
USE OF ORDINATION AND CLASSIFICATION 

PROCEDURES TO EVALUATE PHYTOPLANKTON 

COMMUNITIES DURING SUPERFLUX I1 

Charles K.  Rutledge  and  Harold G .  Marshall  
Department of Bio logica l   Sc iences  

Old  Dominion Univers i ty  

SUMMARY 

C l u s t e r   a n a l y s i s  and  an  ordination  procedure  were  performed on two d a t a  
m a t r i c e s   t o   i n v e s t i g a t e   r e a l  and e n v i r o n m e n t a l   s p a t i a l   r e l a t i o n s h i p s .  
Mul t ip l e   r eg res s ion   ana lys i s  was used  to  relate  the  measured  environmental  
var iables   to   the  phytoplankton community changes .   Qual i ta t ive   type  
phytoplankton  data  proved  to  be less s t r u c t u r e d   i n   b o t h  o f  these   spaces ,  
r e l a t ive   t o   t he   b iomass   da t a .  The s a l i n i t y   g r a d i e n t s   o f   t h e   n o r t h e r n  
t ransec ts   covar ied   s ign i f icant ly   wi th   the   phytoplankton   assoc ia t ion   changes .  
I n   t h e   s o u t h e r n   t r a n s e c t s   t h e   l i g h t   v a r i a b l e  was most  important i n  
exp la in ing   t he   va r i ance   i n   t he   o rd ina t ion   axes .  These da ta   sugges t   the   c lose  
relationships  between  phytoplankton community changes  and  the  physical 
hydrology  of  the  area.  

INTRODUCTION 

The purposes   o f   th i s   s tudy  were: 1)   to   inves t iga te   phytoplankton  community 
s t ruc tu re   w i th in   t he   t h ree -d imens iona l   spa t i a l   con f ines   o f   t he  Chesapeake Bay 
plume and 2 )  t o  examine  the  changes  of community s t r u c t u r e   i n  a multidimen- 
s ional   environmental   space.  To r e a l i z e   t h e  f i r s t  o b j e c t i v e ,   c l u s t e r   a n a l y s i s  
was used. A similar   approach was fol lowed  in   the  s tudy  of   plankton 
assoc ia t ions   in   the   Nor th   Sea   ( re f .  1, 21, and to   associate   phytoplankton 
assemblages  with  major  water  masses  in  the West Indian  Ocean ( r e f .  3 ) .  More 
r ecen t ly   c lus t e r   ana lys i s   has   been   app l i ed   i n   t he   impac t   a s ses smen t   f i e ld  and 
community s t r u c t u r e   s t u d i e s   ( r e f .  4 ,  5 ,  6 ,  7). 

An ordina t ion   procedure  was performed  for  the  second  objective.   Polar 
o rd ina t ion  w a s  u s e d   t o   p l a c e   c o l l e c t i o n   s i t e s   i n t o  a t heo re t i ca l ly   con t inuous  
envi ronmenta l   space   ( re f .  8 ) .  E igenvec tor   o rd ina t ion   techniques   have   a l so  
been  used  to   invest igate   phytoplankton  associat ions  without  any real  
e f f i c i e n c y   ( r e f .  2 ,  9 ) .  S i m i l a r  techniques were followed  with more success   to  
ordinate   species   samples   f rom  t ransient   beach ponds ( r e f .   l o ) .   P o l a r  
o rd ina t ion  was s e l e c t e d   f o r   t h i s   s t u d y   b e c a u s e  of i t s  r e l a t i v e   s i m p l i c i t y  
( r e f .   11 )   and   t he   gene ra l   f a i lu re  of   the  other   techniques  previously  appl ied 
i n   p l a n k t o n   r e s e a r c h   ( r e f .  1 2 ) .  The m e r i t s  of  t h i s   p rocedure   w i th   r e spec t   t o  
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other   o rd ina t ion   techniques   have   been   prev ious ly   d i scussed   ( re f .   13 ,   14 ,   15) .  
A major  assumption made by envi ronmenta l   o rd ina t ion   techniques  i s  t h a t   s p e c i e s  
d i s t r i b u t i o n s   i n   s p a c e  and  time are a r e s u l t  of s p e c i f i c   r e s p o n s e s   t o  
envi ronmenta l   var iab les .  The assessment  of  such a muit idimensional   space 
co-u ld   p rovide   ins ight   in to   the   cont ro l l ing   fac tors   o f   phytoplankton  
i n t e r r e l a t i o n s h i p s .  

The use  of two da ta   ma t r i ces   i n   t he   fo l lowing   ana lys i s  all.ows the 
i n v e s t i g a t i o n   o f  two fundamenta l ly   d i f fe ren t   ques t ions .  From t h e   q u a l i t a t i v e  
presence-absence  matr ix ,   species   presence  without   reference  to   quant i ty  i s  
inves t iga t ed .  Are the   spec ie s  l i s t s  a t   t h e   o b s e r v e d   s t a t i o n s   d i f f e r e n t   w i t h i n  
the  sampling  regime? Are there   p ronounced   d i f fe ren t   qua l i ta t ive   reg ions  
wi th in   the   s tudy   a rea   re la t ive   to   phytoplankton   popula t ions?  The o t h e r  
m a t r i x ,   t h e   c e l l  volume mat r ix ,   assesses   the   quant i t ies   o f   the   phytoplankton  
s p e c i e s   a t   t h e   s t a t i o n s .  

