
The Role of Nutrient Recycling in Upwelling ~cos~stemsl 

Terry E. Whitledge 
Oceanographic Sciences Division 
Brookhaven National Laboratory 

Upton, New York 11973 

lpresented at and published in the proceedings of the symposium on 
"The Bioproductivity of Upwelling Ecosystems" held in Moscow, USSR, 

9-13 October 1979. 

DIGLAIMER 

Neither the United Stater Govnnmt mr any w thu-f. nor my of thwr mploym, mkw my 
wnramy. exprar w implid. w -mar any hi Ilabiflw or rarrxrnrsility fw ms -ray. 
mmpletanea. w m t u l n s  of any h fo rmtm,  -us, pmdu~,  w pmcar d l x w .  or 
r a ~ ~ l l  Ibal Ila u s  w i d  MI 8 n ? w  ~t!mtelv wncd rimth R&wm harin to any penfac 
mmmaWl pmdua. r rm. w mice by tnds rum, tradenark, mnufkture: w otlawim, mer 
mt n&sswiiy COIU~~~YU w imply ns adoon*m. Rcommendatim. w f m i o p  by me Unttcd 
Slot- ODuemmem or any m w  m t .  The dm& wininn of arthm b i n  do mt 

This research was supported by National Science Foundation Grant 
0CE78-05737 as a component of the United States IDOE Coastal Upwelling 
Ecosystems Analysis (CUEA) program. The analysis was also partially sup- 
ported by the United States Department of Energy under contract No. 
DE-AC02-76CH00016. 

By acceptance of this article, the publisher and/or recipient acknowledges the 
U.S. Government's right to retain a nonexclusive, royalty-free license in and 
to any copyright covering this paper. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



ABSTRACT 

The r egene ra t i on  of n i t r o g e n  is an important  p rocess  t h a t  i n c r e a s e s  

t h e  e f f i c i e n c y  of t he  upwell ing ecosystem by en l a rg ing  t h e i r  s p a t i a l  s ca l e s .  

Ammonium regene ra t i on  was considered t o  c o n t r i b u t e  42  t o  7 2  percent  of phyto- 

p lankton  n i t r o g e n  requirements  i n  t h e  northwest  A f r i c a ,  Peru,  and Baja Cal i -  

f o r n i a  upwell ing systems. Zooplankton a r e  r e spons ib l e  f o r  t he  l a r g e s t  p o r t i o n  

of regenera ted  n i t r ogen ,  however, f i s h  and ben th ic  sediments may be nea r ly  a s  

l a r g e .  Coull~ar.lsuns of t h e  imporearice of ammonium regene ra t i on  i n  upwell ing 

a r e a s  wi th  c o a s t a l  and open ocean reg ions  i n d i c a t e  t h a t  t h e  percentage con- 

t r i b u t i o n s  a r e  s i m i l a r .  Fu ture  n u t r i e n t  r egene ra t i on  s t u d i e s  a r e  needed t o  

a s s e s s  t h e  r ecyc l i ng  of ben th ic  sediments ,  microzooplankton, g e l a t i n o u s  

zooplankton,  demersal f i s h ,  bac t e r i op l ank ton ,  and mollusks.  



Who h a t h  d e s i r e d  the  Sea? - t h e  immense and c o n t e n ~ t u o u s  surges? 
' 

The shudder ,  t h e  s tumble,  t h e  swerve, a s  t h e  s t a r - s t abb ing  bow-sprit  emerges? 

The o r d e r l y  c louds  of t h e  Trades ,  th? r idged ,  r o a r i n g  s a p p h i r e  thereunder  - 
Unheralded c l i f f - h a u n t i n g  f lows a n d , t h e  heads ail.'^ low-volleying thunder - 

H i s  Sea is no wonder t h e  same - h i s  Sea and t h e  same through each wonder: 

His Sea as she  rages  o r  s t i l l s ?  

So and no o therwise  - s o  and no o therwise  - hillmen d e s i r e  t h e i r  Hills. 

- K i p l i n g  - 



INTRODUCTION 

The upwell ing a r e a s  i n  t h e  world loca t ed  o f f  the w e s t  c o a s t s  ,of the ma jo r  

c o n t i n e n t s  a r e  t y p i f i e d  by co ld  n u t r i e n t  r i c h  wa te r s  which are condus ive  t o  

t h e  maintenance of l a r g e  phytoplan?cton popu la t ions  e s p e c i a l l y  i n  th? low lat- 

i t u d e s  where the  q u a n t i t y  of l i g h t  is always s u f i c i e n t .  The n u t r i e n t s  pre-  

s e n t  i n  upwell ing a r e a s  r e p r e s e n t  r ecyc l ing  of o r g a n i c  matter o n  d i f f e r e n t  

t ime - sca l e s .  The inpu t  of n u t r i e n t s  i n t o  t h e  eupho t i c  zone by the upwelling 

of - w z t c s  from depth  r e p r e s e n t s  a long term renewal of n u t r i e n t s  which previ- 

o u s l y  had been bound i n t o  o rgan ic  ma t t e r ,  t r a n s p o r t e d  i n t o  t h e  deep ocean ,  de- 

composed i n t o  s imple  s u b u n i t s ,  and e v e n t u a l l y  e x i s t i n g  as t h e  f u l l y  o x i d i z e d  

s ta te  of t h e  n u t r i e n t ,  i .e .  n i t r a t e  i n  the c a s e  of n i t r o g e n ,  So i n  e f f e c t  

t h i s  i s  a decomposition process  t h a t  occurs  s lowly,  The time scale of such 

r e c y c l i n g  on the average would b s  i n  terms of yea r s  o r  even as long  as centu- 

r i e s .  S ince  t h s  t i n e  s c a l e s  ace s o  1 nng t h e  r a t e s  ale essentially below lia- 

i t s  of d e t e c t i c n  wi th  c u r r e n t  methods. 

The s h o r t  t i a e  s c a l e  turnover  of n u t r i e n t s  occu r s  i n  t h e  upper  water 

column mainly through the a c t i o n  oE animal metabolism ( a l t h o u g h  t h e r e  is some 

s p e c u l a t i o n  t h a t  mic rob io log ica l  decomposition is a l s o  i n p o r t a n t )  p roduces  re- 

duced forms of n u t r i e n t s ,  i .e . ,  amrnoniurn f o r  t he  element nitrogen. T h i s  l a t -  

t e r  p roces s  has  been t r a d i t i o n a l l y  termed r e g e n e r a t i o n  o r  r e c y c l i n g  of n u t r i -  

e n t s  a l t hough  the  i n i t i a l  s t e p s  a r e  the  same as the  decoinpos i t ion  process-- 

o r g a n i c  m a t t e r  is  btoXen i n t o  i t s  simpler  forms which are a v a i l a b l e  f o r  r e u s e  

i n  pr imary product ion  processes .  S ince  the  anlmoniun is produced i n  t h e  upper  

l a y e r s  of t h e  ocean i t  i s  immediatzly avai1:abSe f o r  use  by phy top lank ton  and  

i t  5s  u t i l i z i e d  before  i t  i s  n i t r i f i e d  to  n i t . r a t e .  



With v e r t i c a l  advec t ion  b r ing ing  n u t r i e n t - r i c h  water i n t o  the euphotic 

zone of upwel l ing  a r e a s ,  r e l a t i v e l y  l a r g e  c o n c e n t r a t i o n s  of n u t r i e n t s  are 

a v a i l a b l e  t o  s t i m u l a t e  primary p r o d u c t i v i t y ,  however, r e c y c l e d  n u t r i e n t s  are 

a l s o  impor tan t  t o  i n c r e a s e  t h e  e f f i c i e n c y  of t h e  p roduc t ion  of t h e  ecosystem, 

T h i s  t o p i c  has  on ly  r e c e n t l y  been examined i n  upwell ing ecosys tems  and is the 

c e n t r a l  f ocus  of t h i s  paper.  

NORTHlJEST AFRICA 

Two main l o c a t i o n s  of s t udy  i n  upwel l ing  areas off Northwest  Africa, Cape. 

Blanc o f f  Spanish ~ a h a r a  and Cape T i m i r i s  o f f  k l au r i t an i a  have been  i n v e s t i -  

g a t e d  by n a j o r  oceanographic  e x p e d i t i o n s  of s e v e r a l  c o u n t r i e s -  The d i s c u s s i o n  

w i l l  be d i r e c t e d  toward the  r e s e a r c h  i n  t h e  area of Cape Blanc where the rqost 

i n fo rma t ion  w a s  c o l l e c t e d  on t h e  JOINT-I c r u i s e  (Barber ,  1977)-  F o r  d e t a i l s  

.o f  zooplankton and n u t r i e n t  r e c y c l i n g  i n  t he  upwel l ing  r e g i o n  o f €  Cape Timi- 

r is ,  c o n s u l t  Herbland, Le Borgne and V o i t u r i e z  (1973), Le Borgne (19731, and 

Le Borgne (1978). 

Zooplankton 

The distribution of zooplankton a c r o s s  t h e  s h e l f  o f f  Cape Blanc (Fig, 1) 

was determined u s i n g  v e r t i c a l  tows of bongo n e t s  equipped w i t h  102 urn mesh 

n e t t i n g  (Blackburn, 1975).  The samples were c o r r e c t e d  f o r  phytoplankton  con- 

t a m i n a t i o n  us ing  c h l o r o p h y l l  a s  an index. The c r o s s  s h e l f  t r a n s e c t  of a l l  

f o u r  s i z e  f r a c t i o n s  (> lo00  pm, 505-1000 pm, 223-505 pn, and 102-223 ~ n )  showed 

.maxima i n s h o r e  and immediately o f f s h o r e  of t h e  s h e l f  b r e a k  (F ig ,  2 ) .  The i n -  

s h o r e  maximum wzs l o c a t e d  i n  about 45 m water depth  w h i l e  the o f f s h o r e  posi- 

t i o n  was about  200 rn. The t o t a l  biomass was l a r g e s t  (13.19 g dry  w t ,  m2) 

o f f s h o r z  (Table  1) which was probably the  r e su l t :  of l a r g e  nunher  oE euphau- 

s i i d s .  Th? i n s h o r e  maximum i n  zooplaiikton b i o n a s s  (3.78 mg d r y  wt -  I Z - ~ )  w a s  



I ''1 ; 

domi-nated by the 223-505 U r n  s i z e  c l a s s  and was composed u a i n l y  of copepods, 

Excre t ion r a t e  measurements ranged from 1.68 t o  32.26 pg N ny dry wt.- l  d-I 

f o r  ~moniurn  excre t ion and 0.67 t o  5.38 vg  N -ng dry wt-l d-l f o r  u rea  release 

(Table '2). When the  excre t ion r a t e s  were combiked.with biomass va lues  at  each 

of the l o c a t i o n s ,  the  regenera t ion r a t e s  of zooplankton a c r o s s  the s h e l f  

(Table 3) were l a r g e s t  a t  the a r e a s  of high zooplankton biomass both inshore  

and--offshore. The inshore  was r e l a t i v e l y  l a r g e r  than the  o f f s h o r e  as a con- 

seqde=ce of t h e  smal ler  organisms located  t h e r e  and t h e  shallow depth. An 

i n & q = d e n t  e s t ima te  of zooplankton ammonium excre t ion  usi.ng respiratory 

e l e c t r o n  t r anspor t  a c t i v i t y  had a mean va lue  equ iva len t  t o  4.75 m g - a t  IR ' -~  d-l 

(Packzrd, i n  press)  , a value t h a t  is only s l i g h t l y  smal le r  than t h e  mean of 

5.4 mg-at n-2d-1 ca lcu la ted  f o r  the four  inshore  s h e l f  l o c i t i o n s  . 

