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CHAPTER 1. INTRODUCTION.

This research  p r o j e c t  in v es t ig a ted  t h e  p h y to p lan k to n  ecology o f  tw o  

lowland, e u t ro p h ic  reservo irs  b e tw e e n  1981 and 1983. S taun to n  Harold re se rvo ir  

was a r t i f ic ia l ly  mixed and th e  response o f  th e  p h y to p lan k to n  com pared  t o  those  

in a nearby  reservo ir ,  Forem ark , which was allowed t o  s t r a t i f y .

1.1 THE EFFECTS OF MIXING UPON PHYTOPLANKTON ECOLOGY.

Changes in w a te r  column s ta b i l i t y  th ro u g h  s t r a t i f i c a t io n  and mixing a re  

believed t o  c o n tro l  t h e  tw o  m ost im p o r ta n t  f a c to r s  in p h yto p lan k to n  ecology: 

t h e  p erce ived  l igh t c l im a te  and n u t r i e n t  availability.

T u rb u le n t  mixing can a f f e c t  th e  size, com position, t im e  and d u ra t io n  o f  

p h y to p la n k to n  populations. In  1935, Gran and Braarud concluded t h a t  

p h y to p lan k to n  g ro w th  was p o o re s t  in deep  mixed w a te rs  and r ic h e s t  when  

s t r a t i f i e d  conditions becam e established. They also n o te d  th e  im p o rta n c e  o f  

mixing d ep th s . Riley (1942) discussed th is  m ore fu l ly  and showed t h a t  

t u r b u le n t  mixing had b o th  posit ive  and negative  e f f e c t s  on p h y to p lan k to n  

p ro d u c t io n .  Lund (1954 1955) r e p o r te d  t h a t  populations o f  Melosira ita lica  

(Ehrenb.) K utz . subspecies s u b a rc tic a  0. Mull, increased and became dom inant  

u n d er c e r ta in  tu r b u le n t  condit ions. Tailing (1965) found similar resu lts  f o r  

populations o f  Melosira nyassensis var. v ic to ria e  0. Mull, in Lake V ic to r ia ,

A fr ica .  Lund (1954 1955) also showed t h a t  th e  decline  in Melosira was a re s u lt  

o f  a decrease  in t u r b u le n t  mixing. Hutchinson (1967) concluded t h a t  species o f  

p h y to p lan k to n  which w e re  m ore dense than  w a te r  sink continuously and t h a t  t h e  

d e g re e  o f  t u r b u le n t  w a t e r  movem ents played an in teg ra l ro le  in th e  waxing and 

waning o f  these  species.

Sverdrup  (1953) also s tu d ied  t h e  re lat ionship  b e tw e e n  physical mixing and 

p h yto p lan k to n  and n o te d  t h a t  g ro w th  was n o t  a d i r e c t  re s u lt  o f  s t r a t i f i c a t io n  

b u t  o f  changes in th e  com pensation d e p th  ( th e  d e p th  below which n e t



photosynthesis  cannot occur). This in te r a c t io n  o f  l igh t p e n e t r a t io n  and mixing 

d e p t h  was m ore thoroughly  in v es tiga ted  by Tailing (1957a b 1965 1966 1971).

The p h y to p lan k to n  com m unity , as a whole, app eared  t o  be very  responsive t o  

t h e  d e g re e  o f  v e r t ic a l  mixing (Tailing 1 9 5 7 a 1 9 7 1 , S tee l 1972, Ganf 1974,

Jewson 1976, Reynolds 1976 1980 1984a. B a i le y -W a tts  1978, Reynolds e t  a/. 1983 

1984).

The com position o f  p h y to p lan k to n  com m unities and t h e  re la t iv e  abundance o f  

com po n ent species a re  continuously changing. These changes range f r o m  s h o r t  

t e r m  a l te ra t io n s  in t h e  com m unity  s t r u c t u r e ,  in response t o  mixing processes  

(Harris and Sm ith 1977, Harris and Piccinin 1980, Reynolds e t  a/. 1983 1984), 

th ro u g h  annual cycles which a re  a re s u lt  o f  cyclical f lu c tu a t io n s  in 

t e m p e r a t u r e ,  solar rad ia t io n , n u t r ie n ts  and w a t e r  column s ta b i l i ty  (Lund 1965 

1981, Hutchinson 1967, Reynolds 1973 1978), t o  long t e r m  changes (H aw orth  1980)  

in response t o  such f a c to r s  as n u t r ie n t  loadings, changes in m o rp h o m e try  and 

n atu ra l e u tro p h ic a t io n  (Round 1981).

Changes which occur over a t im e  scale o f  less than  a year w e re  in v es t ig a ted  

by this  research . Such varia t ions  in th e  abundance and com position o f  

p h yto p lan k to n  in any lake a re  generally  re p e a te d  year a f t e r  year  (Hutchinson  

1967, Round 1971, Reynolds 1980 1984a b).

Researchers in p h y to p lan k to n  ecology have been t ry in g  f o r  t h e  last  

h a l f - c e n tu r y  t o  explain t h e  re lat ionship  b e tw e e n  tem p o ra l  and spatial  

d is tr ib u t io n s  o f  p h y to p lan k to n  com munities and environm enta l f a c to r s .  K a l f f  

and Knoechel (1978) and Reynolds (1984b) b o th  com m ented  t h a t  progress to w a rd s  

understand ing  and p re d ic t io n  has been slow even though a considerable  am ount o f  

re lev a n t  l i t e r a t u r e  has been published during this  per iod .



However, Reynolds (1980 1984a 1984b) has p u t  fo r w a r d  a hypothesis which  

explains and p re d ic ts  t h e  processes which c o n tro l  t h e  seasonal p e r io d ic i ty  o f  

p h y to p la n k to n  in a w ide range o f  lake typ e s . Reynolds (1984a) s ta te d  " th e y  [ th e  

p o te n t ia l ly  constra in ing env ironm enta l f a c to r s  which c h a ra c te r is e  pelagic  

systems] o f f e r  f a r  m ore 'n iches', in t e r m  o f  s ta b i l i ty ,  t e m p e r a t u r e ,  u n d e r w a te r  

l ig h t  c l im a te , n u t r ie n t  availability  and biological in te ra c t io n s  th a n  is 

commonly a p p re c ia te d .  The evo lu t io n ary  adap ta t io n s  t h a t  a re  re q u ire d  t o  

e x p lo it  e f f e c t i v e ly  one range o f  th o s e  'niches' may be less su itab le  in 

a n o th e r ;  p robab ly  none is a d e q u a te  u n d er  all env ironm enta l condit ions t h a t  may 

be e n c o u n te re d  in open w a te rs .  " and so se lect ion  f o r  t h e  m ost su ited  species  

will occur. But as Reynolds n o te d ,  th e  m a jo r  d i f f e r e n c e  b e tw e e n  t e r r e s t r i a l  

p la n t  ecology and p h y to p lan k to n  ecology is t h a t  se lection  as a re s u lt  o f  th e  

environm enta l variables generally  o p e ra te s  on much s h o r te r  t im e  scales in th e  

l a t t e r .

The hypothesis t h a t  changes in w a t e r  column s ta b i l i ty  was t h e  m a jo r  

in f lu en ce  a f f e c t i n g  p h y to p lan k to n  p e r io d ic i ty  (Reynolds 1982) evolved over a 

num ber o f  years f ro m  a series o f  s tud ies. F irs t ly ,  f ro m  his own stud ies  and 

th e  l i t e r a t u r e ,  i t  was found  t h a t  c e r ta in  species had d i f f e r e n t  morphological, 

physiological and behavioral a d a p ta t io n s  t o  survival and g ro w th .  No 

com bination  o f  these  a d a p ta t io n s  app eared  t o  be fu l ly  su ited  t o  t h e  annual 

varia tions in env ironm enta l variables. The waxing and waning o f  d i f f e r e n t  

species re s u lte d  f ro m  th e  advantageous, o r  disadvantageous com binations o f  

th e s e  a d a p ta t io ns  a t  any p o in t  in t im e .

Analysis o f  tw e lve  annual cycles o f  p h y to p lan k to n  populations (Reynolds 

1980) f ro m  f iv e  d i f f e r e n t  lakes in England revealed t h a t  " th e  p a t t e r n s  

discerned among geographically r e m o te  b u t  morphologically and tro p h ic a l ly  

similar lakes a re  o f t e n  rem arkab ly  similar" [Reynolds 1984a]. This suggested



t h a t  t h e r e  a re  only a f e w  fa c to r s ,  which a re  common t o  all these  lake typ es ,  

c o n tro l l in g  seasonal p e r io d ic i ty .  Reynolds (1980), following Hutchinsons’

(1967) rev iew  o f  p a t t e r n s  o f  seasonal p e r io d ic ity ,  proposed 14 species  

assemblages f ro m  t h e  English lakes s tu d ie d .  These assemblages w e re  composed o f  

species which had similar te m p o ra l  p a t t e r n s  and ra te s  o f  g ro w th  and losses.

Five m ore c a teg o r ies  w e r e  added (Reynolds 1982 1984a) t o  include t h e  

p er io d ic it ie s  rev iew ed by Hutchinson (1967), Dokulil (1979) and Leah, Moss and 

F o r re s t  (1980).

The p a t te r n s  o f  abundance, g ro w th  and decline  o f  these  assemblages w e re  

found  t o  be closely r e la te d  t o  seasonal changes in w a t e r  column s ta b i l i t y  

(Reynolds 1980).

This hypothesis was e x p e r im e n ta l ly  t e s te d  (Reynolds e t  a/. 1983 1984) and 

i t  was shown t h a t  an a r t i f ic ia l ly  imposed cycle o f  mixing and r e s t r a t i f i c a t io n  

a f f e c t e d  th e  seasonal p e r io d ic i ty  in a p re d ic ta b le  way -  species o f  w in t e r  

/sp r ing  p h y to p lan k to n  (diatom s) w e re  se le c te d  f o r  and becam e dom inant during  

mixing episodes w h ils t  summer assemblages (colonial Chlorococcales) w e re  

favoured  and increased during  t h e  r e s t r a t i f i c a t io n  periods. The g ro w th  and 

dominance o f  slow grow ing, la te  summer species, such as M icrocystis  aeruginosa  

Kutz . emend. Elenkin and C eratium  hirudinella 0. F. Mull, which a re  fa v o u re d  by 

s tab le  conditions, w e re  delayed. Reynolds (1980) had also p r e d ic te d  t h a t  t h e  

average biomass would be m ainta ined below th e  n u t r ie n t  carry ing  c a p a c ity  and so 

th e  peaks o f  p h y to p lan k to n , o f t e n  troub lesom e in w a te r  m anagem ent, would n o t  be 

reached in mixed s itua tions .