MATERIALS AND METHODS 

Sampling  Program 

The phytoplankton  samples   for   this   s tudy  were  col lected  during  the  June 
1980  Chesapeake Bay plume s tudies   aboard   the  N O M  vessels   Kelez and  Delaware 
11. The s tudy   a rea   has  a complex c i r cu la to ry   sys t em  r ep resen ted  by a 
southward  flowing, low s a l i n i t y  mass of water o r i g i n a t i n g  from  the  Chesapeake 
Bay which gene ra l ly   ho lds   t o   t he   V i rg in i a  and   Nor th   Caro l ina   coas ts   ( re f .  1 6 ,  
1 7 ) .  Such c i rcu la tory   sys tems may be respons ib le   for   major   phytoplankton  
d i s p e r s i o n s   ( r e f .   1 8 1 ,   w i t h   a r e a s   o f   c o n t r a s t i n g  community s t r u c t u r e .  

The s t a t i o n  numbers  used i n   t h i s   s t u d y   r e p r e s e n t   t h e  24 s t a n d a r d   s t a t i o n s  
(see Marsha l l ,   F igure   2 ,   paper   no .32   of   th i s   compi la t ion)   wi th   each   depth  
being  ass igned a s t a t i o n  number. A t o t a l  of 1 0 1   s u c h   s t a t i o n   d e p t h   e v e n t s  oc- 
cu r red   du r ing   t he   c ru i se s .  The samples were co l l ec t ed   ove r  a f ive   day   pe r iod .  
The s tudy  area w a s  located  between  37.00.6'  and  35.50.2' N l a t i t u d e  and  76.02.9' 
and  75.17.1' W longi tude .   Parameters   measured   dur ing   the   c ru ises  were s e c c h i  
d e p t h ,   s a l i n i t y ,  water temperature ,   d issolved  oxygen,   total   suspended matter, 
n i t r i t e s ,   n i t r a t e s ,  ammonia, s i l i con ,   phospha te s ,  and l i gh t .   Apprec ia t ion  i s  
expres sed   t o  D r .  George Wong of Old Dominion Un ive r s i ty   fo r   supp ly ing   t he  
s t a t i o n   c o n c e n t r a t i o n s  of n i t r i t e s ,   n i t r a t e s ,   p h o s p h a t e s ,  ammonia, and s i l i c a t e s ;  
t o  D r .  Paul  Zubkoff  of t h e   V i r g i n i a   I n s t i t u t e  of   Marine  Science  for  the d a i l y  
i s o l a t i o n   c u r v e s ;   a n d   t o  D r .  James Thomas and Craig  Robertson of NOAA f o r   t h e  
sa l in i ty ,   d i s so lved   oxygen ,  and   tempera ture   da ta .   Spec ia l   apprec ia t ion  i s  
g i v e n   t o  D r .  James Matta of Old  Dominion U n i v e r s i t y   i n   r e f e r e n c e   t o   t h e   a p p l i -  
c a t i o n   o f   t h e   m u l t i v a r i a t e   t e c h n i q u e s   i n   t h i s   s t u d y .   T h e s e   d a t a  were s e l e c t e d  
f o r   t h i s   s t u d y   b e c a u s e  of t h e i r   h i s t o r i c   r e l a t i o n s h i p s   t o   p h y t o p l a n k t o n   d y n a m i c s .  

The samples   were  col lected  with  20-l i ter   Niskin  sampling  bot t les .  
Di f fe ren t   depths  were s e l e c t e d  a t  e a c h   s t a t i o n   i n   r e l a t i o n   t o   t h e   t h e r m o s t r u c -  
t u r e  of  the  water column as   assessed  by using  an  expendable  bathythermographic 
probe. 
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Phytoplankton  Analysis 

For   phytoplankton  analysis  a measured  subsample (500 ml)  of  seawater was 
withdrawn  from  the  Niskin  sampler a t  each   s ta t ion   depth   and   t ransfer red  
d i r e c t l y   i n t o  a p o l y p r o w l e n e   b o t t l e  which  contained 20 m l  of buffered  formalin.  
Upon r e t u r n i n g   t o   t h e   l a b o r a t o r y ,   t h e   b o t t l e s  were allowed a t  l e a s t  72 hours  
fo r   t he   s ed imen ta t ion   o f  ce l l s .  A s iphoning   procedure   fo l lowed  tha t   resu l ted  
i n  a 20-ml concent ra te   for   each  sample .  For   quant i fying  and  ident i fying  the 
c e l l s   e i t h e r   a l i q u o t s  o r  whole  concentrates  were  placed  into  sett l ing-  chambers 
and  allowed  to  re-settle;  they  were  then  examined  and  counted  using a Zeiss 
inverted  plankton  microscope. Random f i e lds   o f   t he  chamber were se lec ted   and  
counts were made t o   g i v e  85% conf idence   in te rva ls  on the  mean concent ra t ion  
( r e f .   1 9 ) .  A t o t a l  of   168  species   were  ident i f ied  f rom  the  101  s ta t ion  depths .  

To compute ce l l   vo lumes ,   t he   i den t i f i ed   spec ie s  were assigned  geometr ic  
shapes  according  to  Kovala  and  Larrance  (ref.  2 0 ) .  This scheme al lowed  for  . 