Nekton 

Nekton Siomass was determined i n  the  Cape Blanc a r e a  by a c o u s t i c  mapping 

surveys and bottom trawls.  Resul ts  oE the  acousr ic  surveys i n d i c a t e d  t h a t  the  

mean pe lag ic  biomass over the she l f  was 40 t o  60 g wet weight m-2 (Thorne e t  

a l . ,  1977). Analysis  of f i s h  egg and l a rvae  samples further i n d i c a t e d  t h a t  

t h e  r e l a t i v e  abundance of sa rd ines  and anchovies i n  t h e  s tudy  a rea  was about 

4 : l  (Blackburn and Nellen,  1976). Demersal f i s h  s tocks ,  sampled by bottom 

trawls, were est imated t o  be 2.2 g wet weight m-*, cephalopods w e r e  about 1 g 

wet weight m2 and shrimp were about 1.44 g w e t  w t  m-2 t o  g i v e  a t o t a l  of 4.7 

g wet weight m-2 f o r  demersal biomass (Haedrich, Blackburn, and Bru lhe t ,  
/YjT& 
W B ) .  This  is about an order of magnitude smal ler  than the pe lag ic  biomass 

es t imates .  

Nelcton excre t ion  r a t e  rneasure1;lsnt.s were made i n  experiments us ing s e v e r a l  

kinds of demersal and pelagic f i s h ,  sharks ,  and mollusks (Table 4 ) .  Samples 

f o r  n i t rogen compounds l i k e  ammonil~n, urea and t o t a l  n i t rogen  were c o l l e c t e d  



e v e r y  10 minutes.  The sample concen t r a t ions  i n  t h e  e x p e r i m e n t a l  t a n k  'showed a 

n e a r l y  l i n e a r  i n c r e a s e  w i t h  t ime (F ig .  3 )  w i t h  ammonium a c c o u n t i n g  f o r  more 

than  56% of  exc re t ed  n i t rogen .  These rate measurements ranged  from 0.42 t o  

4.62 p g  NH4-N mg dry w t - I  d-l.  Exc re t ion  rates w e r e  combined w i t h  biomass 

v a l u e s  t o  produce n u t r i e n t  r e g e n e r a t i o n  e s t i m a t e s  ove r  t h e  s h e l f  and beyond 

t h e  s h e l f  b reak  (Table 5).  The nekton n i t r o g e n  r e g e n e r a t i o n  was l a r g e s t  n e a r  

t h e  o u t e r  p a r t  of t h e  s h e l f  by a f a c t o r  of 2. The ammonium and urea n i t r o g e n  

r e g e n e r a t i o n  r a t e s  by nekton are e q u a l  i n  s i z e  i n  contrast to zoop lank ton  

which r e g e n e r a t e  mostly ammonium. 

Sediments  , Benthos, and Bac te r iop lank ton  

N u t r i e n t  r e l e a s e  i n t o  the  water  column from sediments  was i n v e s t i g a t e d  

by p l a c i n g  b e l l  j a r s  on t h s  bottom, c o l l e c t i n g  box c o r e s ,  and o b t a i n i n g  p o r e  

wa te r  n u t r i e n t  samples (Roue, C l i f f o r d ,  and Smith, 1975). The b e l l  jar exper- 

imen. t s  i n d i c a t e d  t h a t  5.64 mg.at HH4-N m-2 d'l is r e l e a s e d  i n t o  t h e  water col-  

umn (Table  6) .  Th i s  q u a n t i t y  is n e a r l y  e q u i v a l e n t  t o  t h e  zoop lank toc  regener -  

a t i o n  r a t e  a t  the n e a r e s t  i n sho re  s t a t i o n .  There a r e  only two s t a t i o n s  s o  t h e  

v a r i a b i l i t y  may .be q u i t e  l a r g e .  However, s t a t i o n  171 which had a l a r g e r  am- , ' 

moni-an f l u x  r a t e  than s t a t i o n  162 a l s o  had a l a r g e r  ammonium g r a d i e n t  be tween 

t h e  water  c.olumn and the  sediments  (Fig. 4 ) .  The sed iment  s u b s u r f a c e  ammonium 

c o n c e n t r a t i o n s  (pore water) were about  150 Pgat  I-L in. the t o p  20 .cm ( F i g ,  5 ) -  

T h i s  i n d i c a t e s  t he  ben th i c  r e l e a s e  of ammonium is probably  v e r y  c o n s t a n t  o v e r  

t ime w i t h  t h e  p o s s i b l e  except ion  of reducsd r a t e s  when t h e  t e m p e r a t u r e  

d e c r e a s e s .  

The impact of b a c t e r i a  i n  t h e  Xorthwest Af r i ca  upwe l l ing  ecosystem was 

i n v e s t i g a t e d  by Watson (1973) u s i n g  a new bac. tor ia1 biomass t echn ique .  It was 



found t h a t  phytoplankton biomass i n  the water  column bxs much Larger i n  the 

shallow she l f  s t a t i o n s  .while b a c t e r i a  had t h e  g r e a t e r  biomass when wa te r '  

depths  w e r e  l a r g e r  than 350 m. Analysis  of microbia l  a c t i v i t y  i n  the  sed i -  

ments i n d i c a t e s  t h a t  t h e r e  is  a l a r g e r  percentage of b a c t e r i a l  o rgan ic  carbon 
I 

i n  the  sediments on the  shallow she l f  s t a t i o n s  than 'samples  c o l l e c t e d  on the  

s lope .  It was est imated t h a t  the  mean b a c t e r i a l  biomass o f  t h e  s h e l f  and 

slope- r e i o n s  of 6.68 g C m-2 was about 10% of the yearly amount of carbon in- ' . 

corpora te& i n t o  b a c t e r i a l  cells. This  could r e s u l t  in a yearly consunpt ion  of 

133 g-~:m.-~ which i s  44% of the  year ly  phytoplankton p r o d u c t i v i t y ,  O n  a d a i l y  

b a s i s  t h i s  would recycle  about 0.06 @ a t  N 1-I d-l assuming a C:N r a t i o  of 5 

by atoms. T h i s  value is  included i n  the sediment r e l e a s e  rate e s t i m a t e  since 

t h e  b e l l  j a r  technique measures the net change over t h e  sampling d u r a t i o n ,  

Nut r i en t  Regeneration Budget 

The major, acocyo tern coi!~punenes r e l a t e d  t o  r egenera t ion  p r o c e s s e s  are suin- 

marized i n  Table 7 f o r  two a r e a s  of the Northwest A£rican upwell ing s y s t e m ,  

The inshore  a r e a  represented  by s t a t i o n  "R" is  located  i n  a w a t e r  dep th  of 

about 40m. The -zooplankton a r e  dominated i n  biomass by copepods of 223-505 pm 

s i z e  range s o  t h e i r  r ecyc l ing  r a t e  i s  r e l a t i v e l y  l a r g e  compared to  t h e  m i d  

s h e l f  region. Nekton biomass is  lower than t h e  she l f  b reak  area where most of 

t h e  pela,oic.bfornass was located .  The r e l e a s e  r a t e  of the sediments  was m e a -  

sured  d i r e c t l y  i n  b e l l  j a r s  and was similar t o  the  nekton r e c y c l i n g  rate, 

B a c t e r i a l  r ecyc l ing  es t ima tes  were not used because t h e  major f r a c t i o n  of bac- 

t e r i a l  biomass is  located  i n  the sediments rather than t h e  water column so 

t h a t  r a t e  should be a l ready included a s  p a r t  of the  sediment release r a t e ,  

The t o t a l  recycl ing  r a t e  oE 16.9 mg-at N me2 d-I i s  q u i t e  l a r g e  compared t o  

the  measured phytoplankton ainmonium uptake r a t e  oE 7.5 mg-at m-2 Thus 



1 -; .. 

t h e  t o t a l  r e c y c l i n g  r a t e  of a l l  of the  t roph ic '  levels r e p r e s e n t s  225% o f  t h e  

phytoplankton ammonium requirement  and produces l a r g e  c o n c e n t r a t i o n s  o f  ammo- 

nium nea r sho re  (Fig. 6) .  T h i s  oversupply of a v a i l a b l e  amrnoniun has been  noted  

p r e v i o u s l y  i n  t h e  nearshore  a r e a  o f f  Cape Blanc (Coste  and  Slawyk, 1974; 

Cod i spo t i  and F r i e d e r i c h ,  1978).  The r e l a t i v e l y  low phy top lank ton  up take  rate 

due t o  poor i n  s i t u  l i g h t  c o n d i t i o n s  i s  most l i k e l y  the c a u s a l  f a c t o r  f o r  t h e  

l a r g e  observed ammonium concen t r a t ions  (Huntsman and Barber ,  1977). 

The o u t e r  s h e l f  r e g i o n  nea r  thk p o s i t i o n  of S t a t i o n  "0" b s  one o f  t h e  

lowes t  zuuplarlkton biomasses of t h e  t r a n s e c t  and c o n t a i n s  a m i x t u r e  of l a r g e  

and sma l l  organisms, The zooplankton r e g e n e r a t i o n  rate is a b o u t  70% of t h e  

i n s h o r e  va lue ,  The nekton r a t e ,  however, is n e a r l y  twice as large as .the in- 

s h o r e  e s t i m a t e  as a r e s u l t  of t h e  l a r g e  p e l a g i c  nekton b iomass  i n  t h i s  r eg ion ,  

The r e l e a s e  of n i t r o g e n  from the  sediments  has been decreased to 33% of t h e  

i n s h o r e  v a l u e  based l a r g e l y  on t h e  lower sediment b a c t e r i a l  biomass estimates 

P - 
o f f s h o r e  (Watson, 1978).  N u t r i e n t  pore water  c o n c e n t r a t i o n s  d e c r e a s e d  o f f -  

s h o r e  a l s o .  The t o t a l  r e c y c l i n g  r a t e  i n  t h i s  deep s h e l f  r e g i o n  is 13.68 mg-at 

d-l. T h i s  is 84% of the 16.2 ng-at m2 d-I phy top lank ton  u p t a k e  rate 

e s t i m a t e s .  
I 

PERU 

S e v e r a l  sets of d a t a  have been c o l l e c t e d  i n  the'  Pe ru  u p w e l l i n g  ecosys tem 
1 

d u r i n g  t h e  y e a r s  1966, 1969, 1976, and 1977. Most of t h e  d e s c r i p t i o n s  have  

been taken  from the  yea r s  1976 and 1977 when zooplankton rate measurements  

were c o l l e c t e d .  Unfor tuna te ly  i n  those l a t t e r  y e a r s  the anchove ta  biomass had 

I been reduced d r a s t i c a l l y  t o  about  19% o.E i ts p rev ious  amount, This d e c r e a s e  

i n  biomass has probably been acconpanied by o t h e r  changes ,ir. the nekton  s t o c k s  

, such  as i n c r e a s e s  i n  the biomass of s a r d i n e  and hake. There are a l s o  p robab le  

i n c r e a s e s  i n  t he  zooplankton biomass a E t e r  the d e c l i n e  of  anchove ta  btornass 

(Walsh e t  a l . ,  i n  p re s s ) .  



