e s u l t s  o f  o t h e r  s t u d i e s  and by examining 

model assumptions. 

and growth r a t e s  a r e  c l o s e  t o  those observed i n  o t h e r  s tud ies .  

Co lon iza t i ons  s t u d i e d  by I v l e v  (1933) and by Kor te  and B l i n n  (1983) a re  

p a r t i c u l a r l y  w e l l  s u i t e d  f o r  comparison because t h e y  i n c l u d e  e a r l y  ( l e s s  

than 7 d )  samples and t h e  l a c k  o f  sudden decreases i n  accumula t ion  i n d i c a t e  

t h a t  s lough ing  d i d  n o t  occur.  T h e i r  accumula t ion  p a t t e r n s  were shaped 

s i m i l a r l y  t o  those i n  Fleming Creek. Curves o f  log- t rans formed abundances 

tended t o  be s t r a i g h t  d u r i n g  t h e  l a s t  two weeks o f  c o l o n i z a t i o n ,  which 

i n d i c a t e d  t h a t  growth was t h e  predominant accumula t ion  process. Slopes o f  

these curves ,  es t ima tes  o f  growth r a t e s ,  ranged between 0.1 and 0.3 (exc lud ing  

h i g h e s t  and lowes t  c u r r e n t  c o n d i t i o n s  i n  I v l e v ' s  s tudy) ,  which a r e  s i m i l a r  t o  

growth r a t e s  es t ima ted  i n  t h i s  study. 

e v i d e n t  i n  bo th  da ta  se ts .  

10,000 ce l l s / cm2 on days 1 and 3 ( I v l e v ,  1933) and a t  l e a s t  13,000 ce l l s / cm2 

on day 3 ( K o r t e  and B l i n n ,  1983) were p robab ly  t h e  r e s u l t  of  h i g h  immigra t ion  

r a t e s .  Immig ra t i on  r a t e s  h i g h e r  and lower  than f i e l d  o r  mode l led  es t imates  

f o r  Fleming Creek have been observed (Stevenson, unpub l ished da ta) .  

Among o t h e r  assumptions, t h e  model assumed t h a t  t h e  r e l a t i o n s h i p  between 

immig ra t i on  r a t e s  c o u l d  be r e l a t e d  t o  abundances on subs t ra tes  by a 

h a l f - s a t u r a t i o n  cons tan t .  Thus, immig ra t i on  r a t e s  inc reased a s y m p t o t i c a l l y  

n o t  l i n e a r l y  w i t h  abundances on subs t ra tes .  

r e l a t e d  ma themat i ca l l y  t o  t h e  number o f  a lgae on s u b s t r a t e s  i n  a v a r i e t y  o f  

Evenness o f  abundances o f  f a s t  immigra tors  and f a s t  

The accuracy o f  r e s u l t s  o f  t h i s  s tudy  i s  d i f f i c u l t  t o  address 

Fu tu re  research  i s  be ing  done t o  s tudy  hypotheses t h a t  

Accuracy o f  r e s u l t s  can be 

Resu l t s  o f  o t h e r  f i e l d  s t u d i e s  i n d i c a t e  t h a t  es t ima tes  o f  immig ra t i on  

St rong e f f e c t s  of immig ra t i on  a r e  

Given growth r a t e s  above, inc reases  f rom 150 t o  

Immig ra t i on  c o u l d  have been 
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ways. An asympto t ic  r e l a t i o n s h i p  was chosen because o f  a combina t ion  o f  

f a c t o r s .  

stages o f  c o l o n i z a t i o n  as f i l m s  o f  adsorbed o rgan ic  molecules and b a c t e r i a l  

s e c r e t i o n s  developed r a p i d l y ,  cons ide rab ly  f a s t e r  than a l g a l  accumulat ions.  