18 phytoplankton  shapes  to  choose from t o  approximate  the  shape  of  each 
spec ie s ,   w i th  up t o  10 d imens ions   appl icable   for   the  more complex  forms. 
Average cel l   d imensions were determined from t h e   l i t e r a t u r e   w i t h   s p o t  
measurements a l s o  made fo r   ma jo r   spec ie s   i n   t he   co l l ec t ions .  A FORTRAN 
program was w r i t t e n  t o  compute these  volumes using  the  cel l   d imensions and 
appropriate  formulae  from  Kovala and L a r r a n c e   ( r e f .  2 0 ) .  Ce l l  volumes  per 
l i ter  were  computed f o r   e a c h   s t a t i o n  by mul t ip ly ing   the   spec ies  volume by  the 
number o f   c e l l s   p e r   l i t e r .   T h i s   d a t a   b a s e  formed the  volumetr ic   matr ix .   This  
mat r ix  was reduced  to 64  % 101 ( spec ie s  x s ta t ion-depths)  by a r b i t r a r i l y  
s e t t i n g  a c u t - o f f   c r i t e r i o n  of 1%. Volumetr ic   percentages  for   each  species-  
s t a t i o n   p o s s i b i l i t y  were c a l c u l a t e d  and i f  a spec ie s   d id   no t   accoun t   fo r   a t  
least  1% of  the volume a t  any s t a t i o n  i t  was removed from  the  matrix.  

The qua l i ta t ive   mat r ix   cons is ted   o f   ones  and zeroes .  Wherever a spec ie s  
was present   within  the  168 by 101 ma t r ix  a value  of 1 represented   presence ,  
zero   for   absence .  This mat r ix  was reduced   to  a 72 X 101  dimension by  s e t t i n g  
t h e   c u t - o f f   c r i t e r i o n   t o  5 % .  

Other  Variables 

The l i g h t   v a r i a b l e  a t  e a c h   s t a t i o n  was c a l c u l a t e d   u s i n g   R i l e y ' s   ( r e f .  2 1 )  
equa t ion:  

<I> = - ( I - e  10 - k Z )  
kZ 

where !I, i s  the amount o f   l i g h t   r e c e i v e d  by the   phytoplankton   in  a well- 
mixed water column of  depth Z and e x t i n c t i o n   c o e f f i c i e n t  k. I, i s  the  
s u r f a c e   r a d i a t i o n .  
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The e x t i n c t i o n   c o e f f i c i e n t ,  k ,  was determined  using  the  equat ion  of   Poole  
and A t k i n s   ( r e f .  22):  

where Zsd i s  the  depth  of   disappearance  of   the secch i   d i sc   (m . ) .   S t a t ions  
performed  during  darkness were ass igned   va lues  of 0 a t  each  depth.  

A t i d e - r e l a t e d   v a r i a b l e  was a l s o   c a l c u l a t e d .  From s t anda rd   t i de   t ab l e s  
( r e f .  2 3 )  t h e   t i d a l   h e i g h t  a t  c o l l e c t i o n  t i m e  f o r   e a c h   s t a t i o n  was determined. 
Va lues   fo r   t he   t i de - r e l a t ed   va r i ab le  (TRV) were a l s o   c a l c u l a t e d   f o r   o f f s h o r e  
s t a t i o n s   u s i n g   t h e   s t a t i o n   t i m e   a n d   t h e   c a l c u l a t e d   t i d a l   h e i g h t   ( f t )   f o r   t h e  
c l o s e s t   s u b o r d i n a t e   s t a n d a r d   t i d a l   s t a t i o n .  The v a r i a b l e  was c a l c u l a t e d   a s  
fol lows : 

T R V =  ( 2 D S - D B M  T H  )0.5 

where TRV i s  t h e   t i d e - r e l a t e d   v a r i a b l e ,  TH i s  t i d a l   h e i g h t   a t   t h e   c l o s e s t  
s u b o r d i n a t e   s t a t i o n ,  DS i s  the   d i s t ance  f rom  the   co l l ec t ion   s t a t ion   t o   t he  
s u b o r d i n a t e   t i d a l   s t a t i o n  and DBM i s  t h e   d i s t a n c e   t o   t h e  bay mouth (d i s t ances  
used  were r e l a t i v e  map uni t s ) .   This   computa t ion   a l lows  a simple  approach  for 
viewing  the  nonsynopt ic   nature   of   the   sampling  schedule  as i t  r e l a t e s   t o   t h e  
t i d a l   v a r i a b l e .  The v a r i a b l e   a s s i g n s   s m a l l e r   v a l u e s   f o r   o f f s h o r e   s t a t i o n s .  
The v a r i a b l e  i s  a l s o   i n v e r s e l y   p r o p o r t i o n a l   t o   t h e   d i s t a n c e  from  the  bay 
mouth.  Figure 1 A  shows the   behav io r   o f   t he   va r i ab le   i f   synop t i c   da t a  were 
taken,   Figure 1 B  i s  the   va r i ab le   ca l cu la t ed   fo r   t he   ac tua l   t imes  of the 
s t a n d a r d   s t a t i o n s .  

NUMERICAL METHODS 

Cluster  Analysis  Techniques 

The p u r p o s e   o f   t h e   c l u s t e r   a n a l y s i s   i n   t h i s   s t u d y  was t o   s e g r e g a t e   t h e  
101   s t a t ion   dep th   even t s   i n to  a fewer  number of s t a t i o n   c l u s t e r s .  The 
i n t e n t i o n   o f   t h i s   t e c h n i q u e  i s  t h a t   s t a t i o n s   w i t h i n  a de f ined   c lus t e r   o f  
s t a t i o n s   a r e  more c l o s e l y   r e l a t e d   t o   e a c h   o t h e r   t h a n   t h e y   a r e   t o   s t a t i o n s   o f  
o the r   c lu s t e r s ,   r e l a t ive   t o   phy top lank ton   compos i t ion .  