Zooplankton 

The zooplankton s tocks  were determined f o r  t h e  Peru upwel l ing  ecosystem 

I a t  10"s  and lSOS us ing  v e r t i c a l  bongo ne t  tows (Dagg et a l . ,  i n  press ) .  The 

f zooplankton dry weight biomass a t  10°S where the  s h e l f  is r e l a t i v e l y  wide w a s  
i 

l a r g e r  than 8 g m-2 inshore.  This  is c e r t a i n l y  a n  ove res t ima te  on t h e  two in- 

nermost s t a t i o n s  because of phytoplankton contaminat ion (Fig.  7 ) .  The numeri- 

c a l  counts  were dominated by Paraca lanus  spp., Oncea spp., Oithona spp., and 
I 

! 
Appendicular ia  (Judkins,  i n  p r e s s ;  and Geynrikh, 1973). Jus t  o f f s h o r e  of t h e  

s h e l f  b ~ e a k  which is loca t ed  a t  about 100 km the  > lo50 pm s i z e  class shows an 

I i nc reased  number of Calanus. Zooplankton dry weight biomass w a s  l a r g e r  on t h e  

i 15"s  t r a n s e c t  where the  she l f  is only about 25 k m  wide (Fig. 8). More l a r g e r  

types  of zooplankton were found a t  most s t a t i o n s  a t  lSOS such as Eucalanus 

ine rmis ,  Centropages b rach ia tus  and Calanus c h i l e n s i s .  These t h r e e  s p e c i e s  

average  31% of t h e  biomass on the  15's t r a n s e c t  and 9.6% on the  10°S t r an -  

s e c t .  The dry weights of zooplankton over t h e .  s h e l f  w a s  s i m i l a r  at 10% and 

15"s.  The s h e l f  i s  nea r ly  100 km wide a t  10°S wi th  a mean + s t a n d a r d  devia-  - 
t i o n  dry weight biomass of 2.30 + 0.53 g m'2 (Table 8). A t  15"s  t h e  s h e l f  is - 

about  25 km wide and has a biomass of 3.76 + 2.23 g m-2, .an i n c r e a s e  of about  - 

60%. I n  t h e  o f f sho re  a r ea  beyond the  s h e l f  break t h e r e  is a n  inc reased  bio- 

mass a t  10°S t o  about  3.23 - + 0.81 g I U - ~ ,  however, a t  15% t h e  mean dry weight  

i s  9.53 + 5.36 g m-2, an i nc rease  of 295%. I n  g e n e r a l  t h i s  conforms t o  t h e  - 

d i s t r i b u t i o n .  of zooplankton observed i n  t he  same a r e a  i n  1978 (Timonin 'and 

F l i n t ,  t h i s  i s sue ) .  

An alongshore t r a n s e c t  over the  s h e l f  a t  1 5 %  shows the '  range of t h e  

a longshore  v a r i a b i l i t y  i n  zooplankton biomass (Fig. 9).  Th i s  range from 6.5 

t o  1 8  g dry w t  m-2 is s i m i l a r  i n  d i s t r i b u t i o n  t o  a longshore  v a r i a t i o n s  i n  

ch lo rophy l l  concen t r a t ions  (Walsh e t  a l . ,  i n  p r e s s )  which may vary  by an  o rde r  

of magnitude alongshore. 



. . 

Time series s t a t i o n s  were occupied f o r  two days a t  3 l o c a t i o n s  a l o n g  t h e  

15"s a c r o s s  s h e l f  t r a n s e c t  t o  i n v e s t i g a t e  t h e  tempora l  v a r i a b i l i t y  of zoo- 

: p lank ton  biomass. The in shore  t ime s e r i e s  s t a t i o n  was occupied  nea r  the shelf 

break  i n  118 m of wa te r  (F ig .  10).  Thcre is  a s u g g e s t i o n  of v e r t i c a l  rnigra- 

I 

t i o n  i n  t he  t ime s e r i e s  f o r  the  >lo50 Pm s i z e  ca tegory .  The 'maximum t o t a l  

zooplankton biomass measured on t h i s  s t a t i o n  was a b o u t  45 g d r y  weight  

F u r t h e r  o f f s h o r e  t h e  next  t i n e  s e r i e s  was l o c a t e d  in 480 m of wa te r  and t h e  

>lo501 U r n  s i z e  zooplankton very  d e f i n i t e l y  e x h i b i t e d  d i e 1  v e r t i c a l  m i g r a t i o n  an. .. 
. . 

both.:nfghts j u s t  a f t e r  midnight w i t h  ' i d e n t i c a l  maxima of about  20 g dry weight  

m-2 (Fig. 11). A t  t h e  o f f s h o r e  end of t h e  t r a n s e c t  t h e  t i m e  series station 

had a reduced zooplankton biomass O E  about  ' 8  g dry weigh t  m-2 with no v e r t i c a l  

m i g r a t i o n  (Fig, 12).  

Zooplankton e x c r e t i o n  r a t e  measurements were c o l l e c t e d  on large s i z e d  or- 

ganisms t h a t  .were being s t u d i e d  i n  i n g e s t i o n  expe r imen t s  (Tablc  3).  The rate 

of r e l e a s e  ranged from 4.4 t o  29.9 ?-~g N mg d r y  wt - I  d-I for  ammonium and  0.63 

t o  21.9 vg N mg dry  w t - l  d-1 f o r  urea. Both of t h e s e  r a n g e s  are s i m i l a r  t o  

measurernsnts c o l l e c t e d  i n  the Northwest A f r i c a  upwef l i n g  experiments .  The 

size c l a s s  e x c r e t i o n  r a t e s  were a l s o  determined i n  1976 a t  t h e  same l o c a t i o n  

CTable 10). The r a t e s  a r e  nea r ly  i d e n t i c a l  t o  those  f o r -  Northwest  Africa 

(Table 2 )  w i t h  t h e  excep t ion  of t h e  s m a l l e s t  s i z e  class of 102-223 urn which 

is  about  50% l a r g e r  than the  same s i z e  range i n  Northwest  Africa. 

Nekton 

The nekton s t o c k s  i n h a b i t i n g  the Peru upwel l ing  ecosys tem has been t h e  

focus  of a t t e n t i o n  s i n c e  the  d e c l i n e  i n  t he  anchoveta  biomass and wi th  t h e  

in t : roduct ion  of a c o u s t i c  surveys of t he  t o t a l  p e l a g i c  f i s h  s t o c k s .  Specula-  

t i o n  e x i s t s  on the  q u a n t f t y  of anchov2ta remaining and the p o s s i b l e  i n c r e a s e  



C r, 

of  hake and s a r d i n e  (Walsh e t  al., i n  p r e s s ) ,  Acous t i c  methods were used  to 

I e s t i m a t e  t h e  t o t a l  p e l a g i c  nekton biomass i n  t h e  s t u d y  area a t  15OS (Fig. 13).  

. Zig-zag mapping t r a c k s  were followed b o t h ' d a y  and n i g h t -  In t h e  area w i t h i n  

1 3  h of t h e  c o a s t  ( t o  about t h e  150 m i s o b a t h )  t h e r e  was an e s t i m a t e d  mean o f  

127 g w e t  weight pe l ag ic  nekton biomass m-2 which was p robab ly  composed of an- 

chovy and s a r d i n e  (Lee, Mathisen, and  Thorne, 1979)- Between 13 and 26 kn 

o f f s h o r e  ( w i t h i n  the  150-700m i soba ths )  t h e r e  w a s  abou t  83-3 g wet  weight m- 2 

of ,p&aglc  nekton which. were thought  t o  be jack  mackerel ,  mat-kerel and  saury ,  

~ h e s e - e s t i m a t e s  are s u b j e c t  t o  d a i l y  v a r i a t i o n s ,  but  n e v e r t h e l e s s  r e p r e s e n t  a 

composite of s e v e r a l  runs.  

The e x c r e t i o n  r a t e  measurements of some of the pelagic nckcon were  made 

on t h e  anchove t a  (Engrau l i s  r i n g e n s ) ,  s a r d i n e  (Sard inops  s a g a x ) ,  and s i l v e r  

s i d e  (Austromenfdia r e o i a  r e g i a )  (Table 1 1 )  u s i n g  t h e  methods describad by d 

Whitledge (1978). An a d d i t i o n a l  measurement For j ack  macke re l  (T rachurus  sym- 
. - -  

m e t r i c u s )  w a s  c o l l e c t e d  o.Ef C a l i f o r n i a  (McCarthy and Whi t ledge ,  1972). T h e .  

l a r g e s t  ammonium e x c r e t i o n  va lue  measured on t h e  s i l v e r s i d e  (5-2 pg N mg d r y  

w t - 1  d- l )  was comparable to  the r a t e  measured f o r  S a r d i n e l l a  spp, off nor th-  

west  Af r i ca  wh i l e  t h e  s a r d i n e  and anchoveta  e x c r e t e d  2.2 a n d  1-7 p g  N mg dry 

N u t r i e n t  Regenera t ion  Budget 

A n i t r o g e n  budget f o r  the  s h e l f  and o f f s h o r e  P e r u v i a n  u k d e l l i n g  areas a t  

15's was cons t ruc t ed  us ing  t h e  nekton amonium e x c r e t i o n  rates combined w i t h  

mean nekton biomass e s t i m a t e s  (Table  12). The c a l c u l a t i o n  assumed all t h e  in- 

sho re  nekton biomass was anchoveta  s i n c e  t h e r e  is no t  a good estimate oE sa r -  

d i n e  biomass a v a i l a b l s .  The s h e l f  n i t rogen  budgzt,  which used  the 3 s t a t i o n s  

n e a r e s t  i n sho re ,  e s t ima ted  the zooplankton r e g e n s r a t i o n  rates t o  be 4 - 1 1  ng-at 

I I I - ~  d-l (Table 8) .  The l o s s  of ammonium from the  sed imen t s  based on 3 5 ~  
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experfments, est imated the quan t i ty  of carbon u t i l i z e d  by t h e  bottom community 

t o  be Q180 g C xn-* y-l (Rowe, personal  communication). Converting t o  nitro- 

gen .using a C:N r a t i o  of 5, about 8.3 mg-at N K~ d-I is  re leased  from t h e  

sediments. The sediments a r e  r e l a t i v e l y  r i c h  i n  carbon, i-e. the  C:N r a t i o  i n  

sediments a r e  g r e a t e r  than 5 s o  t h i s  could be an underest imate,  The ammonium- 

-N r egenera t ion  of 12.1 mg-at m-2 d-l compares favorably  'wi th  the  measured aia- 

monium uptake. rate of about . I 5  mg-at m-2 d-I as es t imated  by N~~ uptake  mea- 
. - 

suxem&s (unpublished r e s u l t s  of PIacIsaac and Dugdale). The d i f f e r e n c e  be- 

tween--th&se two c ~ t i m a t e s  ( %2.9 mg-at d'l) is about 19%, a value  n e a r  the 

expected experimental v a r i a b i l i t y ,  

The o f f s h e l f  n i t rogen budget used the  o f f shore  pelagic nekton biomass 

es t ima te  and .jack mackerel excre t ion  1-a tes- The demersal nekton r e g e n e r a t i o n  

r a t e  used an "estimated standing s tock f o r  hake (Gullard,  1970) and e x c r e t i o n  

r a t e s  f o r  a s t a r r y  f lounder (Wood, 1958). The r e s u l t i n g  regenera t ion  rate f o r  

demersal s tocks  is  very low (0.07 mg-at m-2 d-I) but t h e  biomass es t ima te  of '  

60,000 met r i c  tons  f o r  the  whole Peru upwelling area ( % 4 .3  g dry w t  I U - ~ )  may 

be low.   he zooplankton ammonium regenera t ion r a t e ,  c a l c u l a t e d  using t h e  f i v e  

o f f s h o r e  s t a t i o n s  (Table a ) ,  was 7.33 ng-at m2 d-l- T h i s  r a t e  was l a r g e r  

than the  shel f  value (~178X)  nainly  because of the  large zooplankton biomass 

j u s t  o f f shore  of the  shz l f  break. 
. . 