The r a t e  o f  immig ra t i on  enhancement f rom a t tached  a lgae,  deb r i s ,  and o t h e r  

organisms i n t e r r u p t i n g  f l o w  shou ld  decrease because t h e  p r o p o r t i o n  o f  t h e  

su r face  where c u r r e n t s  were i n t e r r u p t e d  by organisms would decrease as 

a d d i t i o n a l  organisms c o l o n i z e  t h e  subs t ra te .  Assume, f o r  example, t h a t  t h e  

area o f  t h e  su r face  around an a t tached  organism, where c u r r e n t s  a r e  a l t e r e d  

and immig ra t i on  i s  enhanced, i s  a f r a c t i o n  o f  a c i r c l e  ( a )  around i t .  

c i r c l e  has t h e  r a d i u s  o f  t h e  organism ( r )  p l u s  a cons tan t  d i s t a n c e  ( c )  around 

t h e  organism ( r  + c ) .  

i s  g r e a t e r  than one- fou r th  t h e  area  around f o u r  organisms, a (n (Z r+c ) '  - 
n ( 2 r ) 2 ) .  

immig ra t i on  r a t e s ,  would decrease as areas o f  s u b s t r a t e  a f f e c t e d  by aggregates 

o f  organisms and d e b r i s  s t a r t e d  t o  ove r lap .  However, h i g h  immig ra t i on  r a t e s  

would p robab ly  con t inue  t o  be sus ta ined  as d r i f t i n g  a lgae became entang led  i n  

t h e  overgrowth  o f  s t a l k e d  and f i l amen tous  forms. A l though immig ra t i on  r a t e s  

a r e  n o t  d i r e c t l y  and r e a l i s t i c a l l y  r e l a t e d  a s y m p t o t i c a l l y  t o  abundances of 

a lgae on subs t ra tes ,  i t  was judged t o  be t h e  s i m p l e s t  and most accu ra te  way t o  

genera te  t h e  immig ra t i on  p a t t e r n  hypothes ized f o r  c o l o n i z a t i o n .  

immig ra t i on  r a t e s  t o  abundances o f  d iatoms on subs t ra tes  by u s i n g  a 

h a l f - s a t u r a t i o n  cons tan t  was judged p r a c t i c a l  and i n f o r m a t i v e .  

immig ra t i on  r a t e s .  

dependent, then maximum growth  r a t e s  may have been underes t imated w i t h  da ta  

f rom t h e  l a s t  16 days o f  c o l o n i z a t i o n .  There was some evidence f o r  and 

a g a i n s t  nega t i ve  densi ty-dependent i n t e r a c t i o n s .  

e m i g r a t i o n  and/or n u t r i e n t  c o m p e t i t i o n  developed b e f o r e  day 16, maximum growth 

r a t e s  and abundance on day 16 would have been underest imated. 

day 16 was underes t imated d u r i n g  mode l l i ng .  

o f  growth r a t e s  between days 16 and 24 and r a t e s  between days 24 and 32 

i n d i c a t e d  t h a t  growth r a t e s  d i d  n o t  decrease d u r i n g  c o l o n i z a t i o n  (Stevenson, 

1984). 

r a t e s  c a l c u l a t e d  f o r  t h e  p e r i o d  between days 16 and 24, when abundances were 

low, shou ld  be g r e a t e r  t han  t h e  growth r a t e  between days 24 and 32, when 

abundances were h ighe r .  

densi ty-dependent g rowth  were n o t  impor tan t  i n  h i s  h a b i t a t  seem j u s t i f i a b l e .  

V i o l a t i o n  o f  o t h e r  assumptions cou ld  cause underes t ima t ion  o f  maximum 

immig ra t i on  r a t e s .  