Reynolds e t  a/. (1983 1984) c a rr ie d  o u t  t h e i r  e x p er im e n ts  in Lund 

enclosures which have t h r e e  advantages over whole lake studies. F irs t ly ,  t h e  

volume o f  w a te r  undergoing mixing was re la t iv e ly  small and so w i th  t h e



e q u ip m e n t  available, th e y  w e re  able t o  vigorously mix t h e  enclosure. Secondly, 

t h e  w a t e r  w ith in  th e  enclosure r e s t r a t i f i e d  v e ry  quickly and allowed t h e  cycle  

o f  mixing and r e s t r a t i f i c a t io n  t o  t a k e  place. Third ly , th e y  w e re  able t o  

minimise t h e  e f f e c t s  o f  n u t r i e n t  l im ita t io n  by a r t i f ic ia l  fe r t i l i s a t io n .  

Reynolds (1984b) realised th is  and s ta te d  " t h e  app licab lity  o f  i n t e r m i t t e n t  

mixing t o  re se rvo ir  m anagem ent depends upon th e  e x t e n t  t o  which t h e  c r i t ic a l  

physical condit ions c r e a te d  in th e  Lund enclosures can be t ra n s lo c a te d  t o  much 

la rg e r  volumes o f  w a te r " .

1.2 ARTIFICIAL MIXING OF LAKES AND RESERVOIRS.

The use o f  a r t i f ic ia l  mixing in re se rvo ir  m angem ent is n o t  a new idea and 

e x p e r im e n ts  have a t t e m p t e d  t o  improve w a t e r  qu a li ty  since th e  early  1950s 

(Hooper e t  al. 1953). The m a jo r i ty  o f  w o rk  has been c a rr ie d  o u t  in t h e  U.S.A. 

and more re c e n t ly  in Australia  and Europe. Many e u tro p h ic  reservo irs  a re  now 

designed w ith  a r t i f ic ia l  mixing systems (S tee l 1972, Tolland 1977). In m o s t  

cases th is  has been t o  p re v e n t  s t r a t i f i c a t io n  and avoid th e  estab lishm ent o f  an 

anaerobic  hypolimnion and its  associated consequences, many o f  which a re  

tro ub lesom e  t o  w a t e r  managem ent.

A r t i f ic ia l  mixing can be s p l i t  in to  tw o  c a te g o r ie s : -

i) Hypolim netic  a e ra t io n ,  w h e reb y  t h e  hypolimnion is 

oxygenated  w i th o u t  break ing down t h e  s t r a t i f i c a t io n .  This m eth o d  has been used 

extens ive ly  (B e rn h ard t  1967, T o e tz  e t  al. 1972, Dunst e t  al. 1974).

ii) A r t i f ic ia l  d e s t r a t i f ic a t io n ,  w h e reb y  e x te rn a l  energy

f r o m  pumps o r  a e ra to rs  is used t o  b reak  down th e  d en s ity  g ra d ie n t  o f  th e  

s t r a t i f i e d  w a t e r  body and thus cause c o m p le te  c ircu la t io n . Three  m ethods have



been used t o  c a r ry  o u t  a r t i f ic ia l  d e s t r a t i f i c a t io n : -

a) A compressed gas (usually a ir)  re leased th ro u g h

a d i f f u s e r  (Riddick 1957, Fast 1968), a p e r f o r a t e d  pipe (Schm itz  and Hasler 

1958, Ford 1963, Tolland e t  a/. 1978) o r  a "Helixor" (W ir th  and Dunst 1967,

H arp e r  1978).

b) The mechanical pumping o f  w a t e r  f r o m  th e  

hypolimnion t o  th e  epilimnion (Hooper e t  al. 1953, Symons e t  al. 1967, S te ich en  

e t  al. 1979).

c) The pumping o f  in f low  w a te r  in to  t h e  re se rvo ir  

th ro u g h  s tra te g ic a l ly  placed j e t s  (Cooley and Harris 1954, Ridley 1964, H arp er  

1978).

Im p ro v em e n ts  in w a te r  q u a li ty  o f  lakes or reservo irs  thus t r e a t e d  have been  

w idely  r e p o r te d .  These commonly include isotherm al conditions, increased  

dissolved oxygen c o n te n t  (Hooper e t  al. 1953, I rw in  e t  al. 1966, Malueg e t  al.

1971, Tolland 1977, Tolland e t  al. 1978), decreased  ammonia and sulphide  

c o n c e n tra t io n s  (Symons e t  al. 1967), decreased  iron and manganese levels (W ir th  

and Dunst 1967, Tolland 1977, Bowles e t  al. 1979).

Over t h e  last tw o  decades, in t e r e s t  in th e  e f f e c t s  o f  mixing on 

p h y to p lan k to n  has increased, mainly as a re s u lt  o f  an increase in th e  f re q u e n c y  

o f  problems caused by p h y to p lan k to n  g ro w th s  in e u t ro p h ic  lowland reservo irs  

(Lund 1970, Collingwood 1977).

Results observed during  a r t i f ic ia l  mixing e xp er im e n ts  have o f t e n  been  

c o n t ra d ic to ry .  They included b o th  an increase and a decrease  in algal biomass. 

Cyanobacteria  have sometimes become dom inant w h ils t  in o th e r  e xp er im e n ts  th e y



have becom e less abundant.  In  some e xp er im e n ts  t h e r e  was n e i th e r  a change in 

algal biomass nor in th e  succession w h ils t  in o th e rs  th e  seasonal p e r io d ic i ty  

was a l te r e d .

W h e th e r  a r t i f ic ia l  mixing can a l t e r  p h y to p lan k to n  biomass and seasonal 

p e r io d ic i ty  seems t o  depend mainly upon t h e  tim ing and in te n s ity  o f  mixing  

energy , and as Ridley (1971) n o te d ,  will be d i f f e r e n t  f o r  each lake. He 

concluded t h a t  continuous mixing a t  a c o n s ta n t  energy would n o t  con s is ten tly  

re d u c e  pr im ary  p ro d u c t io n  and t h e r e  would be t im es when mixing energy  needs t o  

be increased o r  decreased  "thus using t h e  insta lla tion  as an aid t o  in - lak e  

q u a li ty  c o n tro l ,  and n o t  as a panacea". Ferguson and H arper (1982) showed t h a t  

p h y to p la n k to n  densities  w e re  maintained well below th e  n u t r i e n t  carry in g  

c a p a c ity  in Rutland W a t e r  w h e re  "Helixors" w e re  used continuously during t h e  

summer months t o  p re v e n t  s tab le  s t r a t i f i c a t io n .  Reynolds e t a / .  (1984)  

concluded t h a t  continuous o p e ra t io n  a t  a low ered in ten s ity ,  such as in Rutland  

W a t e r ,  may be successful as s ta b le  conditions would p ers is t  during ant icyc lon ic  

w e a th e r  and mixing would occur during windy spells. Thus a p a t t e r n  o f  an 

a l te r n a t e  mixed and s t r a t i f i e d  w a te r  column, which was v e ry  similar t o  t h a t  

which th e y  had c r e a te d  in th e  Lund enclosure, would ex is t.

Ryback (1985) showed t h a t  low in te n s ity  mixing re su lted  in a tw o  t o  f o u r  

fo ld  increase in p h yto p lan k to n  biomass b u t  th e  use o f  a m ore e f f i c i e n t  mixing 

system re s u lte d  in t h e  inh ib it ion  o f  p h y to p lan k to n  g ro w th .  S te in b e rg  (1983)  

r e p o r te d  a doubling o f  biomass b u t  w i th  no corresponding  increase in p r im ary  

p ro d u c t io n .  Shapiro (1981) suggested t h a t  such increases in p h y to p lan k to n  

biomass w e re  due t o  in adeq u ate  c ircu la t ion ;  t h e  p h y to p lan k to n  w e re  n o t  

thorough ly  mixed th ro u g h o u t  th e  w a te r  column b u t  as t h e  n u t r i e n t  c o n c e n tra t io n s  

w e re  increased in th e  eu p h o t ic  zone, algal biomass increased. In  cases w h e re  a 

decreased biomass was observed during d e s t r a t i f ic a t io n ,  he suggested th is  was



due t o  c o m p le te  c ircu la t io n ,  w h ereb y  t h e  algal cells s p e n t  less t im e  in th e  

p h o t ic  layer and t h e i r  p ro d u c t io n  was thus re d u c ed .

H a f f n e r  (1974) showed t h a t  p h y to p lan k to n  p ro d u c t io n  and g ro w th  in t h e  

highly e u t ro p h ic  W raysbury  reservo ir ,  England was lim ited  by t h e  in d ire c t  

e f f e c t s  o f  mixing, which in th is  case was t h e  con tinued  suspension o f  seston  

f r o m  t h e  River Thames. Fast (1981) found t h a t  p r im ary  p r o d u c t iv i ty  was 

a p p ro x im a te ly  t h r e e  t im es higher during a year  o f  lake a e ra t io n  than  a c o n tro l  

year.  Fast believed th is  was due t o  th e  increased c ircu la t io n  o f  n u tr ie n ts .  

Haynes (1971) also s tu d ied  p r im ary  p ro d u c t io n  b u t  u n fo r tu n a te ly  w i th o u t  c o n tro l  

d a ta .  He re c o rd e d  an im m ed ia te  re d u c t io n  in p ro d u c t io n  which o ccured  near t h e  

s u r fa c e  and was a re s u lt  o f  t h e  r e d is t r ib u t io n  o f  Cyanobacteria l cells 

th r o u g h o u t  th e  w a te r  column.

Several m athem atica l models re la t in g  mixed d e p th  t o  p h y to p lan k to n  

p ro d u c t io n  have been developed which p r e d ic t  th e  re d u c t io n  in p h y to p lan k to n  

biomass as mixed d e p th  increases (Tailing 1957a, Bella 1970, Oskam 1971, S tee l  

1973, Lorenzen  and Mitchell 1975). The main th e m e  o f  these  models is t h a t  

p h y to p lan k to n  cells a re  fu l ly  c irc u la te d  th r o u g h o u t  th is  mixed d e p th  so as t h e  

mixed d e p th  begins t o  exceed  t h e  e u p h o tic  d e p th ,  algal p ro d u c t io n  decreases.  

However, Fast (1981) suggested t h a t  th is  was ra re ly  t h e  case and 

d e s t r a t i f ic a t io n  systems, especially a i r - in je c t io n  systems, a lmost caused 

isotherm al conditions w i th  a small th e rm a l g ra d ie n t  persis ting  in th e  t o p  fe w  

m etres . This s t r a t i f i c a t io n  allowed t h e  p h y to p lan k to n  t o  m aintain t h e i r  

position in th e  th e rm a l g ra d ie n t  leading t o  a decrease  r a t h e r  th a n  an increase  

in t h e  mixed d e p th  o f  th e  p h yto p lan k to n  and hence t o  increased p ro d u ctio n .