The computer  program  used was ORDANA ( r e f .  2 4 ) .  I t  has a s e q u e n t i a l ,  
agglomerat ive,   heirarchical ,   non-overlapping  a lgori thm. 
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F o r   t h e   q u a l i t a t i v e   d a t a   i n   t h i s   s t u d y   t h e   J a c c a r d   c o e f f i c i e n t  was used. 
The J a c c a r d   c o e f f i c i e n t   ( D i j )  w a s  computed as fol lows:  

where C i j  i s  the  number of   conjo in t   p resences   wi th in   the  two s t a t i o n s  i and j .  
N i  and N j  are t h e  numbers of   spec ies  a t  t h e   r e s p e c t i v e   s t a t i o n s .  The 
t h e o r e t i c a l  maximum va lue   o f   1 .0   wou ld   i nd ica t e   qua l i t a t ive ly   pe r f ec t  
matching  of  species a t  t h e  two s t a t i o n s .  

Fo r   quan t i t a t ive   da t a   t he  Czekanowsky s i m i l a r i t y   c o e f f i c i e n t  was used 
according  to   the  fol lowing  formula  where  s jk  = s i m i l a r i t y  between samples  j 
and k,  X i j  = abundance  of   i - th   species   in   the  j - th   sample,   and n = t h e   t o t a l  
number of   spec ies .  

Again t h e   t h e o r e t i c a l  maximum v a l u e   f o r   t h i s   c o e f f i c i e n t  was 1 .0 ,  
i n d i c a t i n g   l i k e   s p e c i e s   i n   s i m i l a r   q u a n t i t i e s   a t   e a c h   s t a t i o n .  

The s o r t i n g   s t r a t e g y   s e l e c t e d  was group  average,  which i s  a space-  
conse rv ing   a lgo r i thm  ( r e f .   11 ) .   Th i s   so r t ing   s t r a t egy  was chosen as i t  
general ly   maximizes   the  correlat ion  between  the  s imilar i ty   values   and  the 
c l u s t e r   a n a l y s i s  r e su l t s .  

A l l  q u a n t i t a t i v e   d a t a  (volume  matrix)  were  transformed  using X = (1nX + 1) 
to   reduce   the   sca le   p roblem  inherent   in   the   da ta  and t o   r i d   t h e   m a t r i x   o f  
zeroes .  

Ordination  Techniques 

Polar   o rd ina t ion ,   deve loped  by  Bray  and C u r t i s   ( r e f .  81, i s  one  of  the 
s i m p l e s t  and  most e f f ec t ive   t echn iques   ava i l ab le .  I ts  major  drawback i s  the 
required  knowledge  of  endpoints  along  the  ordination  axis.  To perform  the 
ord ina t ion   the   fo l lowing  s teps  were  taken: 

1. Computation  of a d i s s i m i l a r i t y   c o e f f i c i e n t   ( d e t e r m i n e d  by 
s u b t r a c t i n g   e a c h   S i m i l a r i t y   v a l u e  from i t s  t h e o r e t i c a l  
maximum). 
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2. Selec t ion   of   s ta t ion   endpoin ts   which   re f lec t   the   mos t  
d i s s i m i l a r   s p e c i e s   p o p u l a t i o n s .  The endpoin ts  were s e l e c t e d  
u s i n g   t h e   d i s s i m i l a r i t y   m a t r i x .  As hypo thes i zed ,   t he  most 
d i s s i m i l a r   s t a t i o n - d e p t h   p a i r  w a s  between a bay  mouth s t a t i o n  
(S tanda rd   s t a t ion  V801) and   an   o f fshore   s ta t ion   (S tandard  
s ta t ion   #816) ,   where  D=0.924.  These two p o i n t s  are the  
anchors   of   the   ordinat ion  axis   with  the  dis tance  between them, 
L .  

3 .  The d i s t a n c e s   f o r  a l l  o t h e r   s t a t i o n s  were assessed from t h e  
d i s s i m i l a r i t y   m a t r i x   r e l a t i v e   t o   t h e   e n d p o l n t s .  

4 .  The p o s i t i o n s o f   t h e   o t h e r  i samples,  X i ,  a long   the   o rd ina t ion  
a x i s  were  computed as   fol lows:  

and  the  dis tance E i  of  the  sample  from  the  axis i s :  

The X; va lues   a r e  an order ing   of   the   spec ies   a long  a cont inuous   ax is .  
The E; v a l u e s   a r e   r e l a t e d   t o   p o s s i b l e   d i s t o r t i o n   o f   t h e   a x e s .  Second  and 
subsequent  axes may be ca l cu la t ed   by   s e l ec t ing   t hose  two p o i n t s  which a r e  
c l o s e s t   t o   t h e  median  x-axis  value  for  the  next  endpoints.  

Mul t ip l e   l i nea r   r eg res s ion   o f   env i ronmen ta l   va r i ab le s  on these  axes  was 
performed  to   ascer ta in   those  var iables   which  account   for   most  o f  the   var iance  
in   t hese   axes .   V io la t ions   i n   t he   a s sumpt ions   o f   r eg res s ion   ana lys i s   were  
assessed  by g r a p h i c a l   i n t e r p r e t a t i o n   o f   t h e   r e s i d u a l   p l o t s .  The l i g h t  
v a r i a b l e  was t ransformed  using  the common log   func t ion .  