The most r a p i d  enhancement o f  immig ra t i on  was expected d u r i n g  e a r l y  

The 

The area a f f e c t e d  around organisms, a ( I I ( r + c ) z  - n r 2 ) ,  

Even tua l l y ,  i n t e r r u p t i o n  o f  f l o w ,  and concommi t ten t ly ,  r e l a t e d  

R e l a t i n g  

V i o l a t i o n  o f  model assumptions c o u l d  cause ove res t ima t ion  o f  maximum 

I f  e m i g r a t i o n  and n u t r i e n t  compe t i t i on  were d e n s i t y -  

I f  t h e  nega t i ve  e f f e c t s  o f  

Abundance on 

However, s i m i l a r i t y  o f  es t imates  

I f  dens i ty -dependent  e m i g r a t i o n  o r  growth i n h i b i t i o n  occurred, growth 

So t h e  assumptions t h a t  em ig ra t i on  and 

Low model p r e d i c t i o n s  o f  abundances on day 16 cou ld  
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be exp la ined  by o v e r e s t i m a t i n g  growth r a t e s  and underes t ima t ing  maximum 

immig ra t i on  r a t e s .  

slowed l a t e  accumula t ion  ra tes ,  and produced an a lmost  p e r f e c t  f i t  between 

model p r e d i c t i o n s  and observed accumula t ion  p a t t e r n s .  I t  has been shown t h a t  

immig ra t i on  accounts f o r  about 15% and 5% o f  t h e  accumula t ion  on days 16 and 

24, r e s p e c t i v e l y  when immig ra t i on  and growth r a t e s  a r e  c l o s e  t o  those i n  t h i s  

s tudy  (Stevenson, 1981). Thus, i t  seems l i k e l y  t h a t  a modest ove res t ima t ion  

o f  g rowth  r a t e s  and underes t ima t ion  o f  maximum immig ra t i on  r a t e s  i s  t h e  bes t  

founded e x p l a n a t i o n  f o r  p r e d i c t i o n s  o f  low abundances on day 16. 

and f i e l d  procedures used can be judged by comparing model p r e d i c t i o n s  and 

a c t u a l  accumula t ion  p a t t e r n s  and comparing model es t ima tes  and independent 

f i e l d  es t ima tes  o f  maximum immig ra t i on  r a t e s .  Desp i te  s l i g h t  d i f f e rences ,  t h e  

f i t  between mode l led  and a c t u a l  c o l o n i z a t i o n  was good. There fore ,  model led 

es t imates  o f  immig ra t i on  and growth  r a t e s  must have been accu ra te  enough t o  be 

i n f o r m a t i v e ,  and e r r o r s  due t o  densi ty-dependent i n t e r a c t i o n s  were probab ly  

no t  impor tan t  i n  t h i s  h a b i t a t .  

f i e l d  es t ima tes  o f  immig ra t i on  were most accura te .  

immig ra t i on  were p robab ly  l e s s  accu ra te  than mode l led  es t ima tes  because 

immig ra t i on  samples were o n l y  c o l l e c t e d  on t h e  f i r s t  day o f  c o l o n i z a t i o n .  

a d d i t i o n ,  s imu la ted  f l o w  i n t e r r u p t i o n ,  which enhanced immig ra t i on  g r e a t l y  

(Stevenson, 1983),  d i d  n o t  cover  t h e  e n t i r e  s u b s t r a t e  as would occur  

d u r i n g  c o l o n i z a t i o n .  Thus, low f i e l d  es t imates  can be exp la ined  and h i g h  

mode l led  es t ima tes  o f  immig ra t i on  a r e  w i t h i n  immig ra t i on  r a t e s  t h a t  have been 

measured w i t h  f i e l d  procedures i n  o t h e r  h a b i t a t s .  

accuracy o f  t h e  m o d e l l i n g  and f i e l d  procedures f o r  e s t i m a t i n g  immig ra t i on  and 

growth w i l l  r e q u i r e  use o f  more c o n t r o l l e d  f i e l d  procedures.  

T h i s  would have a l s o  enhanced e a r l y  accumula t ion  r a t e s ,  

The accuracy o f  e s t i m a t i n g  immig ra t i on  and growth r a t e s  w i t h  t h e  mode l l i ng  

I t  i s  d i f f i c u l t  t o  judge whether mode l l i ng  o r  

F i e l d  es t ima tes  o f  

I n  

F u r t h e r  e v a l u a t i o n  o f  t h e  
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