A nother f a c t o r  which may have c o n t r ib u te d  t o  increased p ro d u c t io n  was t h a t  

lakes w e re  sometimes d e s t r a t i f ie d  when th e  hypolimnion was anaerobic  and rich  

in n u tr ie n ts .  On mixing, these  n u t r ie n ts  w e re  made available t o  th e



p h y to p la n k to n  and an increase in th e  biomass was observed (T o e tz  e t  a/. 1972). 

Also, t h e  t e m p e r a t u r e  a t  t h e  s e d im e n t /w a te r  in t e r f a c e  was usually increased by 

a r t i f i c ia l  mixing and so t h e  r a t e  o f  release o f  chemical ions, especially  

n u t r ie n ts ,  f ro m  t h e  sed im en t may have been enhanced (T o e tz  e t  a/. 1972). 

Brekhovskikh and Korneyev (1984) concluded t h a t  hypolim netic  a e ra t io n  increased  

t h e  r a t e  o f  phosphorous re lease f ro m  th e  sedim ents, even u nder aerob ic  

cond it ions, and its  t r a n s f e r  in to  th e  p h o tic  zone.

The observed changes in t h e  p h y to p lan k to n  com m unity  fo llowing mixing have  

been as varied  as t h e  observations o f  biomass changes. Haynes (1971)  

a t t r i b u t e d  a d ra m a t ic  decrease  in Aphanizomenon flo s -a q u a e  Ralfs ex. Born. 

Flah. t o  t h e  r e d is t r ib u t io n  o f  th e  f i la m en ts  r a t h e r  than  a dec line  in th e  

popula t ion . Ridley e t  al. (1966) and Lackey (1973) found  t h a t  Anabaena 

increased during mixing. Lackey also found  t h a t  C eratium  hirudinella  0. F.

Mull, becam e m ore abu n d an t as a re s u lt  o f  mixing. Ryback (1985) r e p o r te d  t h a t  

species m ore typ ica l o f  w in te r /s p r in g  assemblages w e re  fav o u red  by mixing. 

Hickel (1978) showed t h a t  seasonal p e r io d ic i ty  did n o t  a pp ear  t o  have been  

a f f e c t e d  by mixing b u t  desmids became m ore p ro m in ent in a e u t ro p h ic  lake in 

East Holstein. There  a re  many m ore examples o f  th e  increases o r  decreases o f  

individual species (see Symons e t  al. 1970, T o e tz  e t  al. 1972).

The observations o f  Reynolds e t  al. (1983 1984) f ro m  t h e i r  e xp er im e n ts  in 

Lund enclosures suggested t h a t  t h e  responses o f  th e  p h y to p la n k to n  species and 

com m unity  t o  changes in w a t e r  column s ta b i l i ty  could be explained and p r e d ic te d  

more consis tantly  th a n  previous studies have allowed. The app licab il i ty  o f  

Reynolds w o rk  t o  w hole lake studies d epended  upon how well t h e  p a t te r n s  in 

physical s ta b i l i ty  achieved during Lund enclosure e xp er im e n ts  could be a t ta in e d  

in lakes and reservoirs .



This investigation  o f  p h y to p lan k to n  g ro w th  and p e r io d ic ity ,  as a response  

t o  a r t i f ic ia l  mixing was c a rr ie d  o u t  b e tw e e n  1981 and 1983 u n d er c o n t r a c t  t o  

Severn T r e n t  W a t e r  A u th o r i ty .  The research  to o k  place a t  tw o  reservo irs ,  

S ta u n to n  Harold and Forem ark  which lie on th e  L e ic e s te rsh ire /D erb y s h ire  b o rd e r  

some 30 km. t o  th e  n o r th w e s t  o f  L e ic e s te r .  The resu lts  o f  physical, chemical 

and p h y to p lan k to n  d a ta  f r o m  S taun to n  Harold, which was a r t i f ic ia l ly ,m ix e d  f o r  a 

s h o r t  period in 1981, and th ro u g h o u t  th e  summers o f  1982 and 1983 w e re  com pared  

w it h  contem poraneous d a ta  f r o m  th e  nearby. Forem ark  re se rvo ir  which was allowed 

t o  s t r a t i f y  in all t h r e e  years. The decision t o  use Forem ark  as a "control" 

was based upon d a ta  f r o m  previous studies, ma^de by th e  A u th o r i ty  (unpublished), 

which revealed t h a t  physical and chemical variables responded in similar ways 

and t h a t  th e  g ro w th  and p e r io d ic i ty  o f  p h y to p lan k to n  was also v e ry  similar.

The chemical d a ta ,  e x c e p t  f o r  pH, a lka lin ity  and c o n d u c t iv ity ,  was d e te rm in e d  

and made available by Severn T r e n t  W a t e r  A u th o r i ty .

A r e p o r t  which emphasises c e r ta in  aspects  o f  th is  w o rk  and t h e  implications  

f o r  reservo ir  m anagem ent has been published by Severn T r e n t  W a t e r  A u th o r i ty  

(Brierley 1985).
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CHAPTER 2. SITES AND METHODS.

2.1 THE STUDY SITES.

A p p ro x im a te ly  one t h i r d  o f  th e  w a te r  supplied in England and Wales is 

e x t r a c t e d  f r o m  impounded s to ra g e  reservo irs . Many o f  theses  a re  pumped s to ra g e  

reservo irs ,  usually s i tu a te d  away f ro m  t h e  r iv e r  channel which is being used as 

a source, in t h e  case o f  S ta u n to n  Harold and Forem ark  reservo irs , these  basins 

a re  impounded t r ib u ta r ie s  o f  t h e  lower River T r e n t ,  a b o u t  13 and 5 k i lom etres  

re sp e c t iv e ly ,  f ro m  t h e i r  source on th e  low er River Dove.

The River Dove c a tc h m e n t  has an area o f  100000 h e c ta re s  and lies in th e  

c e n t r e  o f  England t o  t h e  n o r th  o f  th e  main industr ia l conurbations  o f  t h e  east  

and w e s t  midlands. The geographical position o f  th e  Dove scheme is shown in 

Figure 1.

In  t h e  early  1950's, t h e  rising demand f o r  a new w a t e r  source in L e ic e s te r  

and th e  cou n ty  led t o  t h e  fo rm a t io n  o f  th e  River Dove W a t e r  Board in 1955. The  

initia l s tag e  comprised r iv e r  pumping s ta tions , t r e a t m e n t  w orks and aquaducts  

which becam e o p era t io na l in 1959. The scheme was e x te n d e d  in 1964 w i th  th e  

com plet ion  o f  S taun to n  Harold reservo ir  and again in 1976 when Forem ark  

reservo ir  was f i l le d .
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F igu re  1. The lo c a t io n  o f  t h e  re s e rv o i rs  and m a jo r  f e a t u r e s  o f  t h e  Dove 

d i s t r i b u t i o n  scheme.
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2.1.1 The s tu d y  reservoirs

2.1.1.1 S ta u n to n  Harold reservo ir .

S ta u n to n  Harold is loca ted  30 km t o  t h e  n o r th w e s t  o f  L e ic e s te r ,  (Grid SK 

3723) (Figure 1). The impounded valley is underla id  by shales w i th  g r i t  bands 

overly ing C arboniferous  lim estone ( to  d e p th s  o f  over 90 m e tre s )  a t  t h e  dam  

s ite ,  w i th  l im estone o u tc ro p p in g  a t  th e  u p stream  end o f  t h e  re se rvo ir .

W a t e r  can be draw n o f f  a t  t h r e e  d i f f e r e n t  dep th s , th ro u g h  d r a w - o f f  sluice  

valves and is th e n  pumped f ro m  a s ta t io n  below t h e  dam wall, th ro u g h  a s h o r t  

a q u e d u c t  t o  th e  t r e a t m e n t  works (Figure 2).

2.1.1.2 Forem ark  rese rvo ir .

Forem ark , also a pumped s to ra g e  reservo ir ,  was c o m p le ted  in a valley  

a d ja c e n t  t o  S taun to n  Harold some 7 km f ro m  th e  a b s t ra c t io n  s ta t io n  on t h e  River 

Dove and 5 km f ro m  Melbourne T r e a tm e n t  works (Grid SK 3323) (F igure  1).

This valley was f a r  f r o m  ideal, geologically, f o r  th e  s iting o f  a re se rvo ir  

as f issured  B u nter  sandstone overlies marl. W h e re  marl was absen t,  o u tc ro p s  o f  

C arboniferous  sandstone e x is te d .  Rolled marl had t o  be used t o  seal th e s e  

p erm eab le  s t r a t a  during c o n s tru c t io n .

Three  siphon d r a w - o f f  valves, a t  d i f f e r e n t  d e p th s  d ischarge w a t e r  in to  an 

a q u e d u c t  which is th e n  pumped t o  Melbourne t r e a t m e n t  w orks (Figure  3).

The physical c h a ra c te r is t ic s  f o r  b o th  reservo irs  a re  shown in Table 1.
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F ig u re  2. Plan o f  S ta u n to n  Harold r e s e rv o i r .  (* Buoys a t  w h ich  p h o to s y n th e s is  

and s e d im e n ta t io n  e x p e r im e n ts  w e re  c a r r ie d  o u t ) .

A p p r o x i m a t *  po s i t i o n  ol  p e r f o r a t e d  p i p e

W o r k s

R a w  w a t e r  a q u e d u c t

D r a w

2 0 0

F igu re  3. Plan o f  F o re m a rk  r e s e rv o i r .  (* Buoys a t  w h ich  p h o to s y n th e s is  and 

s e d im e n ta t io n  e x p e r im e n ts  w e re  c a r r ie d  o u t ) .
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TABLE THE PHYSICAL CHARACTERISTICS £F STAUNTON HAROLD AND

FOREMARK RESERVOIRS.

S taun to n  H a ro ld  Forem ark

C o n s t r u c t io n  c o m p le t io n  d a te 1964 1976

Volume, 10 m 6 . 3 6 13. 4

Area a t  to p  w a te r  l e v e l ,  ha 85 92

Maximum d e p th ,  m 23 32

Mean d e p th ,  m 

Catchm ent a r e a ,  ha

7 . 9

2590

14. 3

295

A verage a b s t r a c t i o n  r a t e ,  m^s ^ 0 . 6 6 0 . 84

Top draw o f f  l e v e l  

M id d le  draw o f f  l e v e l  

Bottom draw o f f  l e v e l

m. below  

T. W. L .

4 . 6 

1 0 . 2  

16. 4

7 . 7

13. 7

19. 7

N om inal r e t e n t i o n  t im e ,  days

1980

1981

1982

1 983*

106

115

102

108

173

159

139

120

March to  December i n c l u s i v e ,  as no re a d in g s  ta k e n  d u r in g  

th e  w a te r  s t r i k e  in  January  and F eb u ary .
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2.2 THE DESTRATIFICATION EQUIPMENT.