The- - re lease  of ammonium from the sediments w a s  made the  same a s  t h e  s h e l f  

va lue  because the re  were no s t rong  o f f shore  g r a d i e n t s  i n  t h e  3 5 ~  data used t o  

es t ima te  the sediment r e lease  r a t e s .  The t o t a l  quan t i ry  of 13-28 mg-at amno- 

nium-N m-2 d-I regenerated i n  the  o f f shore  region i s  74X of t h e  measured phy- 

toplankton ammonia uptake r a t e  o.E 17.88 ng-at mv2 d-I (PlacIsaac .and Dugdale, 

unpublished r e s u l t s ) .  



D i s t r i b u t i o n  of  Recycled N u t r i e n t s  

A s  a r e s u l t  of t h 2  r e l a t i v e l y  l a r g e  q u a n t i t y  of r e g e n e r a t e d  ammonium re- 

c y c l e d  by t h e  r e s i d e n t  b i o l o g i c a l  popula t ion  i n  t he  Pe ruv ian  upwel l ing  ecosys- 

t e m  t h e  ambient c o n c e n t r a t i o n s  of amnonium and o t h e r  s u b s t a n c e s  a r e  o f t e n  

q u i t e  l a r g e  (Fig.  14a-14b). The c r o s s  s h e l f  d i s t r i b u t i o n  of amnonium and urea  

a t  15"s  acd 10"s (F igs .  14a-14d) each show a maxinum c o n c e n t r a t i o n  abou t  50 t o  

100 !cn of f sho re .  A t  15's t h e  maximum f o r  ammonium and u r e a  is  beyond the s h e l f  

b r e a k .  l o c a t e d  a t  25 lan and i s  l o c a t e d  a t  t h e  su r f ace .  The e l e v a t e d  concent ra -  

tions ~f amonium and urea  occur  over  t he  s h e l f  a t  10"s  ( s h e l f  b reak  a t  % 90 

km) and are l o c a t e d  nea r  t h e  bottom of t h e . e u p h o t i c  zone. C a r e f u l  examina t ion  

of  t h e  u rea  d i s t r i b u t i o n s  a t  15's and 10°S r e v e a l  t h a t  t h e  maxima are l o c a t e d  

i n s h o r e - o f  t h e i r  r e s p e c t i v e  ammonium maxima. Th i s  could  be t h e  r e s u l t  of d i f -  

f e r e n t  u t i l i z a t i o n  p a t t e r n  f o r  ammonium and urea. Previous  measurements have 

shown t h a t  u r e a  may be u t i l i z e d  i n  primary p r o d u c t i v i t y  a.lmost ao r a p i d l y  as 

ammonium and n i t r a t e  (McCarthy, 1972).  An a l t e r n a t e  e x p l a n a t i o n  could  be re- 

l a t e d  t o  t h e  r e l a t i v e  r a t e s  of r e l e a s e  of aimnonium and u r e a  by nekton  and zoo- 

p l ank ton  popula t ions .  The percentage  of urea  i n  e x c r e t e d  n i t r o g e n  is l a r g e r  

f o r  nekton than f o r  zooplankton (Table  5) and t h e  nekton  amonium e x c r e t i o n  

ove r  t h e  s h e l f  is  n e a r l y  t h e  same a s  f o r  zooplankton (4 .11 /3 ,86  = 106%), w h i l e  

o f f s h o r e  t h e  zooplankton r e g e n e r a t i o n  is compara t iv2 ly  much l a r g e r  (7,3311.72 

= 426%), So the  urea  maximum inshore  is  probably r e g e n e r a t e d  by t h e  anchovy 

and s a r d i n e  popu la t ions  while  t h e  more o f f s h o r e  ammonium maximum is c r e a t e d  by 

zooplankton.  

The d i s t r i b u t i o n s  of t o t a l  n i t r o g e n  ( t h e  sum of n i t r a t e ,  n i t r i t e ,  a m o -  

nium, and urea)  a c r o s s  the  s h e l f  a t  l j O S  and 10"s (Fig. 14e  and 14 f )  show t h e  

dominance of t h e  upwalling of n i t r a t e  laden water  near  t h e  c o a s t  and decreas-  

i n g  concent raCions  i n  the  su r f ace '  l a y e r s  a s  the  water  mass moves o f f s h o r e ,  

- 1 1 - .  



The sur face  water nearshore a t  15OS d i s p l a y s  a r e l a t i v e l y  wide band of water 

conta in ing more than 25 Vg a t  1-I t o t a l  n i t rogen wi th  a s h a r p  g r a d i e n t  where 

the- concentra t ion decreases to  l e s s  than 5 ug at  1-I a t  about 125 km of f shore ,  

The nearshore area a t  10°S doesn ' t  appear t o  be upwelling as r a p i d l y  as a t  

15  0s. This  may be a r e s u l t  of the much wider s h ~ l f  at  10°S which would a f f e c t  

t h e  res idence  time of the water over the she l f .  consequently'  t h e  n i t r o g e n  
. 

could. ..go through uptake-regenerat ion  pathways more t i m e s  whi le  over t h e  s h e l f ,  
. - .  -:- . .  .. - :- . 

~his=%-&6 suggest t h e  upwelling a rea  o f f  10°S might be more dependent on re- 

. . 
gene-ra-red . nitr 'ogen than the region off 15 "S. .-'- . . .  . . 

The r e l a t i v e  amounts of regenera t ion is demonstrated w e l l  in t h e  pe rcen t  

regenerated ni t rogen i n  the water column (ammonium p lus  u r e a f t o t a l  nitrogen), 

The ni t rogen a t  15OS i s  less than 10% regenerated n i t r o g e n  i n  t h e  nea rshore  

a r e a  where the n i t r a t e  concentra t ions  a r e  high (Fig, l4g) ,  b u t  the percentage  

inc reases  t o  -greater  than 50 beyond the  she l f  break. In a similar f a s h i u ~ ~  a t  

10"s t h e  inshore water has a low percentage of regenerated n i t r o g e n  but i-n- 

creases  t o  g r e a t e r  than 90Z i n  the  su r face  l a y e r  a t  t h e  s h e l f  b reak  (Fig. 14h). 

Dissolved organic ni trogen (DON) a s  measured. by the u l t r a v i o l e t  i r r a d i a -  

t i o n  technique..(Armstrong, Williams, and S t r i ck land ,  1966) e x h i b i t s  a d i s t r l -  
. . 

but ion  with uniformly high concentra t ions  nearshore as i f  t h e  source  0.f DON 

was i n  deep water and lower concentra t ions  were observed o f f s h o r e  where uptake  

may hawe occurred (Fig. 15).  The d i s t r i b u t i o n  of DON i s  d i s t i n c t l y  d i f f e r e n t  

than ammonium o r  urea d i s t r i b u t i o n s  so the  source of DON must not  be p e l a g i c  

organisms. The bottom sedinents  of the  she l f  could be a source ,  however, no 

known measurements e x i s t  i n  t h i s  area.  



BAJA CALIFORNIA, 

The upwelling off  Baja Ca l i fo rn ia  is seasonal  w i t h  s t r o n g  upwelling 

s t a r t i n g  i n  March o r  ~ ~ r i l  (Glalsh e t  a l . ,  1974)- So t he  b i o l o g i c a l  popula- 

t i o n s  have adapted t o  an area  where upwelling occurs f o r  only p a r t  of the y e a r  

and is  s t r u c t u r e d  t o  withstand f l u c t u a t i o n s  i n  available food,  In' the upwel- 

l ing  - a r e a  o f f  Ba ja Ca l i fo rn ia  a  pe lag ic  red crab,  P leuroncodes  p lan ipes  , is . 

probably t h e  dominant herbivore dur ing  the upwclliug season (Walsh et' al., 
. . 

1977). -During t h e  nonupwelling time of the  yea r  the r e d  crabs can rema:i..n on . 

t he  bottom and switch t o  d e t r i t u s  a s  an a l t e r n a t e  food source (Boyd, 1962). 

Zooplankt on 

The zooplankto~l  biomass range during the  two s p r i n g  samplings i n  March 

1972 and Apr i l  1973 was 0.2 t o  1.0 g wet weight m-3 and was cornposed p r i n c i -  

p a l l y  of s t a g e  V n a u p l i i  of Calanus helgolandicus  the f i r s t  yea r ,  The second 

yea r  consisted uf  72% copepodites,  22% a d u l t  Acar t i a  and 6L Calanus with an 

es t imated  biomass of 1.15 g w e t  w t  ~ a - ~ .  So i t  appears  that the zooplankcon 

biomass .in the  Baja upwelling system i n c r e a s e s  from about  1-15 to 6-38 g d r y  

w t  m-2 dur ing  t h e  spinup of upwelling. Ammonium e x c r e t i o n  rates for this pop- 

u l a t i o n  of zooplankton was es t imated  t o  be 14.3 pg N rng dry w t - l  d-I (Mar t in ,  

1968) and were combined with the biomass t o  estimate ammonium regeneration.  

Micronakton 

The red crab ,  Pleuroncodes p lan ipes ,  was es t imated  with a c o u t i c  g e a r  

(F ig .  16 )  t o  have a  pe lagic  wet weight Siotnass oE 100 g m-2 (Blackburn and 

Thorne, 1974) a l though e a r l i e r  i n  the  c r u i s e  a s e r i e s  of n e t  tows e s t i m a t e d  

t h e  biomass t o  be % 5 g vet weight m-3. The prev.ious yea r  biomasses as h i g h  
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. . 

as 7 g wet weight m-3 were observed (Walsh e t  al., 1977). The itfarch biomass 

I of  t h e  r ed  c r a b  is about  7 g w e t  weight  m3 and t h e  Apri l  biomass  is 1.5 g w e t  

weight  mi3.  An e x c r e t i o n  rate of 2.9 pg N mg d r y  w t - I  d-I w a s  used (Walsh e t  

al. ,  1977) i n  amnonium r e g e n e r a t i o n  r a t e  c a l c u l a t i o n s ,  

The red c r a b s  a l s o  g a t h e r  i n  l a r g e  popula t ions  on the bottom, e s p e c i a l l y  

t h o s e  3 y e a r s  o r  o l d e r  (Boyd, 1962; Smith e t  a l , ,  1974). Bottom pho tog raphs  

.were used t o  estimate a d e n s i t y  oE about  8.2 red c r a b  rn-2 of bot tom and tha 

mean weight  of t h e s e  b e n t h i c  c r abs  were 5.58 g animal-= (Walsh et d.. 1977) 

s o  t h e r e  was about 8.06 g ,  dry  w t  III-~. 