RESULTS 

Clus te r   Analys is  

The r e s u l t s   o f   t h e   c l u s t e r   a n a l y s i s   f o r   t h e   q u a l i t a t i v e  72 X 101  (species  
x s t a t ion -dep ths )   ma t r ix   a r e   s chemat i ca l ly   r ep resen ted   i n  dendogram form i n  
Figure 2 .  Two ma jo r   c lu s t e r s  were  observed  to  fuse a t  a s i m i l a r i t y   v a l u e  of  
0.317.  Table 1 i s  a l i s t i n g   o f   t h e   s t a t i o n - d e p t h  s i t e s  which are  grouped  under 
the  major  sub-groups  in  the dendogram. S i x   c l u s t e r s  were  observed  ( labeled 
A-F). These c l u s t e r s   a r e   p r e s e n t e d   r e l a t i v e   t o   t h e i r   g e o g r a p h i c a l   l o c a t i o n s  
in   F igu re  3 .  The two ma jo r   c lu s t e r s  ( B  and C) accounted  for   83.16%  of   the 
s t a t i o n s .  The remaining 1 7  s t a t i o n s  were  grouped among 4 c l u s t e r s  which 
appeared  to be randomly d i s t r i b u t e d  among t h e   s t a t i o n s .  The d e p t h   s t a t i o n s   a t  
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each   loca t ion   genera l ly   g rouped   toge ther   ind ica t ing   ver t ica l   homogenei ty   o f  
p lankton   popula t ions .  The qua l i t a t i - r e   phy top lank ton   a s soc ia t ions  do no t  
a p p e a r  t o  be r e l a t e d  t o  major wster masses as  might  be  expected  from  this 
reg ion .  

The r e s u l t s   o f   t h e   c l u s t e r   a n a l y s i s   f o r   t h e  64 X 101 c e l l  volume ma t r ix  
are p resen ted   i n   Tab le  2 .  In   th i s   mat r ix ,   phytoplankton   b iomass  as measured 
by c e l l  volumes i s  assessed .  Two m a j o r   c l u s t e r s   a g a i n . r e s u l t   i n  92  of  the  101 
station-depths  being  grouped  to  form a major  dichotomy.  These two major  sub- 
groups  fused a t  a s imi l a r i t y   va lue   o f   0 ,493 .  A gene ra l   l a rge  scale r e l a t i o n -  
ship  between  these  sub-groups  and  their   re la t ion  to  a "plume" may b e   i n f e r r e d  
(F igu re   4 ) .  A l l  s t a n d a r d   s t a t i o n s   c l o s e s t   t o   t h e   c o a s t   c l u s t e r e d   i n  one of 
these  groups.  O f  the  northernmost 2 1  s t anda rd   s t a t ions   on ly  2 s tandard  
s t a t i o n s   ( i n c l u d i n g   t h e i r   d e p t h s )  seem t o  be out lyers .   Cons ider ing   the  
poss ib le   pa tchy   na ture   o f   phytoplankton   popula t ions   these   resu l t s   appear  t o  
be r e p r e s e n t a t i v e   o f  a plume o r  an  onshore/offshore  pat tern.   Three  s tandard 
s t a t ions   (801 ,  69 and  805) a t   t h e  bay mouth clus . tered  in   such a way as  t o  
sugges t   tha t   phytoplankton   assoc ia t ions   there  are ind ica t ive   o f   mic rosca le  
changes  within  the  water   column.   These  resul ts   appear   plausible   consider ing 
t h e   c o m p l e x i t y   o f   t h e   c u r r e n t s   i n   t h i s   g e n e r a l   v i c i n i t y   ( r e f .   1 6 ,   1 7 ) .  The 
southernmost   t ransect  seems t o   r e p r e s e n t  a reversa l   o f   the   onshore   versus  
o f f s h o r e   g e n e r a l i t y .  It i s  n o t e d   t h a t   t h e   r e s u l t s   o f   t h e   c l u s t e r   a n a l y s i s ,   a s  
have  been  used  here,   are  not  hypothesis  concluding. The procedure  only  allows 
a more objec t ive   approach   a t   deve loping  complex a s s o c i a t i o n s .  

Polar   Ordina t ion  

Po la r   o rd ina t ion  was performed 3n both of the  matr ices   with  varying 
r e s u l t s .  A s  i nd ica t ed  by t h e   r e s u l t s  o f   t h e   c l u s t e r   a n a l y s i s ,   t h e   q u a l i t a t i v e  
da t awere   cha rac t e r i zed  by somewhat  random d i s t r ibu t ions .   Consequen t ly ,   t he  
ord ina t ion   axes  computed f o r   t h e s e   d a t a  were n o t   s i g n i f i c a n t l y   r e l a t e d   t o   t h e  
envi ronmenta l   var iab les   as   assessed  by m u l t i p l e   l i n e a r   r e g r e s s i o n   a n a l y s i s .  
These r e s u l t s   s u g g e s t   t h e   i n t e r a c t i o n s  by the  species   with  the  environmental  
va r i ab le s   measu red   a r e   no t   su f f i c i en t   t o   exp la in   t he i r   qua l i t a t ive   d i s t r ibu t ion .  

From t h e   t r i a n g u l a r   d i s s i m i l a r i t y   m a t r i x   r e p r e s e n t i n g   t h e  64 X 101 
(species-volumes x s t a t i o n - d e p t h s )   p a i r s  a p o l a r   o r d i n a t i o n  was performed. 
Two ord ina t ion   axes  were  computed.  Regression  analysis showed the f i r s t  
o r d i n a t i o n   a x i s  was only  weakly  re la ted  to   sal ini ty   which  accounted  for  23 .3% 
of i t s  var iance  (Table  3 ) .  A s i g n i f i c a n t  (a = 0.05)   cor re la t ion   be tween 
s a l i n i t y  and the  f i r s t  po la r   o rd ina t ion   ax i s   ex i s t ed .  None of  the  remaining 
v a r i a b l e s  w a s  s ign i f icant ly   re la ted   to   the   dependent   var iab le .   There  was no 
s i g n i f i c a n t   r e g r e s s i o n   r e l a t i o n s h i p   b e t u e e n  any of   the  environmental   var iables  
and the   second  po lar   o rd ina t ion   ax is .  