The d e s t r a t i f i c a t io n  system was designed by John Davis o f  th e  W a t e r  

Research C e n tre  f o r  use in S ta u n to n  Harold based on previous e xp e r ie n c e  (Davis 

1980). I t  consisted o f  an e le c tr ic a l ly  p o w ered  com pressor (Broomwade V85A -F3,  

CompAir In d u s tr ia l  L td .  High Wycom be, Bucks.) w i th  oil and p a r t ic le  f i l t e r s  and  

an a f t e r - c o o l e r .  These w e re  co n n e cted  t o  high den s ity ,  40 mm d ia m e te r  

p o ly th en e  p ip ew o rk , p e r f o r a t e d  f o r  t h e  last 150 m e tre s ,  which ran o u t  in to  t h e  

d e e p e s t  p a r t  o f  t h e  re se rvo ir  a t  r ig h t  angles t o  t h e  dam. In  o p era t io n ,  

com pressed a ir  l e f t  t h e  p ipe via t h e  holes, and rose t o  t h e  s u r fa c e  o f  t h e  

re se rvo ir  as a c u r ta in  o f  bubbles. This e n t ra in e d  w a t e r  f r o m  t h e  low er layers  

o f  th e  re se rvo ir  and b ro u g h t  i t  t o  t h e  s u r fa c e .  The system was designed t o  

c r e a te  local d e s t r a t i f i c a t io n  around th e  pipe, fo l low ed  by mixing o f  th e  whole  

re se rvo ir  and has been shown t o  be e f f e c t i v e  e lsew here  (Tolland 1977, Tolland  

e t  a/. 1978).

The e q u ip m e n t  was insta lled  a t  S ta u n to n  Harold in early  1981, th e  

com pressor being housed in t h e  pumping s ta t io n  below t h e  dam wall and t h e  p ipe  

running o ver th e  dam wall in to  t h e  reservo ir .  The last 150 m e tre s  o f  p ip ew o rk  

w e re  p e r f o r a t e d  w i th  0.5 mm holes d ril led  a t  0.3 m e t r e  in te rva ls  and th e  end o f  

t h e  pipe was closed. The p ipe  was anchored by ty in g  tw o  house bricks p e r  m e t r e  

o f  pipe which held i t  a p p ro x im a te ly  0.3 m e tre s  above t h e  bed o f  th e  re se rvo ir .  

The d e s t r a t i f ic a t io n  e q u ip m e n t  was o p era t io n a l in S ta u n to n  Harold by t h e  1st  

April 1981 and its* e f fe c t iv e n e s s  was te s te d  in S e p te m b e r ,  1981 (Appendix 7).

In  1981 and 1982 i t  is e s t im a te d  t h a t  th e  a ir  f lo w  f r o m  th e  com pressor was 

28.8 Is”  ̂ . In  1983 t h e  a ir f lo w  was reduced  t o  27 Is  ̂ which low ered  th e  demand  

on th e  com pressor.
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2.2.1 O perat ion  o f  th e  d e s t r a t i f ic a t io n  equ ip m en t.

Two m ethods o f  o p e ra t io n  o f  d e s t r a t i f ic a t io n  sytems have previously been  

used (Tolland 1977). The f i r s t  is continuous mode w h ereb y  t h e  system is run  

f r o m  b e f o r e  t h e  onset o f  s t r a t i f i c a t io n  t o  t h e  t im e  o f  natu ra l o v e r tu rn .  Here  

t h e  estab lish m ent o f  s t r a t i f i c a t io n  is p re v e n te d .  The second mode is 

i n t e r m i t t e n t ,  w h ereb y  s t r a t i f i c a t io n  is allowed t o  establish and th e n  th e  

system is o p e ra te d  un ti l  t h e  w a t e r  body is d e s t r a t i f ie d .  This is th e n  

r e p e a te d ,  as necessary, u n ti l  th e  end o f  th e  season.

2.2.1.1 I n t e r m i t t e n t  use.

In  1981 t h e  eq u ip m en t  was used in an i n t e r m i t t e n t  mode. S t r a t i f i c a t io n  was 

allowed t o  develop b u t  was b roken  down by s tro n g  winds and heavy rain in June  

and the rm a l s t r a t i f i c a t io n  did n o t  develop again. However t h e  re se rvo ir  became  

chemically s t r a t i f i e d  and was a r t i f ic ia l ly  mixed in la te  summer. The 

p e r f o r a t e d - p ip e  system was sw itched  on and i t  ran continuously f r o m  S e p te m b e r  

8 th  t o  th e  1 1 th  (68 hours running) by which t im e  th e  reservo ir  was c o m ple te ly  

d e s t r a t i f ie d  (see Appendix 7).

2.2.1.2 Continuous use.

In  1982 and 1983 t h e  p e r f o r a t e d  p ip e -s ys te m  was o p e ra te d  continuously  

(e x c e p t  f o r  s h o r t  periods o f  s toppage  due t o  p o w er fa i lu res  o r  f o r  m aintenance)  

f r o m  March 2nd t o  O c to b e r  1st (1982) and f r o m  April 7 th  t o  S e p te m b e r  2 1s t  

(1983).
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2.3 METHODS.

2.3.1 S ta t is t ic a l  methods.

The s ta t is t ic a l  methods as s ta te d  in Sokal and Rohlf (1969) w e re  used 

th r o u g h o u t  this  thesis. The convention o f  using asterisks re p re s e n t in g  

p ro b ab il i t ies  was also used th ro u g h o u t .  These w e re  as follows;

*  = 0.05 > P > 0.01, * *  = 0.01 > P > 0 .001, * * *  = P <  0.001

2.3.2 M etero loq ica l.

M eteoro log ica l d a ta  w e re  o b ta in ed  f r o m  t h e  S u t to n  Bonington A gricu ltu ra l  

School w e a th e r  s ta t io n  which is s i tu a te d  13 km t o  t h e  east o f  Melbourne  

T r e a t m e n t  works. The d a ta  used w e re  daily run o f  wind, maximum and minimum a ir  

t e m p e r a tu r e s ,  ra in fa ll  and solar rad ia t io n .

In  1982 and 1983, solar ra d ia t io n  was measured w ith  a CM5 s o la r im e te r  (Kipp 

and Zonen, D e l f t ,  Holland) s i tu a te d  on t h e  r o o f  o f  Melbourne t r e a t m e n t  w orks  

and th e  resu lts  re c o rd e d  on a Kipp and Zonen CC2 p r in t in g  in te g r a to r .  Variance  

in t h e  solar rad ia t io n  measured a t  t h e  tw o  sites was small e x c e p t  on cloudy  

days; a regression analysis b e tw e e n  t h e  tw o  sites showed a c o r re la t io n  

c o e f f i c ie n t  o f  0.97 w i th  134 d f  ( * * * ) .  I t  was t h e r e f o r e  feas ib le  t o  use t h e  

S u t to n  Bonnington d a ta  when no reco rd s  w e re  available f r o m  t h e  t r e a t m e n t  w orks.

Daily maximum and minimum a ir  te m p e r a tu r e s ,  ra in fa ll ,  and daily s p o t  

readings (10.00 and 14.00 hours) o f  wind speed and d ire c t io n  w e re  ta k e n  

th ro u g h o u t  th is  research  by th e  s t a f f  a t  t h e  t r e a t m e n t  works.

Wind speed and d ire c t io n  w e re  measured in t e r m i t t e n t ly  during 1982 and 1983
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using a A W R -500 p o rta b le  wind re c o rd e r  (V e c to r  In s tru m e n ts , Rhyll, Clywd) w hich  

was s itu a te d  a p p ro x im a te ly  2 m e tre s  above ground level and 10 m e tre s  fro m  th e  

dam a t  th e  e a s te r ly  c o rn e r o f  S ta u n to n  Harold re s e rv o ir .

2.3.3 Phvsical.

2.3.3.1 T e m p e ra tu re .

B etw een  March and O c to b e r 1981 and 1982, te m p e ra tu re  p ro file s  w e re  ta k e n  

fro m  nine th e rm is to rs  (G ran t In s tru m e n ts  L td .,  Cam bridge) which w e re  a tta c h e d  

to  th e  valve to w e rs  o f  b o th  reservo irs . The readings w e re  re c o rd e d  on G ran t  

continuous te m p e ra tu re  c h a r t  re c o rd e rs  a t  th r e e -h o u r ly  in te rv a ls .

2.3.3.2  Oxygen.

W eekly  te m p e ra tu re  and oxygen s a tu ra tio n  m easurem ents w e re  made w ith  a YSI 

model 57 com bined te m p e ra tu re  and dissolved oxygen m e te r  and p ro b e  (Yellow  

Springs In s tru m e n ts , Ohio, USA) a t  one m e tre  in te rv a ls  down th e  w a te r  colum n a t  

b o th  valve to w e rs .

2 .3.3.3 U n d e rw a te r  irrad ia n ce .

Ir ra d ia n c e  in th e  reservo irs  was m easured w eek ly  and during  photosynthesis  

e xp erim e n ts  w ith  a L I-1 8 5  quantum  m e te r  and u n d e rw a te r  quantum  sensor (L I-1 9 2 S )  

(L l-C o r, L incoln, USA) a t  h a l f -m e tr e  in te rv a ls  th ro u g h  th e  w a te r  colum n. This 

measures p h o to s y n th e tic a lly  a c tiv e  ra d ia tio n  (PAR) in th e  range 4 0 0 -7 0 0  nm. 

Ir ra d ia n c e  was also m easured a t  various tim es during  th e  s tu d y  w ith  a selenium  

photocell and m e te r  (Lake In s tru m e n t Co. L td ., W in d e rm e re ) w ith  re d  (RG2), 

green (VG9), and blue (BG12) S c h o tt  f i l t e r s  (Mainz, Germany) and an opal 

d iffu s in g  f i l t e r .
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V e rt ic a l a tte n u a tio n  c o e f f ic ie n ts , e, (In u n its  m"^)^ w e re  ca lc u la te d  using 

th e  re s u lts  o f  th e  ir ra d ia n c e /d e p th  p ro file s . The e u p h o tic  d e p th , Zeu, was 

d e fin e d  as th e  d e p th  a t  which irrad ia n ce  (PAR) was red u ced  to  17. o f  t h a t  

p e n e tr a t in g  th e  s u rfa c e  (Tailing, 1971).

2 .3 .3 .4  W a te r  tran s p are n cy .

W a te r  tra n s p a re n c y  was m easured w eekly  w ith  a 20 cm d ia m e te r  b lack and 

w h ite  q u a r te re d  Secchi disc.

2 .3 .3 .5  W a te r  column s ta b ility .