Nekton 

The n e t  h a u l s  used t o  c a l i b r a t e  the a c p u s t i c  assessment  surveys of nek ton  

and micronekton i n  t h e  Baja C a l i f o r n i a  upwell ing r eg ion  found that Pleu roncodes  

p l a n i p e s  and the no r the rn  anchovy, Engrau l i s  mordax, inhabited the area in a 

r a t i o  o f  5 ) : l  by weight  (Blackburn and Thorne, 1974). T h i s  is a.biomass of  about. 

2.5 g dry  w t  6 2 .  

, N u t r i e n t  Regenera t ion  Budget 

. . 
A n i t r o g e n  budget f o r  the  s h e l f ,  a r e a  of t h e  Baja California upwe l l ing  

system was cons t ruc t ed  f o r .  t h e  time per iods  of i4arch and A p r i l  (Table 13). 

The budget f o r  Pfarch has a r e l a t i v e l y  sma l l  zooplankton ammonium r e g e n e r a t i o n  

r a t e  of  1.2 r n g a t  m-* d-I. The p e l a g i c  r ed  c r a b s  r e c y c l e d  12.7 and t h e  ben- 

t h i c  red  c r a b s  r ecyc led  1.68 f o r  a t o t a l  of 14.38 ng-at m2 d-I. The r egene r -  

a t i o n  from t h e  smal l  biomass of anchovies  was about  0.30 ng-at I Z - ~  d-I- Ths  

carbon u t i l i z e d  by ben th i c  r e s p i r a t i o n  was e s t ima ted  to be 200 rng m2 d-I s o  

t h e  n i t r o g e n  r e l e a s e  r a t e s  from the  sediments  was 2.86 m g - a t  N n2 d-I I f  a 

C:N conve r s ion  f a c t o r  of 5 . is  used (Rqwe, pe r sona l  communication). 



The A p r i l  budget has a l a r g e r  zooplankton r e g e n e r a t i o n  rate (6.28 mg-at  

1 sn2 d-I) than March because t h e  biomass had increased a lmost  f i v e  fold.. The 

p e l a g i c  red crab regenera t ion  decreased t o  9.1 and the ' b e n t h i c  estimate re- 

mained constant  a t  1.68 f o r  a t o t a l  of 10.78 meat amonium released d-= 

by a l l  of the  Pleuroncodes. The drop i n  red c rab  r e g e n e r a t i o n  in  Apri l  was 

due t o  t h e  l o s s  of red crab  biomass, poss ib ly  to foraging tuna ,  Tha anchovy 

biomass and n i t rogen r e l e a s e  from the sediments remained t h e  same as ?larch. 

A tcca-L.of 20.22 mg-at amoniurn-N m-2 d-I w a s  repensra ted  each day. The phy- 
. - 

topt-zzkron uptake of ammonium a t  t h i s  t i m e  w a s  esti.mated to be 17.5 m g - a t  m-2 

d-l' ' (~ l - i~ t l ' edge  and Conway, 1977), an excess of 16% of arnonium produced. 

-IMPORTANCE OF REGENERATION Iii WWELLIaiG AREAS 

Nutr ient  regenera t ion  i n  a s t a b l e  environment like the eupho t i c  zone i n  

t h e  m i d d l e  of an oceanic gyre has been considered v i t a l  to mainta in  low l e v e l s  

of p roduc t iv i ty .  The regenerated n u t r i e n t s  a r e  thought to c y c l e  through t h e  

nutrlent-phytoplankton-zooplankton chain s e v e r a l  t imes b e f o r e  they  are l o s t  

from the  upper mixed l a y e r  i n  t he .  form of s ink ing  o r  s w i m m i n g  p a r t i c l e s .  This 

r egenera t ion  lengthens the  time and poss ib ly  the  s p a t i a l  scales of the 'orig- 

i n a l  n u t r i e n t  input .  The same process occurs i n  upwell ing areas even though 

very  s t r o n g  upwelling br ings  enormous q u a n t i t i e s  of new n u t r i e n t s  i n t o  the 

eupho t i c  zone. A t  what space and time s c a l e  would a L L  of t h e  upwelled n u t r i -  

e n t s  be. str:ippzd from the water column? Our experience shows t h a t  it would 

not  be many .ki lometers  (perhaps 20-50 km) before  t h e  n u r r i e n t s  would b e  con- 

ver ted  t o  p lan t  mater ia l .  So regenera t ion  o.f n u t r i e n t s  i n  an upwell ing area 

is an important process t h a t  extends the upwelling e f f e c t  to longer  s p a t i a l  

and temporal sca les .  One of the b s s t  examples oE t h i s  e f f e c t  w a s  observed on 

t h e  Anton Bruun c r u i s e  15 t o  Peru i n  1966. A drogae was p laced  near  an upwel- 

l i n g  cen te r  and i t  was followed f r o n  the high n i t ra te- low c h l o r o p h y l l  wa te r  t o  

- 15 - 
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low n i t r a t e - h i g h  ch lo rophy l l  water  (Fig. 17). The anmonium i n c r e a s e d  during 

t h e  l a t t e r  p a r t  of t he  drogue obse rva t ion  where it could  be measured i n  large 

q u a n t i t i e s .  T h i s  i n c r e a s e  i n  ammonium w a s  observed because d i s s o l v e d  s i l i c o n  

w a s  d e p l e t e d ,  t h e r e f o r e  t h e  diatom popu la t ion  was p l aced  under silica l i m i t a -  

t i o n .  On most occas ions  when d i s so lved  s i l i c o n  is n o t  l imit ing,  high concen- 
I 

t r a t i o n s  of ammonium a r e  not  observed because i t  is used as rapidly as it  is 

r ecyc led .  

A s  t he  newly upwel.3.ed watcr  ente.rs t'he eupho t i c  zone the principal form 
1 

of n i t r o g e n  i n  t h e  water  is  n i t r a t e  (Pig.  18a) .  With some d e l a y  t h e  phyto- 

p l ank ton  s t a r t  a c t i v e  uptake of t h e  n i t r a t e  t o  i n c r e a s e t h e  phy top lank ton  bio-  

mass, A s  t h i s  occurs  t h e r e  is  u s u a l l y  a s t r o n g  a d v e c t i v e  f low a l o n g s h o r e  

( o f t e n  equatorward)and a  sma l l e r  advec t ive  f l o w  offshore. T h i s  Ekman f l o w  oE 

n u t r i e n t s  and phytoplankton g i v e s  the  appearance of a plume of c h l o r o p h y l 1  i f  

t h e  o r i g i n  i s  a po in t  source .  (F ig .  18b). This plume is in e f f e c t .  the iso- 

, .. l i n e s  of n u t r i e n t  c o n c e n t r a t i o n s  as they decreasg  o r  phy top lank ton  as t h e y  in- 

c r e a s e  wh i l e  they a r e  being advected and d i f f u s e d  along,  A l a r g e  zooplankton  

biomass appea r s  a t  the f r i n g e s  of t h e  plune a l though  sone  zooplankton  are i n  

the f r e s h l y  upwelled water  and they  i n c r e a s e  i n  numbers a long  w i t h  the ch lo ro -  

p h y l l  con ten t  u n t i l  t h e  n u t r i e n t s  a r e  reduced t o  low l e v e l s .  nis is when re- 

g e n e r a t i o n  is impor tan t  i n  ma in t a in ing  phytoplankton growth. Eventually t h e  

ecosystem l o s e s  a l l  of the ino rgan ic  n i t r o g e n  because a f r a c t i o n  is l o s t  at  

I 
I each s t e p  i n  t h e  food c h a i n  a s  a  r e s u l t  of b i o l o g i c a l  i n e f f i c i e n c i e s  or  l o s s  

of s i n k i n g  and swimming p a r t i c l e s .  

S imula t ion  models cons t ruc t ed  t o  mimic nutrient-phytoplanktc~n-zooplankton 

r e l a t i o n s h i p  i n  va r ious  ecosystem (Dugdale and Whitledge, 1970; Dugdale  and 

!, Walsh, 1971; and Walsh, 1975) have inco rpora t ed  ammonium uptake  as an i n t e r  
I 

. g r a l  p a r t  bf  t he  n u t r i e n  t-phyroplanicton r e l a t i o n s h i p -  ~ f ' . ammoniun  is omi t t ed  



and phytoplankton growth is s imula ted  us ing  only n i t r a t e  t h e  r e s u l t i n g  s tand-  

i n g  crop of phytoplankton never reaches observed concen t r a t ions .  So even i n  

a r e a s  with small  concen t r a t ions  of ammonium, phytoplankton growth is enhanced 

by ammonium uptake. 

An a d d i t i o n a l  a spec t  of zooplankton e x c r e t i o n  i n  t h e  ocean should  be con- 

s i d e r e d  w i t h  regard t o  "water condit ioning".  . The l o s s  of subs tances  from zoo- 

p lankton  may be a  p o t e n t i a l  f a c t o r  t h a t  "condi t ions"  wa te r  and makes it s u i t -  

a b l e  f o r  phytoplankton growth (Barber and Ryther ,  1969). Although it is dc- 

b a t a b l e  whether t he  subs tances  c h e l a t e  p o t e n t i a l l y  t o x i c  elements  and r ende r  

them harmless o r  enhance the  a b i l i t y  t o  g a t h e r  needed t r a c e  c o n s t i t u e n t s ,  it . . 

appears  t h a t  regenera t ion  may have some secondary e f f e c t s  i n  promoting pr imary 

p roduc t iv i ty .  

I n  terms of the percentage of phytoplankton product ion  t h a t  u t i l i z e s  re- 

genera ted  n i t r o g e n  upwelling a r e a s  have r a t e c  vcry cornparable KO most o t h e r  

c o a s t a l  and e s t u a r i n e  systems t h a t  do not have apprec i ab le  upwelling. The 

upwell ing a r e a s  d iscussed  previous ly  have .42 t o  72 percent  of t o t a l  n i t r o g e n  

p r o d u c t i v i t y  being suppl ied  by r egene ra t ion  (Table 14). T h i s  r a t h e r  narrow 

range of va lues  imp l i e s  t h a t  r egene ra t ion  mus t ' be  a  r a t h e r  s t a b l e  and c o n s t a n t  

f e a t u r e  of upwell ing ecosystems. The upwelling a r e a s  i n v e s t i g a t e d  a r e  very 

product ive  and rank among the  h ighes t  i n  terms of f i s h  product ion.  

The zooplankton ranks a s  the  group of organisms which r ecyc le  t h e  major 

f r a c t i o n  of n i t rogen  i n  upwell ing 'ecosystems,  a l though zooplankton were not  as  

important  i n  t h e  Peru upwelling ecosystem when the  anchoveta s t o c k s  were l a r g e  

(Beers  e t  a l . ,  1971; Whitledge and Packard, 1971; and Dugdale, 1972). The 

importance of zooplankton v a r i e s  somewhat between t h e  d i f f e r e n t ,  r eg ions  which 

is  probably a c l u e  t o  pathways s f  m a t e r i a l  flow through the d i f f e r e n t  upwel l ing  



ecosystems. The l a r g e s t  percentage of zooplankton n i t r o g e n  r e c y c l i n g  occurred  

i n  the  Cape Blanc N.W. African, ecosystem and was s l i g h t l y  smaller i n  Pe ru ,  

Cape T i m i r i s  off N.W. Afr ica  and Baja C a l i f o r n i a ,  w i t h  a range f o r  the three  

systems from 3 t o  33 per  cent .  The l a r g e r  va lues  occurred  after the spin-up 

of upwelling had been completed f o r  each of the areas w h i l e  the low v a l u e  i n  

March f o r  Baja C a l i f o r n i a  was c o l l e c t e d  a s  t h e  seasonal  upwelling was 
. . 

s t a r t h g .  This  l a g  i n  t i m e  may be l ikened somewhat to the spat ia l  lag that 

produces7a- plume downstream from an a c t i v e  upwell ing center .  So a f t e r  upw~1,- 
a ,  

l i n g  condi t ions  have s t a b i l i z e d  it appears t h a t  20-302 of pr imary  p r o d u c t i v i t y  
- . -  

i s  d r iven  by ammonium recycled by zooplankton. 