These r e s u l t s   i n d i c a t e  a weak a s soc ia t ion   be tween   s a l in i ty  and the  change 
i n   s p e c i e s   a s s o c i a t i o n s   a s   a s s e s s e d  by the   o rd ina t ion   technique .  The genera l  
f a i l u r e  of   envi ronmenta l   o rd ina t ion   procedures   in   cases   involv ing  many s i t e s  
has  been  suggested by Boesch ( r e f .   2 5 ) .  A s  the  number  of s i t e s  i n c r e a s e s ,  s o  
does   t he   i ne f f i c i ency .  
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Ord ina t ions   o f   t r ansec t   da t a  were indiv idua l ly   per formed  to   decrease   the  
s i te  number and inc rease   t he   e f f i c i ency   o f   t he   o rd ina t ion   p rocedure .  The 
s t a t ion -dep ths   f rom  the   s ix   ma jo r   t r ansec t s   (omi t t i ng   s t anda rd   s t a t ions  #800 
and  801) were o rd ina ted   (F igu re  5A-F). The f i r s t   p o l a r   o r d i n a t i o n   a x e s  were 
observed   to   genera l ly   o rder   the  s i tes  i n t o  an  onshore  versus   offshore 
t r a n s i t i o n .  The second  po lar   o rd ina t ion   axes   a re   no t  so e a s i l y   g e n e r a l i z e d  
'from the   g raph ica l   p re sen ta t ion .  

The r e su l t s   o f   t he   r eg res s ion   ana lyses   o f   env i ronmen ta l   va r i ab le s  on both 
t h e   f i r s t  and second  axes   a re   p resented   in   Table  4 .  Of the  measured  var iables ,  
s a l i n i t y  was obse rved   t o   accoun t   fo r  most  of  the  variance  in  the  computed 
f i r s t   p o l a r   o r d i n a t i o n   a x e s   i n  two of  the  three  northernmost  transects  and was 
s i g n i f i c a n t l y   r e l a t e d   t o   t h e   s e c o n d   t r a n s e c t .   I n o r g a n i c   n u t r i e n t s  were 
observed   to   expla in   mos t   o f   the   var iance   in   the   second  po lar   o rd ina t ion   axes  
fo r   t hese   no r the rn   t r ansec t s .   I n   t he   sou the rn   t h ree   t r ansec t s   t he   l i gh t  and 
t i d e   v a r i a b l e s   a c c o u n t   f o r  most   o f   the   var iance   in   the   o rd ina t ion   axes .  

DISCUSSION 

The exis tence   o f  a b i o t i c  plume, as  measured  by  phytoplankton  volumes, i s  
supported by t h e   r e s u l t s   o f   t h e   c l a s s i f i c a t i o n  and o r d i n a t i o n   a n a l y s e s .  While 
being a non-conservative  property  within  the  environment,   phytoplankton  biomass 
a s soc ia t ions  were o b s e r v e d   t o   s i g n i f i c a n t l y   c o v a r y   w i t h  some conserva t ive  
v a r i a b l e s   ( s a l i n i t y ,   s i l i c a t e s  and  phosphates).  

The s i x   m a j o r   t r a n s e c t s  may be convenient ly   d iv ided   in to  two reg ions  
(northernmost   three,   southernmost   three)  which appear   to   have  fundamental ly  
d i f f e r e n t   f a c t o r s   a f f e c t i n g   t h e i r  endemic  phytoplankton  populations. The b a s i c  
environmentsof   the  populat ions  within  these two major  regions  appear  to  be 
d i f f e r e n t   i n   l i e u  of  t h e   o r d i n a t i o n   r e s u l t s .  The low s a l i n i t y  plume of water 
or iginat ing  f rom  the  Chesapeake Bay which   gene ra l ly   ho lds   t o   t he   coas t  is a 
r eg ion   o f   h igh   d iv i s ion  rates and  s tanding  crops (see Marshal l ,   paper   no.  
of th i s   compi la t ion) .   Wi th in   the   southern   th ree   t ransec ts ,   o f   the   measured  
v a r i a b l e s ,   t h e   l i g h t   v a r i a b l e  is most   impor tan t   in   account ing   for   the   var iance  
i n  the   popu la t ion   b iomass   sh i f t s .  