Two m easures o f  w a te r  colum n s ta b ility  w e re  used in th is  research ; th e  

Z m /Z eu  r a t io  and N^. Zm. th e  m ixed d e p th , was d e fin e d  as th e  d e p th  to  th e  to p  

o f  th e  th e rm o c lin e , which was d e fin e d  as th e  plane o f  maximum r a te  o f  d ecrease  

in te m p e ra tu re  (Hutchinson, 1957). In  th is  s tu d y  th e  maximum change over a 1 

m e tre  d e p th  in te rv a l was used. , th e  B runt-V asa la  fre q u e n c y , is th e  n a tu ra l 

fre q u e n c y  o f  osc illation  o f  a v e r t ic a l f lu id  colum n, given a small d isp lacem en t 

fro m  equ ilib riu m  (S ephton  and Harris, 1984). Phillips (1965) and Boyce (1974) 

gave th e  fo llo w in g  d e fin it io n :

P - g d Q
N -  —-.........  (sec )

Qdz

w h ere  g is th e  a c c e le ra tio n  due to  g ra v ity  

Q is th e  d en s ity  o f  w a te r  a t  4°C 

and d g /d z  is th e  d en s ity  g ra d ie n t  over a s p e c ified  d e p th  in te rv a l.

2
A high value o f  N in d ica tes  t h a t  d en s ity  g ra d ie n ts  a re  in ten se  and as a 

re s u lt  th e  re s is tan c e  to  m ixing is high. values w e re  c a lc u la te d  fro m  th e  

w eekly  te m p e ra tu re  d e p th  p ro file s .
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2.3.4 C o llectio n  o f  w a te r  samples.

D is c re te  d e p th  samples w e re  ta k e n  w eek ly  b e tw e e n  March and O c to b e r fro m  

1981 to  1983. Samples w e re  ta k e n  using e ith e r  a 2 l i t r e  F rie d in g er b o t t le  

(Hans Buchie, Berne, S w itze rla n d ) o r a 2.5 l i t r e  N ational In s t i t u t e  o f  

Oceanography sam pler (NIO, Godalming, S urrey) fro m  th e  valve to w e rs  a t  th e  

fo llo w in g  d e p th s :-  S ta u n to n  Harold re s e rv o ir: 0, 1.5, 3, 8 (1981), o r 8 (1982  

and 1983), 10 and 14 m below  th e  s u rfa c e  and a t  F o rem ark  re se rvo ir: 0, 1.5, 3,

8, 14 and 20 m below  th e  w a te r  s u rfa c e . The valve to w e rs  w e re  chosen as th e  

re g u la r sampling s ite  due to  ease o f  access u n d er all w e a th e r  cond itions. This 

was v a lid a ted  by a series o f  b o a t surveys. The b o a t survey d escrib ed  in 

Appendix 7 illu s tra te s  th e  e ffe c tiv e n e s s  o f  th e  d e s t r a t if ic a t io n  system  aswell 

as va lid a tin g  th e  use o f  th e  valve to w e r  in S ta u n to n  Harold as th e  

r e p re s e n ta t iv e  sampling s ite , as does th e  survey d escrib ed  on page 97 and on 

page 103 f o r  Forem ark .

B etw een  O c to b e r and March sampling was red u ced  to  fo r tn ig h t ly  in te rv a ls  and 

a 10 m p o ly th en e  hose sam pler (Lund and Tailing 1957) was used. Q u a lita tiv e  

samples o f  p h y to p lan k to n  w e re  ta k e n  by to w in g  a 50 pm  mesh v e rt ic a lly  th ro u g h  

th e  w a te r  column fro m  10 m e tre s  to  th e  s u r fa c e . These samples w e re  used f o r  

id e n t if ic a t io n  purposes.

2.3.5 Chemical.

Samples f o r  chem ical analysis w e re  ta k e n  w eek ly  a t  th e  valve to w e rs  fro m  

th e  d ep th s  n o te d  above. Samples w e re  s to re d  in 2 l i t r e  p o ly th en e  b o tt le s ,  

e x c e p t th o se  needed f o r  th e  d e te rm in a tio n  o f  ammonia which w e re  c o lle c te d  in 

small (90 ml) glass b o tt le s  w ith  ground glass s to p p e rs . On re tu rn in g  to  th e  

la b o ra to ry  (w ith in  3 hours o f  co llec tio n ) sub-sam ples w e re  p re p a re d  by 

f i l te r in g  a volum e o f  w ell shaken sample th ro u g h  W hatm an GF/C glass f ib r e
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f i l t e r  papers, previously washed w ith  TOO ml o f  d is tille d  w a te r . F ilt ra t io n  was 

c a rr ie d  o u t u n d er a vacuum w ith  a suction  p ressure  o f  a p p ro x im a te ly  100 mmHg. 

Samples o f  f i l t e r e d  and u n f i l te r e d  w a te r  w e re  s to re d  in 700 ml po lyth en e  

b o tt le s  in a r e f r ig e r a to r  a t  3 to  4 p r io r  to  analysis. Chemical analysis 

(e x c e p t  f o r  pH and a lka lin ity ) w e re  c a rr ie d  o u t by Soar Division s t a f f  a t  th e  

Divisional la b o ra to ry , L e ic e s te r . The m ethods o f  analysis a re  given in Table  

2. Regular checks o f  unknown stan dard s  w e re  m ade be STWA s t a f f  as p a r t  o f  

th e ir  ro u tin e  w o rk . F ilte re d  samples w e re  used f o r  silicon fro m  March 1981 to  

June 1982 b u t u n fo r tu n a te ly  due to  an e r r o r  u n f i l te r e d  samples w e re  used fro m  

th e n  on. F ilte re d  samples w e re  used f o r  all o r th o -p h o s p h a te  d e te rm in a tio n s  

w h ils t u n f i l te r e d  w a te r  was used f o r  n i t r a te ,  ammonia (prec is ion  57), pH, 

a lka lin ity , c o n d u c tiv ity , iron , manganese. All d e te rm in a tio n s  w e re  c o m p le ted  

w ith in  4 days o f  c o lle c tio n  (e x c e p t w h e re  re p e a ts  o f  c e r ta in  analyses had to  be  

c a rr ie d  o u t). C o n d u c tiv ity  was m easured w ith  a Chandos c o n d u c tiv ity  m e te r  and 

e le c tro d e  (Chandos In te rc o n t in e n ta l,  S to c k p o rt)  and pH using e ith e r  an EIL 7065  

(K en t In d u s tr ia l M easurem ents, C hertsey , Surrey) o r a Phillips PW 9409 pH m e te r  

(Phillips, Cam bridge) w ith  a glass and calomel com bined e le c tro d e . These 

analyses w e re  always c a rr ie d  o u t on th e  same day as c o lle c tio n .

2.3.6 Biological.

Samples f o r  biological analysis w e re  ta k e n  a t  w eek ly  in te rv a ls  th ro u g h o u t  

th e  s tu d y  fro m  th e  valve to w e rs . D is cre te  o r in te g ra te d  samples w e re  ta k e n  as 

d escrib ed  above.

2.3.6.1 P h y to p lan kto n  counts.

Samples f o r  algal cou n tin g  w e re  p re se rve d  im m ed ia te ly  w ith  a c id if ie d  

Lugol's iodine. Algae w e re  co u n ted  w ith  a W ild  M40 in v e rte d  m icroscope (E. 

L e itz , UK L td ., L u ton ) and 10 ml W ild  s ed im e n ta tio n  cham bers. The m ethod  used
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T A B L E  2 .  S U M M A R Y  OF M E T H O D S  FOR C H E M I C A L  A N A L Y S E S

DETERMINAND METHOD REFERENCE

Am m oniacal

N itro g e n

M o d if ie d  B e r th o le t  ChemLab In s tru m e n ts

r e a c t io n  Method s h e e t CW2-

0 0 8 -1 1 , 1981

N i t r a t e

N itro g e n

A zo -d ye  r e a c t io n  Chemlab In s tru m e n ts

Method s h e e t CW2- 

0 6 8 -0 1 , 1978

S i l i c a  as SiO Ammonium m o ly b d a te  WRC L a b o ra to ry

Ansa r e a c t io n  m ethod, 1975

O rth o -p h o s p h a te  M o d if ie d  D enige I n s t i t u t e  o f

r e a c t io n  E n g in e e r s ,1960, p44

pH D .O .E . 1972, p47

C o n d u c t iv ity D .O .E . 1972, p45

A l k a l i n i t y D .O .E . 1972, p52

Iro n

Manganese

S ta n d a rd is e d  STWA m ethodology u s in g

a to m ic  a b s o rp tio n  s p e c tro p h o to m e te r
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was based on t h a t  o f  U term oh l (1931) w ith  th e  m o d ifica tio n s  o f  Lund, Kipling 

and LeCren (1958 ). The volum e o f  sample sed im en ted  was d e p e n d e n t on th e  algal 

d e n s ity  in th e  sample and was a d ju s te d  accord ingly; i t  ranged fro m  3 to  10 ml.

P re lim inary  com parisons and te s ts  o f  d i f f e r e n t  cou n tin g  m ethods w e re  

c a rr ie d  o u t  d uring  th e  early  spring o f  1981. The resu lts  and recom m endations  

a re  re p o r te d  in Appendix 1.

The e f f o r t  involved in a tta in in g  th e  usual d e g re e  o f  accuracy  a t  tim es  o f  

v ery  low algal biomass, e ith e r  by c o n c e n tra tio n  o f  samples o r th e  e x t r a  t im e  

involoved in cou n tin g , was fo u n d  to  be p ro h ib itiv e . I t  was d ec id ed , a f t e r  

p re lim in a ry  com parisons, te s ts  o f  counting  m ethods and th e  t im e  

available, t h a t  a maximum o f  5 t ra n s e c ts  (large  algae) and 50 fie ld s  

(nanop lankton ) would be c o u n te d .

B etw een  March and O c to b e r 1981, algal counts  w e re  c a rr ie d  o u t on all th e  

d e p th  samples fro m  each re s e rv o ir . During th e  w in te r  o f  198 1 /1 9 82  one c o u n t  

f o r  each re s e rv o ir  was made on th e  in te g ra te d  h o se -p ip e  sam ple. W hen th e  

rese rvo irs  w e re  m ixed w ith  re s p e c t to  th e  algae in 1982 and 1983 (as shown by 

chlorophyll d e p th  p ro file s ) a sub-sam ple fro m  0, 6, and 14 m (S tau n to n  Harold) 

and 0, 8, and 20 m (Forem ark) was m ixed to g e th e r  and an a liq u o t o f  th e  

" in te g ra te d  " sample used f o r  th e  co u n t. W hen th e  algae w e re  s t r a t i f ie d  counts  

w e re  made on th e  samples fro m  0, 8 and 14 m (S tau n to n  Harold) and 0, 8 and 20 m 

(Fo rem ark).