A c o n t r a r y  idea  of the importance of ammonium r e g e n e r a t i o n  'by zooplankton 

was presented by Jawed (1973) f o r  t h e  nearshore sunmer u p w e l l i n g  a r e a s  off  

Washington and Oregon. He  concluded thaL ammonium r e g e n e r a t i o n  w a s  not a 

c r u c i a l  n i t rogen  source i n  the  upwelled waters. However no nitrugen upcake 
, . 

r a t e  s t u d i e s  &&re undertaken so the a c t u a l  use of ammonium could have been 

s u b s t a n t i a l  s i n c e  l a r g e  q u a n t i t i e s  of ambient amoniun  w e r e  observed in  the  

water  column. Evident ly  he . presumed t h a t  l a r g e  c o n c e n t r a t i o n s  of n i t r a t e  

reduces the  Caportance of ammonium i n  the  ocean, 

The regenera t ion  of aminonium by nekton is most impor tant  i n  the two up- 

wel l ing  systems where commercial q u a n t i t i e s  of small p e l a g i c  nekton e x i s t .  

S ince  the :decline i n  the  anchoveta biomass, Peru  has  s l i g h t l y  s m a l l e r  regen- 

e r a t i o n  r a t e s  than N.W. Africa while the  c lupeid  popula t ion  is v e r y  s m a l l  o f f  

Baja C a l i f o r n i a .  Micronekton a r e  important i n  t h e  Raja C a l i f o r n i a  ecosystem 

because .the red crab  has taken the herbivore-omnivore r o l e  of  t h e  c lupe id  i n  

the  o the r  two upwelling areas.' Demersal f i s h  p lay  an i n s i g n i f i c a n t  r o l e  i n  

the  recycl ing ,  oE n u t r i e n t s  according t o  the  b e s t  d a t a ,  however a thorough 



examinat ion has not  been repor ted  f o r  any areas wi th  l a r g e  ben th i c  f i s h  

popula t ions .  

The r egene ra t ion  of n i t rogen  from .the sediments appear  t o  be most impor- 

t a n t  i n  N.W. Afr ica  and Peru al though the  r a t e s  a r e  only s l i g h t l y  s m a l l e r  f o r  

Baja C a l i f o r n i a .  Large amounts of organic  m a t e r i a l  a r e  thought t o  s i n k  t o  t h e  

bottom i n  Peru where t h e  sediments. have a h igh  organic  carbon content .  A sub- 

' s t a n t i a l  q u a n t i t y  of organic  m a t e r i a l  may a l s o  s i n k  i n  Baja C a l i f o r n i a ,  how- 

eve r ,  t h e  o l d e r  ben th i c  red c rabs  a r e  poss ib ly  us ing  t h a t  as a p r i n c i p a l  means 

of support .  More d e t a i l s  of sediment-water column i n t e r a c t i o n s  can be found 

i n  t h e  chap te r  by Rowe i n  t h i s  volume. 

The zooplankton s tud ied  were mesoplankton so a l l  protozoa,  c i l i a t e s  and 
. . 

n a u p l i i  were excluded from the  measurements. There are i n d i c a t i o n s  t h a t  

microplankton may be very important i n  upwelling ecosystems a l though  t h e r e  is 

some d i f f e r e n c e  of opinion of var ious  i n v e s t i g a t o r s .  Energy budgats f o r  
; ' 

e q u a t o r i a l  upwelling regions show h e t e r o t r o p h i c  r e s p i r a t i o n  c o n s t i t u t e d  90% of 

the  t o t a l  (Sorokin,  1979) and i n  t he  ' c o a s t a l  upwell ing r eg ion  c o n s t i t u t e d  30 

t o  90% of the  t o t a l  (Sorokin e t  a l . ,  t h i s  i s s u e ) .  So t h e  focus  of zooplankton 

sampling may have missed a s i g n i f i c a n t  component i n  t he  upwell ing ecosystem. 

Regenerat ion s t u d i e s  i n  non-upwelling. a r e a  have mainly focused t h e i r  at- 

t e n t i o n  on zooplankton (Corner and Davies,  1971). However, H a r r i s  (1959) i n  

h i s  s tudy  on Long I s l a n d  Sound found t h a t  zooplankton r ecyc l ing  w a s  respon- 

s i b l e  f o r  43-66% of n i t r o g e n  u t i l i z e d  i n  primary product ion  and the  ben th i c  

i npu t  accounted f o r  9-12%. S i m i l a r l y  Martin (1968) e s t ima ted  zooplankton i n  

Naraganset t  Bay r egene ra t ed  64% of n i t r o g e n  u t i l i z e d  by phytoplankton. Both 

of t h e s e  a r e a s  a r e  o f t e n  deple ted  of n i t r a t e  i n  t he  upper eupho t i c  zone a f t e r  



t h e  s p r i n g  bloom, t h e  sediments a r e  i n  c l o s e  proximity t o  t h e  e u p h o t i c  zone 

and c i r c u l a t i o n  is r e l a t i v e l y  s lugg i sh .  I n  e f f e c t  t he  zooplankton  cannot  

mig ra t e  t o  deep l a y e r s  and p a r t i c u l a t e  m a t e r i a l  which s i n k s  i n  t h e  sha l low 

water  reaches  t h e  bottom quick ly  and can be r a p i d l y  r e tu rned  t o  t h e  e u p h o t i c  

zone. Any recyc led  n u t r i e n t s  a r e  i n  t h e  immediate v i c i n i t y  of n i t r o g e n  l i m -  

i t e d  phytoplankton c e l l s  s o  t h e  e f f e c t '  is a  c l o s e l y  coupled n u t r i e n t  uptake- 

r e g e n e r a t i s n  cycle .  

The-importance of n u t r i e n t  r e c y c l i n g  i n  c o a s t a l  s h e l f  w a t e r s  found t h a t  

r e c y c l i n 2  supported 36% of t he  p r o d u c t i v i t y  off  t he  NOW- Coast of  t h e  Uni ted  

S t a t e s  (Jawed, 1973). This  va lue  i s  comparable t o  t h e  upwel l ing  r e g i o n  esti- 

mates but only zooplankton were included.  The o v e r a l l  amount f o r  the con t i -  

n e n t a l  s h e l f  o f f  Washington and Oregon may be somewhat smaller because f i s h  

biomass is  small - a d  n u t r i e n t  r e l e a s e  from t h e  sediments have n o t  been re- 

por ted .  

The importance of r egene ra t i on  i n  t h e  open ocean was s t u d i e d  i n  t h e  n o r t h  

P a c i f i c  gyre  where zooplankton was found t o  produce 44-83 p e r  c e n t  of phyto- 

p lankton  n i t r o g e n  requirements (Eppley et a l . ,  1973). Th i s  s t u d y  used compar- 

a b l e  methods t o  those employed i n  t h e  upwell ing r eg ions -  The i n v e s t i g a t o r s  

measured a l l  t h e  d i s so lved  forms of i no rgan ic  n i t r o g e n  p l u s  u rea ,  phytoplank- 

t on  biomass,  uptake of ammonium, n i t r a t e  and u rea  u s i n g  1 5 ~  t echn iques ,  zoo- 

plankton. biomass and e x c r e t i o n  r a t e s .  The turnover  t i m e  f o r  ammonium was 

found t o  be 3-5 days and t h e  phytoplankton crop was very s m a l l  s o  i t  was con- 

c luded t h a t  g r az ing  was important  i n  keeping the  phytoplankton be low maximum 
. . 

p o s s i b l e  l e v e l s .  The remaining 17-56 per  cen t  of n i t r o g e n  needed t o  f u l f i l l  

phytoplankton requirements  was expla ined  a s  p o s s i b l y  coming from micro-zoo- 

p lankton  , smal le r  t han  183 n o r  f.rom v e r t i c a l  t u r b u l e n t  d i f f u s i o n .  Urea was 

a l s o  cons idered  t o  be an important  n i t rogen  source.  



The importance of ammonium regeneration has not been measured directly 

in the Sargasso Sea but an investigation in the temporal variation of auunonium 

concentrations suggested that zooplankton were responsible for the variations 

observed (Beers and Kelly, 1965). Preliminary computer simulations in the 

sargasso Sea also indicated the importance of ammonium to productivity pro- 

cesses (Walsh, 1977). 



. I  

F u t u r e  D i r e c t i o n s  

Our knowledge of n u t r i e n t  r e c y c l i n g  i n  t h e  sea is v e r y  fragmentary- .  The 

i n i t i a l  work on the  e x c r e t i o n  of organisms was a s s o c i a t e d  with p h y s i o l o g i c a l  

I s t u d i e s  i n v e s t i g a t i n g  the  type and alnount of e x c r e t e d  n i t r o g e n o u s  s u b s t a n c e s  

I and t h e i r  importance t o  the b iochemis t ry  of t he  organism. The firse ecosys tem 

I approach t o  t h e  importance of n u t r i e n t  r e c y c l i n g  by organisms was t h e  now 

clas .sFr  work of H a r r i s  (1959) i n  Long I s l a n d  Sound, S i n c e  t h a t  time the num- 

ber-of. zstudles  m v a r i o u s  marine ecosystem examing zooplankton  regeneration 

. . .  . . 
has.-:kc-reased markedly. Other  organisms such  a s  fish w e r e  ignored  until 

.... . 

~ u i d a l e -  And Goering (1970) proposed t h a t  t h e  anchoveta  i n  P e r u  r e c y c l e  l a r g e  

q u a n t i t i e s  of n i t rogen .  Subsequently Wliitledge and Packard (1971) p r e s e n t e d  
. .  . 

an  e s t i m a t e  of r e l a t i v e l y  l a r g e  n i t r o g e n  r e c y c l i n g  rates by t h e  anchove ta. 