These r e s u l t s   s u g g e s t   r e l a t i o n s h i p s  between  the  physical  hydrology of  the 
region  and  the  phytoplankton  communities. A s  i n d i c a t e d  by t h e   s a l i n i t y   d a t a  
and previous summer s t u d i e s   ( r e f .  1 6 )  the  water  columns of   the  s tudy  area are 
g e n e r a l l y   s t r a t i f i e d   w i t h  a pronounced sa l in i ty   g rad ien t   s eaward .   Th i s  
grad ien t   has   an   in f luence  on the   b iomass   assoc ia t ions   as   fa r   south  as the  
Nor th   Caro l ina   border .   Fur ther   south   th i s   e f fec t  i s  .superseded by the  summer 
s t r a t i f i c a t i o n   a s   i n d i c a t e d  by the   l a rge   p ropor t ion   o f   va r i ance   i n   t he  
ord ina t ion   axes   expla ined  by t h e   l i g h t   v a r i a b l e .  
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The l i n e a r  models  used i n   t h i s   s t u d y  we're no t   expec ted   t o   accu ra t e ly  
desc r ibe   t he   b io log ica l   even t s .  Walsh ( r e f .  26)  has   s ta ted  the  problems  of  
us ing   l inear   models   in   b io logy   mos t   succ inc t ly :  

'I Linea r   r eg res s ion   ana lys i s  i s  appropr i a t e   fo r   p re l imina ry  

i n s i g h t   i n t o  a complex system,  but  i s  an  inadequate   descr ip-  
t i o n   o f   b i o l o g i c a l  phenomenon. Linear   re la t ions. . .cannot   be 
expec ted   t o   fu l ly   desc r ibe   o r   p red ic t   b io log ica l   r e l a t ion -  
ship.s   which  are   basical ly   non-l inear   and  consis t   of   thres-  
ho lds ,   t imelags ,  and s a t u r a t i o n   a n d   i n h i b i t i o n   e f f e c t s . "  

NUMERICAL SUMMARY 

1. 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

I I .  . - 

The volumetric-biomass  data  proved more in fo rma t ive   a s   r e l a t ed   t o  
environmental   var iables   using  regression  analysis .   These  data  more 
closely  approximate  the "plume" s i t u a t i o n   t h a n   t h e   q u a l i t a t i v e   d a t a .  

The f a c t o r s  which inf luence  phytoplankton  populat ions  within  the  region 
appeared  to  be  complex. 

A s a l i n i t y   g r a d i e n t  which was p re sen t   w i th in   t he   no r the rn   t r ansec t s  
covar ied   s ign i f icant ly   wi th   the   phytoplankton   b iomass   assoc ia t ion   changes .  

Within  the  southern  t ransects   the  normal  summer s t r a t i f i c a t i o n  was r e l a t e d  
to   phytoplankton   popula t ions   wi th   the   l igh t   var iab le   mos t   impor tan t   in  
expla in ing   the   var iance .  

The resu l t s   sugges t   the   impor tance   o f   the   phys ica l   hydro logy   in   th i s  
system in inf luenc ing   the   phytoplankton   assoc ia t ions .  

Of secondary   impor t ance ,   t he   i no rgan ic   nu t r i en t s   ( s i l i ca t e s  and phosphates) 
s ignif icant ly   covaried  with  the  biomass  changes  within  the  northern 
t r a n s e c t s .  

The numerical   methods,   borrowed  f rom  the  social   sc ient is ts  and the 
t e r r e s t r i a l   p h y t o - s o c i o l o g i s t ,  seemed to   pe r fo rm  modera t e ly   we l l   t o  
ex t r ac t   i n fo rma t ion  from l a r g e  complex phytoplankton   da ta   mat r ices .  
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Table  1. Order  of  dep th - s i t e s   f rom  dendogram:   qua l l t a t ive   da t a .  

I S t a t i o n   S e q u e n c e s  

Group 

S = .336 
A 101,  100, 33, 24,   7 ,  5 ,  6 ,   23 ,   25 ,   15  

Group 
B 98 ,   92 ,  97 ,   96 ,  95 ,  44,  43,  67 ,  51 ,   61 ,   40 ,  9 4 ,  49,  65,  

s = .339 59, 57 ,  58 ,   50 ,  42,  41 ,  30,  38, 6 6 ,   9 3 ,   9 1 ,  31, 8 7 ,  86 ,  
85 ,   32 ,   52 ,   90 ,   89 ,  88, 39,  78,   77,   28,   76,   75,   60,   74,  
63,   62,   73,   64,   26,   27,   29,  3, 2 ,  1 

Group 

S =  .330 20 ,   19 ,  18,  47 ,   46 ,   34 ,   69 ,   68 ,   17 ,   16 ,  13, 1 2 ,  11, 4 ,  
C 84 ,  83, 56,   72,   71,   70,   45,   55,   37,   48,  35, 36,   54,   53,  

82,  81, 80, 79 

Group 

S =  .367 

Group 

S = .259 

D 22,   21,   14 

E . 1 0 ,   9 ,  8 

Group 
F 

S = ,209 
99 
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Table 2 .  Order of depth-sites from dendogram: quantitative  data,  

Stat ion Sequences 

Group 
A 

s = .455 

Group 
B 

S = .482 

9 7 ,  9.0, 9 2 ,  88,  9 6 ,  9 5 ,  9 4 ,   5 1 ,   6 1 ,  40., 5 2 ,   4 4 ,  43 ,  43, 
9 1 ,   6 7 ,   5 9 ,   5 7 ,   6 6 ,   5 8 ,   3 0 ,  50., 4 9 ,   3 1 ,   8 9 ,   8 8 ,   8 7 ,   8 5 ,  
6 5 ,   3 2 ,   4 2 ,   4 1 ,   3 8 ,   3 9 ,  1, 2 ,   3 ,   7 8 ,   6 0 ,   7 7 ,   2 8 ,  29., 
7 6 ,   7 5 ,   6 3 ,   6 2 ,   7 4 ,   7 3 ,   6 4 ,   2 6 ,   2 7 ,   2 4 ,   7 ,   6 ,   5 ,   2 3 ,   9 ,  
8 

8 4 ,   8 3 ,   7 2 ,   7 1 ,   4 8 ,   7 0 ,   5 5 ,   4 5 ,   6 9 ,   6 8 ,   5 6 ,  2 0 ,  1 9 ,   5 4 ,  
5 3 ,   4 6 ,   3 6 ,   3 4 ,   1 8 ,   3 7 ,   3 5 ,   4 7 ,   1 7 ,  16, 1 3 ,   1 2 ,  11, 4 ,  
3 3 ,   1 5 ,   2 5 ,   2 2 ,  21, 14 

Group 

S = .420 
C 101, 1 0 0 ,  10 

Group 

S = .348 
D 99 ,  9 8  

Group 

S = .310 
E 8 2 ,   8 1 ,   8 0 ,   7 9  
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Table 3. M u l t i p l e   r e g r e s s i o n   r e s u l t s :   p o l a r   o r d i n a t i o n  of 101 stat3on-depths .  