I t  is n o t possible to  c a lc u la te  th e  t r u e  g ro w th  r a te  (p) fro m  cell counts  

as g ro w th  and loss o f  p h y to p lan k to n  cells occurs sim ultaneously. The g ro w th  

ra te s  can only be a p p ro x im a te d  in special cases, f o r  in s tan ce  d iatom s, w h e re  

th e  fru s tu le s  o f  dead cells can be co u n ted  which allow e s tim a te s  o f  g ro w th  and 

d e a th  (Reynolds e t  a/. 1982, Somm er 1984). In  th is  s tu d y  calcu lations have

24



b een  r e s t r ic te d  to  th e  n e t  r a te  o f  p o pulation  d en s ity  change (kn d " \_  which  

can be c a lc u la te d  fro m  cell counts  using th e  e q u a tio n  given in Somm er (1981):

kn = dN /  N. d t  = InN^ -  InN^ /  t1  -  tO  

w h e re :

num ber o f  cells in th e  w a te r  column a t  t im e  

is th e  num ber o f  cells in th e  w a te r  column a t  t
1

2 .3 .6 ,2  Chlorophyll analysis.

Samples f o r  ch lorophyll analysis w e re  ta k e n  a t  th e  same tim es and d ep th s  as 

given above and also during  th e  photosynthesis  e xp e rim e n ts  (see below ). The 

m eth o d  used was based upon t h a t  o f  Tailing and D river (1963) w ith  m o d ifica tio n s  

as given in Youngman (1978) using boiling 907. m ethanol as th e  so lven t. The 

volum e o f  w a te r  f i l t e r e d  f o r  th e  e x tra c t io n  dep en ded  on th e  q u a n tity  o f  algae  

p re s e n t in th e  sample; ranging fro m  300 ml to  2 l it re s . The absorbance o f  th e  

e x t r a c te d  chlorophyll was m easured a t  B65nm on a Cecil CE393 o r CE292 

s p e c tro p h o to m e te r  (Cecil In s tru m e n ts  L td ., C am bridge). All chlorophyll 

analyses w e re  c a rr ie d  o u t on th e  same day as c o lle c tio n .

2.3.7 Boat survevs.

During 1980 and 1982, several b o a t surveys w e re  c a rr ie d  o u t to  

in v e s tig a te  th e  h o riz o n ta l and v e r t ic a l d is tr ib u t io n  o f  s e le c te d  limnological 

p a ra m e te rs  in b o th  th e  a r t i f ic ia l ly  m ixed re s e rv o ir  and th e  s t r a t i f ie d  

'c o n tro l' re s e rv o ir . Dissolved oxygen, te m p e ra tu re  and chlorophyll w e re  

m easured a t  various s ites  in th e  main basin o f  each re s e rv o ir .

Chlorophyll was m easured e ith e r  by th e  e x tra c t io n  o f  th e  p igm ent fro m
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d is c re te  samples (as above) o r by th e  use o f  in v/vo f lu o r im e try  (Lorenzen  

1966). W a te r  was pum ped fro m  th e  various d e p th s , via a g arden  hose, using a 12 

v o lt  Jabsco "puppy" pump (ITT Fluid Handling L td ., Hoddesdon, H erts .) po w ered  

by a c a r  b a t te r y .  Chlorophyll f lu o res ce n ce  was m easured w ith  an Aminco f lu o ro  . 

-c o lo u r im e te r  (Am erican In s tru m e n t  Company, Maryland, USA) f i t t e d  w ith  a la rg e  

volum e f lo w -th ro u g h  ce ll, a blue lamp (4 0 5 -4 3 6  nm), a R136 p h o to m u ltip lie r , a 

blue p rim ary  f i l t e r  and a re d  secondary f i l t e r .  The o u tp u t  was re c o rd e d  on a 

Servogor M c h a r t  re c o rd e r  (G oerz E le c tro , Vienna, A u stria ).

Both f lu o r im e te r  and re c o rd e r  w e re  p o w ered  by a E800 p o rta b le  g e n e ra to r  

(Honda M o to r Co. L td ., Chiswick, London). Background flu o res ce n ce  o f  th e  

re s e rv o ir  w a te r  was z e ro -a d ju s te d  on th e  f lu o r im e te r  by passing a GF/C f i l t e r e d  

sample th ro u g h  th e  f lu o r im e te r  p r io r  to  com m encing th e  survey. O u tp u t fro m  th e  

f lu o r im e te r  was in re la t iv e  flu o res en c e  u n its  (RFU). A c a lib ra tio n  o f  

flu o re s c e n c e  to  chlorophyll was made on each occasion, by ta k in g  a t  leas t f iv e  

samples o f  w a te r  leaving th e  f lu o r im e te r  and e x tra c t in g  in boiling 90% m ethanol 

on re tu rn in g  to  th e  la b o ra to ry  (see ro u tin e  m o n ito rin g ).

This in v/vo m ethod  proved  to  be qu ick  and allowed a la rge  num ber o f  s ites  

to  be s tu d ie d  b u t th e  f lu o r im e te r  was fo u n d  to  be e x tre m e ly  sensitive  and g re a t  

c a re  had to  be ta k e n  when using th e  eq u ip m e n t in a b o at.

2.4 EXPERIMENTAL METHODS.

2.4.1 P hvtoD lankton  S e d im e n ta tio n .

S ed im en ta tio n  was m easured in b o th  re servo irs  during  1982 and in S ta u n to n  

Harold only in 1983, using tw o  d i f f e r e n t  ty p e s  o f  s ed im e n ta tio n  t r a p .  Both  

typ es  w e re  sim ple persp ex  cylinders. Cylinders o f  ty p e  A w e re  1 m in le n g th
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w ith  a d ia m e te r  o f  9.3 cm and an a sp ec t ra t io  ( ra t io  o f  le n g th  t o  d ia m e te r) o f  

1:10.7 (P la te  1 ). Those o f  ty p e  B w e re  29.5 cm long w ith  a d ia m e te r  o f  10,7 cm 

and an a s p e c t ra t io  o f  1:2.8 (P la te  2).

The tra p s  w e re  held in pairs on fram e s  and suspended a p p ro x im a te ly  14 m 

below th e  w a te r  s u rfa c e  a t  one s ite  in each re s e rv o ir  in 1982 and a t  tw o  sites  

in S ta u n to n  Harold in 1983 (Figures 2 and 3). The m ooring system  consisted  o f  

an anchor w e ig h t on th e  b o tto m  and a ro p e  o n to  which th e  t r a p  fra m e  was 

a tta c h e d  leading to  a s u b -s u rfa c e  buoy, w hich k e p t  th e  th e  ro p e  s tre tc h e d  and 

th e  tra p s  v e r t ic a l. The s u b -s u rfa c e  buoy was a tta c h e d  to  a s u rfa c e  buoy. Both  

typ es  o f  t r a p  and th e ir  m ooring system s w e re  designed accord ing  to  th e  

recom m endations  o f  Bloesch and Burns (1980) and Reynolds e t  al. (1980).

The tra p s  w e re  re c o v e re d , e m p tie d , re f i l le d  w ith  ta p  w a te r  ( to  avoid  

con tam in a tio n  o f  th e  tra p p e d  m a te ria l when th e r e  w e re  high algal num bers in th e  

epilim nion) and rep laced  usually every  14 days. The tra p p in g  periods ranged  

fro m  7 t o  22 days. The sed im en t fo rm e d  a "solid" layer in th e  b o tto m  o f  th e  

tra p s  on v ir tu a lly  every  occasion. The volum e o f  sample to  be re tu rn e d  to  th e  

la b o ra to ry  f o r  analysis was red u ced  by c a re fu l siphoning. I f  th e  sed im ent in 

th e  tra p s  was d is tu rb e d  on re co v ery , all o f  th e  c o n te n ts  w e re  d iscard ed .

The to ta l  volum e o f  w a te r  and sed im ent in each t r a p  was e s tim a te d  in a 

m easuring c y lin d er and th e n  w e ll-m ix e d  subsamples w e re  ta k e n  t o  e s tim a te  algal 

biomass, m easured as ch lorophyll a. The volum e o f  subsample f i l t e r e d  varied  

b e tw e en  5 and 30 ml.

Q u a lita tiv e  observations o f  th e  algal species p re s e n t was m ade using th e  

sed im e n ta tio n  tu b es  and th e  W ild  M40 in v e rte d  m icroscope. The dom inant algae  

w e re  n o te d  on each occasion.
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P la te  1. Type A s e d im e n ta t io n  t r a p s  held by f ra m e  in pa irs .

P la te  2. Type B s e d im e n ta t io n  t r a p s  held by f r a m e  in pairs .



-2  -  2 .
The re s u lts  w e r e  expressed area lly  (cm o r  m ) and as an a c c re t io n  r a te  

as fo llo w s :-

y X t o t a l  vo lum e  o f  w a t e r  p lus s e d im e n t
Y = -----------------------------------------------------------------------------

a rea  o f  t r a p  x  t im e  o f  e x p o s u re

w h e re  Y was th e  a c c re t io n  r a te  

and y was th e  c o n c e n tra t io n  o f  chlorophyll a.

2.4.2 P h v to D lan kto n  photosynthesis.

P h y to p lan kto n  photosynthesis  was m easured in b o th  re servo irs  a t  in terva ls  

varying fro m  a w eek  to  a m onth  b e tw e e n  March and O c to b e r in 1982 and 1983 using 

th e  oxygen lig h t and d ark  b o t t le  te c h n iq u e  (G aarder and Gran, 1927).

R eservoir w a te r  was ta k e n  fro m  d i f f e r e n t  d ep th s  using a 2 l i t r e  F rie d in g er  

b o t t le  o r a 5 l i t r e  Hydrobios sam pler (Hydrobios GmbH, AM Jag ersb erg , W. 

Germany).

All p re ca u tio n s  and recom m endations given in V o llen w eid er (1989 ) w ere  

adhered  to .

Pyrex b o tt le s  w e re  f il le d  fro m  th e  sam pler and th e n  suspended in pairs on 

h o rizo n ta l fram es  (P la te  3) a t  d ep th s  th ro u g h o u t th e  e u p h o tic  zone by a 

v e r t ic a l le n g th  o f  ro p e  suspended fro m  a buoy. A s u p p o rt fra m e  was c o n s tru c te d  

fro m  tw o  1 gallon p o ly th en e  co n ta in e rs  jo in e d  by a w ooden pole which minim ized  

any shading o f  th e  s u rfa c e  b o tt le s . An a d d itio n a l pair o f  b o tt le s  was darkened  

w ith  a double layer o f  "Scotch" insulating ta p e  to  p rovide  a m easure o f  

re s p ira tio n . The exposure t im e  varied  b e tw e e n  2 and 4 hours around midday.
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The e x p e rim e n ts  w e re  c a rr ie d  o u t a t  a f ix e d  s ite  in each re s e rv o ir  (Figures  

2 and 3).

The oxygen c o n te n t  o f  th e  b o tt le s  was d e te rm in e d  by th e  W in k le r m eth o d , 

using th e  re ag e n ts  given in G o lterm an (1969 ). The end p o in t o f  th e  back  

t i t r a t io n  was d e te c te d  a m p e ro m e tr ic a lly  using th e  m ethod  d escrib ed  by Tailing  

(1973) to  an accuracy  o f  + / -  0.03m gl . The d en s ity  o f  p h y to p la n k to n  was

e s tim a te d  as ch lorophyll a.