S i m i l a r l y  t h e   sediments a s  a source  of r ecyc led  n u t r i e n t s  has o n l y  r e c e n t l y  

I been examined. (Rowe e t  a l . ,  1977) and shown t o  be s i g n i f i c a n t . ,  Now t h a t  these 

v a r i o u s  elements  i n  a few s c a t t e r e d  upwell ing a r e a s  have been e x a k n e d  t h e i r  

I 

1 . p o t e n t i a l  irnportance has  been shown but not: proven, The comprehensi.ve exami- 

i : n a t i o n  of t he  pathways of n u t r i e n t  r e c y c l i n g  i n  marine ecosy&terns has not been. 
I 
1 a t t a i n e d .  The l a c k  of d a t a  is  appa ren t  i n  t h e  partially f i l l e d  T a b l e  14, 

i which can be a s t a r t i n g  p l ace  f o r  a s s e s s i n g  needs i n  terms of future research j 

i n  n u t r i e n t  r ecyc l ing .  A s h o r t  coinment w i l l  be made a b o u t  e a c h  of  ' t h e  def i -  . 
1 
I 

I c i e n c i e s  in Tab le  14 l i s t e d  i n  t h e i r  approximate o r d e r  of , importance, i 

1. Benth ic  sed ine ,n ts ,  b a c t e r i a  and ne iofauna ,  

These items are  l i s t e d  toge the r  hecause it is d i f f i c u l t  e x p e r i m e n t a l l y  

t o  s e p a r a t e  them. Using s t anda rd  b e l l  j a r  t e c h n t q u ~ s  a n e t  composi te  rate is 

measured. The problems t h a t  a r i s e  a r e  no t  n e c e s s a r i l y  associated w i t h  p r e s e n t  
. . .  

rnerhods, bu t  whi le  p re sen t  equipment i s  r e a d i l y  a v a i l a b l e  i,c is cumbersome and 



c o s t l y .  A l a r g e  number of i n  s i t u  measurements is probably  the bes t  approach  -- 
r a t h e r  t h a n  removal-incubation techniques  which are s u b j e c t  t o  d i f f i c u l t  

s y s t e m a t i c  e r r o r s  l i k e  tempera ture  and p r e s s u r e  changes. 

2. Nicrozooplankton.  

Recyc l ing ,  i n g e s t i o n  r a t e ,  and biomass measurements o f  microzooplankton  

are mis s ing  from most oceanic  a r e a s  bzcause of t h e  d i f f i c u l t i e s  of sampling 

and subsequent  handl ing  a l t hough  t h e i r  importance has been sugges t ed  (Beers 

and S t e w a r t ,  1969). Highly p roduc t ive  upwel l ing  a r e a s  with large concentra- 

t i o n s  oE phytoplankton make the  problems imposs ib ly  d i f f i c u l t  using t oday ' s  

t e chn iques  exep t  f o r  hand-picking us ing  a microscope. The s m a l l  number of 

bionass and r a t e  e s t i m a t e s  t h a t  e x i s t  a r e  o f t e n  c o n t r a d i c t o r y -  I n c l u d e d  in 

t h i s  group a r e  marine pro tozoa  (Johannes,  1965) and t h e  e a r l y  stages of larger 

zooplankton.  

3.  J e l l i e s ,  ceenophores  and chaetogna th s .  

Recent  work on the  d i s t r i b u t i o n ,  r e s p i r a t i o n  and ammonium e x c r e t i o n  of . 

o c e a n i c  . je l l ies  (Biggs , 1977)  and e a r l i e r  work on  S a g i t t a  h i s p i d a  (Beers, 

1964) i n d i c a t e s  t h a t  the  importance of t h e s e  p r e d a t o r s  can be s i g n i f i c a n t  in  

t h e  r e c y c l i n g  of n u t r i e n t s . .  Unusually l a r g e  c o n c e n t r a t i o n s  of those carni- 

v o r e s  a r e  o f t e n  encountered i n  bo th  c o a s t a l  and open ocean envi ronments  bue w e  

a r e  seldom equipped t o  adequate ly  s t u d y  them. 

4. Demersal F i sh .  

The importance of r e c y c l i n g  d e n e r s a l  f i s h  s toclcs has no t  been  a d d r e s s e d  

i n  t h e  open l i t e r a t u r e .  Biomass assessment  has  been e x h a u s t i v e l y  t aken  but  

t h e r e  has  been a n  omission of t h e i r  e f f e c t  on t h e  ecosystem- Admft ted ly ,  most 

l a r g e  demersal  f i s h  s t o c k s  a r e  being e x p l o i t e d  t o  some deg ree  so t h e i r  biomass 

is  probably  reduced from e a r l i e r  t i n e s .  However, f i s h i n g  corlld i n c r e a s e  .the 



I r e c y c l i n g  r a t e  a s  it does the  growth r a t e  became  l i k e  growth, e x c r e t i o n  is 

I e x p o n e n t i a l l y  r e l a t e d  t o  body s i z e .  Macrobenthos such  a s  c r a b s ,  s t a r f i s h ,  

I s e a  rn-chins,  and l o b s t e r s  should be included i n  t h i s  group, 

5.  Bacf e r ioplankton .  

I Bac t e r i o p l a n k t o n  i n  the  marine. environment has been examtned f o r  a number 

of -years b u t  an easy t roub le - f r ee  technique  Eor: measuring b a c t e r i a l  biomass 
. . - - 

a n d  - ~ s f & o l i s r n  has no t  been developed. In  a r e a s  y&th l a r g e  amounts of par-. 
. . 

. .. 
t i e c . d - a e ~ : ~ i a s t t e r  and h igh  tempera tures  bac t e r iop lank ton  may c o n t r i b u t e  s i g n i f ' i -  

c a n t G ' : t o  the  n u t r i e n t  budgets. 

6 .  Mollusks. 

The popu le t ion  e s t i m a t e s  of swtmrning mollusks l i k e  cephla lopods  are o f t e n  

l a r g e  y e t  l i t t l e  i s  known about t h e i r  f eed ing  and e x c r e t i o n  rates. I n  areas 

where the  l a r g e s t  gopul .=it i-ons exic t , speciule~~s should be c o l l e c t e d ,  e x c r e t i o n  

measurements made and budget cons t ruc t ed  t o  a s s e s s  their p o t e n t i a l  impact,  
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Table 1, Mean zooplan!cton biomass+one s t anda rd  deviation at buoy l o c a t i o n s  - 
( g  dry  w t  rn-2), 

S i ze  F r a c t i o n  urn 

Loca t ion  102-223 223-505 505-1000 >lo00 To t a l  



Table 2. A-monia and urea n i t rogen  r e l e a s e  r a t e s  and oxygen consumption r a t e  measured 
on four  s i z e  f r a c t i o n s  of zooplankton c o l l e c t e d  off  Spanish Sahara. 

Amrnonia Urea 
Nitrogen Nitrogen Oxygen 

Descr ip t ion  Mean s i z e  Released Released consumed 
(mg d r y  wt ind-1) ( p  g N rng d ry  1 ~ t - l  d) (pg 02 ng dry w t - l  d- 

Pleuromamaa. . - s p .  0.304 8.74+7.06 ( 3 6 )  2.35t2.35 ( 3 0 )  9,98+71.4 (27 - - - 
Euphaus i ids  5.040 1,68+1.34 ( 6 )  - 0.67t0.34 ( 6 )  - 49.9t-31.9 (3) 

"Hean - + one s t a n d a r d  dev ia t ion ;  nunber of observat ions  i n  parentheses. 



Table  3.. Ammonia regenera ted  by s i z e  f r a c t i o n s  of zooplankton  a t  buoy 
l o c a t i o n s  (mg-atoms N rn-2 d-I)  (Smith and Whi t ledge ,  1977). 

S i z e  F r a c t i o n  pn 

Loca t ion  102-223 223-505 505-1000 > lo00  T o t a l  

O f f  sho re  1.82 2.26 
G 

0.14 6.58 
1.44 

10-80 
4.26 0.15 

0 2.72 
2.56 8.41 

2.21 
u 

0.03 0.39 
1.49 

5.35 
2.52 

R 
0.06 0.28 

3.29 4.21 
4.35 

D 
0.05 

1.93 
0.27 7.52 

1.93 0.01 . 0.08 3.95 

- 



T a b l e  4. Nit rogen  and phosphorus r e l e a s e  by s e l e c t e d  species of f i s h  
c o l l e c t e d  over t h e  s h e l f  o f f  nor thwes t  Af r i ca ,  The number 
of  organisms i n  each experiment is shown i n  p a r e n t h e s e s  

. (Smith .and IJhFtledge; i n  p re s s ) .  

Species .  Condi t ion  AnunonTa-t: Urea-!?' Phos hate-P 
mg dry w t - I  d-P) 

Diplodus s e n e g a l e n s i s  ( 12 )  Fresh  1.44 0.76 0.23 
Diplodus s e n e g a l e n s i s  ( 9 )  Starved-1 day 0.90 0.26 0.15 
Diplodus s.enega1ensi.s ( 6 )  Starved-? days O.6Cc 0.35 0.22 
~ l y p h i s  @'aucus ( 2 )  Fresh  0.44 0.55 0.08 
Oc.to.~.~s: .~iwlgaris  ( 4  ) Fresh  0.75 0.11 . 0.42 
S a r & i - ~ Z 2 a  sp. ( 5 )  .. . Fresh  4 ,61  4.78 pslILa.d-z -... .'-- 

1-68 
; I nc i sus  (1) & 

Di.p.Fo&.-. s e n e g a l e n s i s  (9)  Fresh 1.22 0.33 0.18 
~ a ~ e i . 1 ~ ~ : - ' . c o . u p e r i  ( 2  ) 6 

~ a n t h a r u s  c a n t h a r  u s  ( 1) Fresh 0.91 - 0.12 
~ a ~ e l l u s '  coupe r i  . ( 2 )  & 

Cantharus  c a n t k a r u s  (1) Starved-1 day 0.64 . . . 0.08 0.05 



. 

s. 

Table 5, NutrienC regenzration by z o o p ~ ~ t o n  ad nektm a d  nutrient u tat& by p h y t o p h k h  in the 

in press) 

1: upkllkrg qstm off m r t h ~ s t  Africa. Lhits are =at in-? h . (after Srnithanl Ridedge, 

%published data frm J. J. ? k h c  a d  lt. C. Ihgdale. . 

b ~ n v e r t s l  f r a n  N e l w n  ard Gwrirg (1977) assunlng a 12-b1-r day. 



. . 

Table 6.  Nutrient fluxes out of bottcm surface sedifiene. ~ c u l a t i o n s  lased on b2ll jar wlism, 
area oE bottcm wered ad duration jn burs ovu khich the observed 
concentra Lions occurred. (%I+?, CLif Eod, ac.d Smith, 1977) 

Sta. 162 ~ 1 ~ 2 0 ' ~  x Ua05'N, 2% &pth ' 

si03 m3 pa2 N-k 

Initial bt tcm watirr correntratio6 0.26 1.92 2.51 0.16 0.76 
12-h inw'cation concentrations 4.48 35.6 40.9 2.7 U.6 
~ 1 - s  (pgatars  m-2 h-I) 36 2% 330 22 u.0 . IN= 4m 

Sta. 171 2I000'N x Ua05'W, 25 m depth 

Ini t id bot tcm water cowentratias 3.11 24.1 4.47 0.33 
3.5-h incubation 3 , s  . 34.4 3.15 0.44 
5-h irmtujation 8.20 87.2 5. S 0.70 
~1ms.s (pgatoms G2 hel) 22 300 -39 3.2 

105 I300 22. 7.6 
Sta. 1 7 1  .averages . ' 64 €330 -8 5.4 
FluxesatStas. 1 6 2 a r d 1 7 1  averaged 50 550 163 14 



Table 7. Ammonium budget f o r  northwest Africa upwelling ecosystem. 
U n i t s  a r e  mg-at m-2 d-l. 