Dependent v a r i a b l e :   p o l a r   o r d i n a t i o n  axis 111 

. . - . - . ~ -  
Independent   Variables  F R2 R2 Change Simple R 

S a l i n i t y  29.13" 0.23283 0.23281 0.4825 3* 

Temperature 20.52 0.30169 0.06885 -0.09978 

Dissolved  oxygen 15.17 0.32624 0.02456 0.09680 

Total   suspended matter 12.06 0.34151 0.01526 -0- 23809* 

Light  9.79 0.34731 0.00580 0.10983 

S i  8.20 0.35110 0.00379 0.05055 

Ammonia 7.04 0.35 379 0.00269 0.07745 

Nitrates 6.15 0.35615 0.00239 0.05675 

T i d e   v a r i a b l e  5.44 0.35744 0.00125 -0.19218 

Nitrites 4.85 0.35823 0.00079 -0.05649 

Phosphates 4.38 0.35937 0.00114 -0.16556 

* = S i g n i f i c a n t ,  a = 0.05 
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'rable 4. rml t lp le   regress ion   resu lcs :   po lar   o ramaclon  or  cransecc aaca. 

Dependent Independent 
Transect Variable  Variable R2 F 

69-804 P.O. ax i s  1 Sa l in i ty  
69-804 P.O. axis 2 

805-807 P.O. axis 1 
805-807 P.O. a x i s  1 
805-807 P.O. ax i s  2 

808-811 P.O. axis 1 
808-811 P.O. axis 2 

71-813 P.O. axis 1 
71-813 P.O. ax i s  2 

814-816 P.O. ax i s  1 
814-816 P.O. a x i s  2 

73-818 P.O. a x i s  1 
73-818 P.O. ax i s  2 

Sil icates 

Light 
S a l i n i t y  
Silicates 

S a l i n i t y  
Phosphates 

Tide  var iable  
""" 

Light 
""" 

Light 
Tide  var iable  

0.62609 
0.70027 

0.60840 
0.11008 ( increase)  
0.46809 

0,43780 
0.58076 

0.73793 - " -  
0.57611 
"" 

0.60177 
0.34562 

25.694* 

20.203* 
15.318* 
11.441* 

9.838* 
18.008* 

28.154* " -  
24.514* 
" -  

16.622* 
5.809* 

18.418* j 
I 

I 

* = Sign i f i can t ,  ct = .05 



(a) Synoptic samplizg. 

CHARLES 

37t 

(b) Superflux I1 sampling. 

Figure 1.- Tide-related variable. 

4 84 



1 
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- r 
1 

Figur 

1 '  n 
i 
c 1 

e 2.- Dendogram sequence of stations. 
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GROUP 

Figure 3.- Major qualitative clusters. 

I I 

Figure 4.- Major qualitative clusters. 
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SECOND 
P. 0. 

AXIS 

AXIS  
-4  t 

STATION 
0 69 0 

v .  0 802  0 
803 V a 8 0 4 0  

0 V 

9 ' " ' '  
.2 .4 .6 

FIRST P.O. AXIS 

(a) Transect 69-804. 

STATION 
805 0 

v 

.2 .4 .6 .8 

FIRST P. 0. AXIS 

(b) Transect 805-807. 

Figure 5.- Site ordination. 

4 87 



SECOND 
P. 0. 

AXIS 

SECOND 
P. 0. 

AXIS 

.a 
- 

-6 - 
- 

.4 - 
- n o  

.2 - 8 8  
0 - 0 0 

0 V 
I l h l l l l L  - 

.2 .4 .6 .8 

FIRST P. 0. AXIS 

(c) Transect 508-811. 

STATION 
808 0 
809 0 
8 1-0 V 
811 0 

S TAT1 ON 
71 0 
812 D 
813 o B 

v o  

% 
0 

.2 .4 .6 .8 

FIRST P.O. AXIS 

(d) Transect 71-813. 

Figure 5.- Continued. 
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SECOND 
P. 0. 

AXIS  

! 

SECOND 
P. 0. 

AXIS 

.8 

:[ .2 

0 
0 

CI 

0 
0 

STATION 

815 0 
814 0 

72 V 
816 0 

FIRST P.O. AXIS 

(e) Transect 814-816. 

.8 I- 
- 

.6 - v 
- 

C 
.4 - W 
- 0 v  @ 

.2 (7- 
v 

- OQ 0 V 
0 

I l , n l , l I ~  - 
.2 .4 .6 .8 

v 

C 

W 

v 
OQ 0 V 

0 - 
.2 .4 

STATION 
7 3  0 
817A 
8180 

V - 
.6 .8 

FIRST P. 0. AXIS 

(f) Transect 73-818. 

Figure 5.- Concluded. 
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