Solar ra d ia tio n  f o r  th e  exposure  p erio d  was re c o rd e d  e ith e r  a t  M elbourne

t r e a tm e n t  w orks o r a t  S u tto n  Bonnington A g ric u ltu ra l School, All m easurem ents

- 2  -1  - 2  -1 - 2  -1 
w e re  c o n v e rte d  to  pEm s (1 Jem min = 833 pEm s ) to  make th em

com parable  w ith  c u r r e n t  l i t e r a tu r e .

In  1983, several double e x p e rim e n ts  w e re  run a t  th e  same s ite . One s e t o f  

b o tt le s  (300 ml c a p a c ity  + / - 5  ml) w e re  exposed in s itu  (ie. th e y  w e re  

resuspended a t  th e  d e p th  fro m  which th e  sample had been ta k e n ) w h ils t th e  o th e r  

s e t (125 ml c a p a c ity + /-2  ml) w e re  exposed a t  th e  same d ep th s  as th e /n  s /tu  

b o tt le s  b u t w ith  th e  algal suspensions all fro m  one d e p th . Several e x p e rim e n ts  

w e re  c a rr ie d  o u t a t  th e  beginning o f  th e  season to  in v e s tig a te  w h e th e r  b o t t le  

size had any s ig n ific a n t e f f e c t  on p ro d u c tio n  ra te s .
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P la te  3. Frame f o r  h o ld in g  p r im a r y  p r o d u c t i v i t y  b o t t l e s  in pa irs . L ig h t  

b o t t l e s  a re  held h o r iz o n ta l l y  and d a rk  b o t t l e s  a re  p laced  in t h e  v e r t i c a l  

cham bers .  (The d a rk  b o t t l e s  a re  he ld  in t h e  g re y  cham be r) .
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CHAPTER 3. THE METEROLOGICAL. PHYSICAL AND CHEMICAL CHARACTERISITCS.

3.1 METEOROLOGICAL CHARACTERISTICS OF THE AREA.

The m eteo ro lo g ica l d a ta  re p o r te d  h e re  a re  th o se  fro m  S u tto n  Bonnington  

A g ric u ltu ra l school.

The s tu d y  area  has a c lim a te  ty p ic a l o f  th e  Midlands and is n o t norm ally  

s u b je c t  to  any c lim a tic  e x tre m e s .

The lo w est a ir  te m p e ra tu re  re c o rd e d  was -1 5 .8  °C  once during  th e  1 9 8 1 /1 9 8 2  

w in te r . Maximum te m p e ra tu re s  varied  fro m  26.6 to  30.5  °C . The annual ranges  

a re  shown in Table 3.

Average m onth ly  mean maximum and minimum screen  te m p e ra tu re s  w e re  v ery  

sim ilar b e tw e e n  years (Table 4).

Annual ra in fa ll was re la t iv e ly  c o n s ta n t, ranging fro m  601 mm in 1981 to  680  

mm in 1982. H ow ever m onth ly ra in fa ll was highly variab le . The low est ra in fa ll 

was 4 mm in August 1982 and th e  h ighest was 142 mm in July 1982. M onthly  

ra in fa ll to ta ls  f o r  th e  p eriod  o f  s tu d y  a re  given in Table 5.

Annual daily  mean o f  solar ra d ia tio n  was c o n s ta n t around 250 m il l iw a tt  

- 2  - 2hours cm (m W hr cm ). The seasonal p a t te r n ,  on a m onth ly  basis is shown in

- 2
Table 6. The low est mean daily irra d ia n c e  was 53 m W hr cm in D ecem ber 1982

- 2
and th e  h ighest was 505 m W hr cm in July 1983.

3 %



T A B L E  3 ^  A N N U A L  R AN GES  OF AJLR T E M P E R A T U R E  ( ° C )

Maximum Minimum

1980 26 . 6  - 9 . 2

1981 26. 7  - 1 5 . 3

1982 28 . 7  - 1 5 . 8

1983 3 0 . 5  - 6 . 9
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M onthly means o f  daily  run o f  wind varied  l i t t l e  and ranged fro m  144 km in 

July 1983 t o  398 km in January 1983 (Table 7). No d is t in c t  seasonal p a t te r n  

was a p p a re n t, b u t th e r e  was a ten d en c y  f o r  run  o f  w ind to  be low er in th e  

sum m er, as shown by th e  mean m onth ly fig u re s .

3.2 PHYSICAL CHARACTERISTICS OF THE RESERVOIRS.

3.2.1 T e m p e ra tu re  and oxygen.

3.2.1.1 The normal seasonal p a t te r n .

Previous Severn T r e n t  W a te r  A u th o r ity  m o n ito rin g  showed t h a t  th e  s tu d y  

reservo irs  fo llo w ed  a d im ic tic  p a t te r n  o f  s t r a t i f ic a t io n  w ith  a perio d  o f  

th e rm a l s t r a t i f ic a t io n  occuring  b e tw e e n  e arly  sum m er and autum n. This is 

i l lu s tra te d  during th e  s tu d y  p eriod  by th e  v aria tio n s  in te m p e ra tu re  in 

Forem ark , 1981 (F igure 4). From  January to  March th e  re s e rv o ir  was fu lly  m ixed  

and th e  w a te r  te m p e ra tu re  low. In  March s u r fa c e  w a te r  te m p e ra tu re s  increased  

and a s lig h t s t r a t i f ic a t io n  ap p eared . In  la te  March th ro u g h  to  early  May th e  

re s e rv o ir becam e iso th erm al, w ith  w a te r  te m p e ra tu re s  reaching 7 °C . In  early  

May, th e  w a te r  te m p e ra tu re  increased rap id ly  and a th e rm o c lin e  s ta r te d  to  fo rm  

a t  around 12 m below  th e  s u rfa c e  in mid May. A t th e  begining o f  June th e  

th e rm o c lin e  was depressed  by winds and rem ained  b e tw e e n  12 and 18 m below  th e  

s u rfa c e  f o r  th e  r e s t  o f  th e  sum m er. M ic r o -s tr a t i f ic a t io n  o c c u rre d  b e tw e e n  4 

and 8m in mid July and August w ith  s u rfa c e  te m p e ra tu re s  o f  18 °C  as a re s u lt  o f  

increased in p u t o f  solar ra d ia tio n . W a te r  te m p e ra tu re s  s ta r te d  to  d ecrease  

fro m  mid S e p te m b e r onw ards and th e  autum nal o v e r tu rn  o c c u rre d  a t  th e  end o f  

S ep te m b er. The re s e rv o ir  was iso therm al by mid O c to b e r and th e  w a te r  co n tin u ed  

to  cool to  a low o f  6 °C  in Decem ber.

Maximum sum mer te m p e ra tu re s  o f  22 °C  a t  th e  s u r fa c e  o c c u rre d  in S ta u n to n
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F ig u re  4. V a r ia t i o n s  in t h e  t e m p e r a t u r e  o f  F o r e m a r k  d u r i n g  1 981. ( I s o p le t h

va lues  a re  °C).

CD CO o
CNi

o CM
CO COo eg

( u ) H l d 3 a
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Harold and F o rem ark  in 1983 and th e  minimum was 2 °C in b o th  reservo irs  during  

th e  1 9 8 2 /1 9 8 3  w in te r .

In te r r e la te d  to  th is  th e rm a l s t r a t i f ic a t io n  w e re  th e  v aria tio n s  in 

dissolved oxygen c o n c e n tra tio n s . These c o n c e n tra tio n s  u n d e rw e n t a sim ilar 

p a t te r n  o f  seasonal change and a re  i l lu s tra te d  h e re  by th e  changes in Forem ark  

during  1981 (F igure  5). Thro u gh o u t th e  w in te r  m onths th e  re s e rv o ir  was well 

m ixed and th e  w a te r  was s a tu ra te d  w ith  dissolved oxygen. The dissolved oxygen  

in th e  hypolim nion began to  d ecrease  as th e  sum m er progressed  and th e rm a l 

s t r a t i f ic a t io n  develo ped , u n til it ,  was below  1 % s a tu ra tio n  in August and 

S e p te m b e r. The dissolved oxygen a t  th e  s u r fa c e  rose to  1207. s a tu ra tio n  in May 

and June, 1107. in mid July and to  1307- in la te  August and early  S e p te m b e r. All 

o f  th e s e  peaks co incided  w ith  peaks o f  high algal biomass and suggested high 

p h y to p la n k to n  p ro d u c tio n . The autum nal o v e r tu rn  in la te  S e p te m b e r re s u lte d  in 

th e  mixing o f  w a te r  f ro m  th e  anaerob ic  hypolim nion w ith  w ell oxyg en ated  w a te r  

fro m  th e  epilim nion and by mid O c to b e r th e  re s e rv o ir  was s a tu ra te d  th ro u g h o u t  

th e  w a te r  colum n.

The varia tio n s  o f  te m p e r a tu r e  and dissolved oxygen in 1981 a re  shown in 

Figures 6 and 7 f o r  S ta u n to n  Harold.

The d is tr ib u t io n  o f  iso therm s and th e  fo rm a tio n  o f  th e  th e rm o c lin e  in 

S tau n to n  Harold during  May and June 1981 (F igure  6) was id e n tic a l to  th e  

isotherm s f o r  F o rem ark  (F igure  4). N a tu ra l d e s t r a t if ic a t io n  to o k  place in 

S tau n to n  Harold during  e a rly  June as a re s u lt  o f  s tro n g  winds and heavy rain  

and th e  w a te r  column becam e iso therm al. The cool cond itions  t h a t  p reva iled  f o r  

th e  re s t  o f  th e  sum m er did n o t p ro d u ce  s t r a t i f ic a t io n .  As re p o r te d  above, 

s tr a t i f ic a t io n  co n tin u ed  in Forem ark  as a re s u lt  o f  th e  g r e a te r  d e p th  and th e  

th e rm o c lin e  lay b e tw e e n  12 and 18 m below  th e  s u rfa c e  f o r  th e  re s t  o f  th e  

summer.
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F ig u re  5. V a r ia t io n s  in t h e  d is s o lv e d  o x y g e n  o f  F o re m a r k  d u r i n g  1981.