Ammonium Phytoplankton 
Regeneration Uptake 

~ h s l f  (40111 water depth)  
Zooplankton 7.82 
Ne!cton 3.48 
Sediments 5.64 

. . T o t a l  16.94 

-L - O u Z z r  Shei f  (150m water  depth) 
, - - -"soplnakton 5.35 

-Nekton - 6.45 
- -S~diment3  1-88 

- T o t a l  13.65 

* Unpublished ni t rogen up take data of MacIsaac and Dugdale. 



Table 8. Zooplmkton clry weight acd regeneration rates by sPe fractj.cn in the Peru up.reU.kg system at 
10"s and 15%. 

Size fractionated Zooplankton Dry Weights Zooplankton nitrow regmeramn rates 
(g (wat m-2 6-1) 

bpth 102-223 223505 505-1050 11050 Total U32-223 223-505 ' 505-1050 11050 Tot: 
Station m v" Pm Pm Pm . Pm vm I.lm 

* prytoplankton. containinat ion in sample. 





Table  10. Ni t rogen  r e l e a s e  (ug X mg d r y  wt-I d-l)  by zooplankton  o f f  Peru. 
Values a r e  means +1 s t a n d a r d  d e v i a t i o n ,  w i t h  number of o b s e r v a t i o n s  - 
i n  p a r e n t h e s i s .  -: fro d a t a  ( a f t e r  Smith,  1978) 

Ammonium 
S i z e  F r a c t i o n  

Urea 
14ean s i z e  

( m) 
Nitrogen N i t  rozen 

(mg d r y  wt ind-1 ) Released Released 

102 - 223 0.002 3J-*25+23- - 86 (27) 38.98+19.15 (5) - 
223 - 505 0.006 32=26+17-14 (29) 22.18t-19-15 (5) - - 
505 - 1050 0.042 9-47-kg.41 (25) - - 
>I050 

(Euphausia sp .  ) 

<505 

>505 



Tab le  11. Ammonium e x c r e t i o n  r a t e s  f o r  nekton i n h a b i t i n g  Peru upwelling ecosystem, 

N H ~  e x r e t i o n  rate 
Mean dry w t  + s t d  dev 

(g) (pg N dry d - l )  

E n g r a u l i s  r i n g e n s  ( 7 )  

S a r d i n o p s  sagax  ( 4 )  

Trachurus  symmetricus (1) - 
A u s t r o n e n i d i a  r e g i a  r e g i a  (14)  

1.74-l-1-48 - ref 1 

1-26 ref 2 

* C a l c u l a t e d  from 190 g  wet w t .  
ref 1. Whit ledge and Dugdale, 1972. 
ref 2. McCarthy and Whit ledge,  1972. 



Tab le  12. Armnoni~m bud e t  f o r  Peru upwel l ing  ecosystea. U n i t s  are P mg-at m-2 d- . 
Amnonium Phy toplankLon 

Regenera t i o n  Uptake 

S h e l f  
Zoop1.ank t o n  
P e l a g i c  Nekton 
Sediments 
To-?a1 

0 f Es3y3 r e 
Zoopiackton - 
-Pel&.c Xekton 
D-emn-zsKl Nekto n 
sed iments  
T o t a l  

* From s~~ es t i n a t e  (Rowe , p2rsona l  coomunicntion) . 
**Unpublished PJ15 d a t a  of i lacIsaac and Dugdale. 
7 Based on 1970 s t u c k  e s t i m a t e  (Culland,  1970) and f l o u n d e r  excretion 

r a t e s  (Wood, 1 9 5 8 ) .  



T a b l e  13. Amnoniun budget f o r  B a  'a C a l i f o r n i a  u p w e l l i n g  e c o s y s  ten. i' U n i t s  a r e  mp-st I U - ~  d- . 
Ammonium P h y t o p l a n k t o n  

Regenera t i o n  Uptake 

March 
Zooplankton 1.17 
Nekton 0.30 
P leuroncodes -Pe lag ic  12.70 
P leuroncodes -Benth ic  1.68 
Sed iments  2.86 
T o t a l  18.71 

A p r i l  
Zooplank ton  
Nekton 
P leuroncodes -Ps lag  i c  
P leuroocodes -Benth ic  
S e d i n e n t s  
T o t a l  

* From Whi t l edge  and C O ~ L . I L ~ ~  (1977).  - -- 



Table 14. Penrent regene'tiltai prcductivity in nark! ee0systm.s a d  prcaix,- c-F 

originating fran diEEerent mimJ. groups. 

l7egaerated Prcd Zoo- PLicro- b n s r s s  Bent*- & 
(% of total Prd) plankon &kton Fkkon Fish Sedircents Referaxe 

U p e l l i n g  Areas 

NJ Africa 
Cape 31x1~ si.iclf 72 33 
Ca'p B b c  O ~ t e  Shelf 61 24 

T*is ShGf 15 15 

Peru 
shelf 
Off Shelf 

Raja California 
Shelh'Zlarch 47 3 
S h d  f-April 52 16 

Oregon 
ShelE 

C o a s t a l  Areas 

bN Lkited States 

- Jawed, 1973 

35 - - - - 
93 - - Jawed, 1973 - - J a d ,  1973 

Open Ocean 

N. Pacific Gyre 4/1-83 44-83 - - - - Eppley et aL., 
1973 



FIGURE LEGENDS 

F i g u r e  1. S t a t i o n  l o c a t i o n s  on JOINT-I c r u i s e  o f f  MJ Afr ica .  G,O,U,R and D 

are l o c a t i o n s  where experiments  were r u n  and b ionass  samples were 

Figu re  2. Biomass of zooplankton ( g  dry  w t  m-?) c o l l e c t e d  on a t r a n s e c t  n e a r  

21" 401N o f f  norrhwest Af r i ca  ( a f t e r  Smith and Whitledge, i n  

p r e s s ) .  

-Figure 3. Tank c o n c e n t r a t i o n s  of arnonium, u rea  and t o t a l  exc re t ed  nitrogen 

measured ciuring r i r ~  e x c r e t i o n  experiment  w i t h  Dip lodus  s e n e g a l e n s i s  

. . of f  northwest  Af r i ca ,  

F i g u r e  4.  S t a  t i o n  l o c a t i o n s  trh'ere sediment pore wate r  n u t r i e n t  . . 
c o n c e n t r a t i o l ~ s  were measured, con tou r s  are of aimnoniunl g r a d l e n t s  

.between water  and  setliments. UnTts a r e  %-at 1-I cm-l. (P.ose, 

C l i f f o r d  and Smith,  1977)  

F i g u r e  5 .  Am;;?oniuin and n i t r a t 2  c o n c e n t r a t i o n s  (pg a t  1-l) i n  pore waters, 

Open c i r c l e s  a r e  nearshore  amoniwn and open t r i a c g l e s  are 

o f f s h o r e  amnunium. S o l i d  c i r c l e s  a r e  nea r sho re  nitrate and solid 

t r i a n g l e s  a r e  o f f  sho re  n i t r a t e  (Rowe, Cliflcord a.nd Smith,  1977). 

F i g u r e  6. Concent ra t ion  of ammonium ( p e a t  1 - I )  on a c r o s s  s h e l f  transect 

n e a r  21" 4 0 ' N  o f f  northwest  Afr ica .  . 

Figur-e -7.. .Biomass of zooplankton (g d ry  w t  m2) f o r  s i z e  c l a s s e s  102-223 urn, 

223-505 vm, 505-1050 urn and >lo50 pn co.1lected on a cross s h e l f  

t r a n s e c t  n e a r  10°S o f f  Peru, 

F i g u r e  8. Biomass of zooplankton (g d r y  r J t  rn-2) f o r  s i z e  c l a s s e s  102-223 pm, 

223-505 urn, 505-1050 U n and > lo50  Vm c o l l e c t e d  on a c r o s s  shelf 

t r a n s e c t  near  15"s o f f  Peru. 



F i g u r e  9. Biomass of zooplen'nton (g  d ry  w t  tn-*)for  s i z e  classes 102-223 em, 

223-505 Pm, 505-1050 pn and >lo50 p& c o l l e c t e d  on an  a l o n g s h o r e  

t r a n s e c t  near 15 "S o f f  . Peru. 

F igu re  10. Biomass oE zooplankton (g dry  wt UI-~) Eor s i z e  classes 102-223 pm, 

223-505 pn, 505-1050 p m  and >lo50  urn c o l l e c t e d  on an i n s h o r e  times 

s e r i e s  s t a t i o n  near  15"s  o f f  Peru. 

F i g u r e  11. Biomass of zooplazlkton (g  d r y  w t  m2) f o r  s i z e  classes 102-223 yn, 

223-505 p m , ,  505-1050 Ltrn  and >lo50 pi11 c o l l e c t e d  on a s h e l f  break 

time s e r i e s  s t a t i o n  mar 1.5"s off Peru. 

Figure 12. Biomass of zooplankton (g dry .cJE m2) Zor s i z e  classes 102-223 pn, 

223-505 e m, 505-1050 urn and >LO50 V r n  collected on an o f f s h o r e  t i m e  

s e r i e s  s t a t i o n  near  15"s  o f f  Peru. 

F i g u r e  13. D i s t r i b u t i o n  of nekton biomass ( g  wet w t  m2) from aco r t s t i c  

i n t e g r a t i o n s  Eor 2 June  1976 n e a r  15"s  off Peru (Lee, Math isen  and , 

I Figu re  14. Concen t r a t i ons  of d i s s o l v e d  n i t r o g e n  n u t r i e n t s  (pg-at 1-I) i n  
I 

c r o s s  shelf  t r a n s e c t s .  a )  ammonium a t  15"s; b) aamoniurn a t  

1 0 " s ;  c )  u r ea  aL 15"s;  d) u r e a  a t  10"s; e) Total n i t r o g e n  

(NO3+iO2S1\JH~,SUREA) a t  15 "S ; f ) T o t a l  n i t rogen (N03+N02+NN4+?3REA) 

a t  10"s ;  g )  Per  c e n t  r egene ra t ed  n i t r o g e n  ( N H ~ + U R E A / T O ~ ~ ~  

n i t r o g e n )  x 100 a t  15%;  h)  Percent r e g e n e r a t e d  n i t r o g e n  

( h ~ ~ + U J 3 ~ A / T o t a l  n i t r o g e n )  x 100 a t  IOOS. 

F i g u r e  15. Concent ra t ion  of  d i s s o l v e d  o r g a n i c  n i t r o g e n  ( ~ g - a t  1-I) on a c r o s s  

shelE t r a n s e c t  near  15"s  o f f  Peru.  



F i g u r e  16. Nean nek ton  biomass ( g  w e t  w t  m-2) estimated from acoustic 

i n t e g r a t i o n s  f o r  t h e  d e p t h s  17-47n n e a r  27qR off Baja C a l i f o r n i a  

 lackbu burn and Thorne,  1974 ). 

F l g u r e  17. I n t e g r a t e d  c o n c e n t r a t i o n s  (mg-at me2) of n i t r a t e ,  s i l i c a t e  and 

ammonium i n  t h e  e u p h o t i c  zone a l o n g  d rogue  track of Anton Bruun 15 

n e a r  15OS o f f  Peru.  

F i g u r e  18. a) H i t r a t e  c o n c e n t r a r i o n s  (pg-at  1-I) at 3 m  and b) chlorophyll 

c o n c e n t r a t i o n  ( ~ g  1-l) integrated from 100% t o  I O U  Zighf  depths on 

~. . . 
. .. -. . s t a t i o n s '  n e a r  15OS off P e r u  (Walsh et ai., 1971). 
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