( I s o p le t h  va lues  a re  % s a t u r a t i o n ) .
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F ig u r e  6. V a r ia t i o n s  in t h e  t e m p e r a t u r e  o f  S t a u n t o n  H a ro ld  d u r i n g  1981

( I s o p le t h  va lues  a re  °C ). A r r o w s  i n d i c a t e  p e r io d s  o f  a r t i f i c i a l  m ix in g .
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F ig u r e  7. V a r ia t i o n s  in t h e  d is s o lv e d  o x y g e n  o f  S t a u n t o n  H a ro ld  d u r i n g  1981

( I s o p le t h  va lues  a re  7. s a t u r a t i o n ) .  A r r o w s  i n d i c a t e  p e r io d s  o f  a r t i f i c i a l

m i x i n g .
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s t r a t i f ic a t io n  o f  th e  dissolved oxygen in S ta u n to n  Harold during  1981 was 

m ain ta ined  even though th e r e  was no th e rm a l s t r a t i f ic a t io n  (F igure  20) and th e  

dissolved oxygen fe ll to  below  10'/ in th e  hypolim nion in August and S e p te m b e r.

3 .2 .1 .2  A r t if ic ia lly  m ixed p a t te r n .

A r t if ic ia l d e s t r a t if ic a t io n  was induced b e tw e e n  th e  8 th  and 1 1 th  S e p te m b e r. 

F igure  8 shows th e  changes in te m p e ra tu re  a t  th e  valve to w e r  over th e  

d e s t r a t i f ic a t io n  period  and although th e r e  was only a te m p e ra tu re  d if fe r e n c e  o f

2.5 ° c  b e fo re  th e  e q u ip m e n t was sw itch ed  on, a f t e r  3 days o f  continuous  

o p e ra tio n  th e  re s e rv o ir  was iso th erm al. The dissolved oxygen p ro file s  showed a 

m arked  s tr a t i f ic a t io n  b e fo re  mixing b u t w ith in  3 days th e  d is tr ib u t io n  had 

becom e even w ith  d e p th  (F igure  9) and th e r e  had been an increase in th e  to ta l  

dissolved oxygen th ro u g h o u t th e  resevo ir as a re s u lt  o f  oxygenation  a t  th e  

s u rfa c e . The algal populations w e re  in itia lly  s t r a t i f ie d ,  b u t  again w ith in  3 

days th e  chlorophyll was evenly d is tr ib u te d  w ith  d e p th  (F igure  10) and an 

in crease  was n o te d  which coincided w ith  th e  a r t i f ic ia l  m ixing. Appendix 7 

shows t h a t  th e s e  observations  o f  te m p e ra tu re  and dissolved oxygen, made a t  th e  

valve to w e r , r e f le c te d  tho se  in th e  main body o f  th e  re s e rv o ir.

In  th e  summers o f  1982 and 1983 s t r a t i f ic a t io n  in S ta u n to n  Harold was 

p re v e n te d  by a r t i f ic ia l ,  continuous mixing w h ils t F o rem ark  was allowed to  

s t r a t i f y .  F igures 11 and 12 show th e  te m p e ra tu re  d if fe r e n c e  b e tw e e n  th e  

s u r fa c e  and th e  b o tto m  o f  th e  rese rvo irs . In  1982 th e  maximum te m p e ra tu re  

d if fe r e n c e  was 3.3 °C on 7 th  June, com pared  to  13.25 °C  in F o rem ark  w h ils t in 

1983 th e  d if fe r e n c e  reached  2.5 °C  on July 1 8 th  in S ta u n to n  Harold com pared  to  

13.25 °C  in Forem ark . As can be seen in Figures 13 and 14, S ta u n to n  Harold  

rem ained  m ixed w ith  re g ard  to  te m p e ra tu re  th ro u g h o u t b o th  summers and th e  

dissolved oxygen in th e  hypolim nion never fe ll  below  80% s a tu ra tio n  in 1982 and 

90% in 1983 (Figures 15 and 16).
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F ig u r e  8. The changes  in t h e  t e m p e r a t u r e  p r o f i l e s  d u r in g  a r t i f i c i a l

d e s t r a t i f i c a t i o n  in S t a u n t o n  H a ro ld  d u r in g  S e p t e m b e r ,  1981.

o
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F ig u r e  9. The  changes  in t h e  d is s o lv e d  o x y g e n  p r o f i l e s  d u r in g  a r t i f i c i a l

d e s t r a t i f i c a t i o n  in S t a u n t o n  H a ro ld  d u r i n g  S e p t e m b e r ,  1981.

Z o
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F ig u r e  10. The changes  in t h e  c h lo r o p h y l l  a p r o f i l e s  b e f o r e ,  d u r i n g  and a f t e r

a r t i f i c i a l  d e s t r a t i f i c a t i o n  in S t a u n t o n  H a ro ld  d u r i n g  S e p te m b e r ,  1981.
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F ig u r e  11. The t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  s u r f a c e  and b o t t o m  o f

S t a u n t o n  H a ro ld  and F o re m a r k ,  r e c o r d e d  a t  t h e  v a lv e  t o w e r s ,  d u r i n g  1982.

4
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F ig u re  12. The t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  s u r f a c e  and b o t t o m  o f

S ta u n to n  Harold and F o rem ark , re c o rd e d  a t  t h e  va lve to w e rs ,  d u r in g  1983.
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F ig u re  13. V a r ia t io n s  in t h e  t e m p e r a t u r e  o f  S t a u n t o n  H a ro ld  d u r i n g  1982.

( I s o p le t h  va lues  a re  °C ). A r ro w s  i n d ic a t e  p e r io d s  o f  a r t i f i c i a l  m ix in g .
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F ig u re  14. V a r ia t i o n s  in t h e  t e m p e r a t u r e  o f  S t a u n t o n  H a ro ld  d u r in g  1983.

( I s o p le t h  va lues  a re  °C). A r ro w s  i n d i c a t e  p e r io d s  o f  a r t i f i c i a l  m ix in g .
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F ig u re  15. V a r ia t io n s  in t h e  d is s o lv e d  o x y g e n  o f  S t a u n t o n  H a ro ld  d u r i n g  1982.

( I s o p le t h  va lues  a re  7. s a t u r a t i o n ) .  A r r o w s  i n d i c a t e  p e r io d s  o f  a r t i f i c i a l

m ix in g .
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F igu re  15. V a r ia t ion s  in th e  d isso lved  oxygen  o f  S ta u n to n  Harold d u r in g  1983.

( Is o p le th  values a re  7. s a tu ra t io n ) .  A r ro w s  in d ic a te  p e r io d s  o f  a r t i f i c i a l

m i x i n g .

W



In  1982 and 1983, Forem ark  becam e th e rm a lly  s t r a t i f ie d  (Figures 17 and 18) 

and th e  dissolved oxygen in th e  hypolim nion fe l l  below  107. s a tu ra tio n  in b o th  

years (Figures 19 and 20).

On th e  1 5 th  May, 1982 th e r e  was a p o w er fa ilu r e  a t  th e  t r e a tm e n t  works and 

th e  com pressor was n o n -o p e ra tio n a l b e tw e e n  20.00  hrs on th e  1 5 th  May to  09.00  

hrs on th e  1 7 th  May. F igure  21 shows th e  te m p e r a tu r e  d if fe r e n c e  b e tw e en  th e  

s u rfa c e  and th e  b o tto m  o f  b o th  re se rvo irs  d u rin g  mid May. A te m p e ra tu re  

d if fe r e n c e  o f  3.5 °C  developed  in S ta u n to n  Harold over th e  w eekend o f  th e  

1 5 /1 6 th  (6.8 ° c  in Forem ark  on th e  same day). A f t e r  th e  com pressor had been  

sw itch ed  on th e  te m p e ra tu re  d i f fe r e n c e  was re d u c ed  to  t h a t  re c o rd e d  p r io r  to  

th e  fa ilu re  in f iv e  days; th e  d if fe r e n c e  c o n tin u ed  t o  increase in F orem ark .

3 .2 .2  W a te r  column s ta b ility .

2
The te m p o ra l changes in th e  B run t-V asa la  fre q u e n c y , N , over 0 -5 m  and 0 - 1 5m 

a re  shown in F igure 22 f o r  S tau n to n  Harold and F o rem ark  b e tw e e n  March and 

S e p te m b e r f o r  th e  th r e e  s tu d y  years.

1) . In  1981 th e  oscillations o f  b o th  (0 -5 )  and (0 -1 5 )  w e re  very

sim ilar f o r  each re s e rv o ir . In  S ta u n to n  Harold th e  cycle  o f  oscillations o f  

th e  (0 -5 )  values was 3 w eeks. The s im ila rity  in th e  f lu c tu a t io n s  was a re s u lt  

o f  th e  poor c lim a tic  cond itions  which p re v e n te d  S ta u n to n  Harold fro m  

s tr a t i fy in g  and depressed th e  m e ta lim n e tic  layer in Forem ark  to  b e tw e e n  14 and 

18m f o r  th e  m a jo r ity  o f  th e  sum mer.

The e f f e c t s  o f  a r t i f ic ia l  mixing on w a te r  colum n s ta b ility  in S tau n to n  

Harold d uring  1982 and 1983 w e re  v ery  n o tic e a b le . (0 -5 )  in Fo rem ark  showed 

several la rge  peaks in b o th  years. These w e re  re la te d  to  periods o f  in tense  

h ea tin g  o f  th e  epilim nion w hich can also be seen as th e  much sm aller peaks f o r
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F ig u r e  17. V a r ia t io n s  in t h e  t e m p e r a t u r e  o f  F o r e m a r k  d u r i n g  1 982 . ( I s o p le t h

va lues  a re  °C).
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F ig u r e  18. V a r ia t io n s  in t h e  t e m p e r a t u r e  o f  F o r e m a r k  d u r i n g  1983. ( I s o p le t h

va lu e s  a r e  °C).
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F ig u re  19. V a r ia t io n s  in t h e  d is s o lv e d  o x y g e n  o f  F o r e m a r k  d u r i n g  1982.

( I s o p le t h  va lues  a re  '/. s a t u r a t i o n ) .
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F ig u r e  20. V a r ia t io n s  in t h e  d is s o lv e d  o x y g e n  o f  F o re m a r k  d u r i n g  1983.

( I s o p le t h  va lues  a re  '/. s a t u r a t i o n ) .
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F igu re  21. The t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  th e  s u r fa c e  and t h e  b o t t o m  o f  

S ta u n to n  Harold and F o re m a rk  b e tw e e n  t h e  1 5 th  and 1 7 th  May, 1902.
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Figure 22. The tem p o ra l changes in w a te r  column s ta b ility , N (0 -5 )  m etres  and 

(0 -1 5 ) m etres  and th e  ra tio  o f  th e  mixed d e p th  to  th e  eup h o tic  d e p th  (Zm.-Zeu) 

in S taunton  Harold (closed circles • - • )  and Forem ark (open circles o -o ) 

b etw e en  March and S ep tem b er in 1981, 1 982 and 1 983. The solid bar a t  th e  to p  

ind icates  periods o f  a r t if ic ia l mixing.
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S ta u n to n  Harold when s lig h t te m p e ra tu re  d if fe re n c e s  w e re  re c o rd e d . Generally  

2
values o f  H (0 -5 )  in S ta u n to n  Harold w e re  corresp on d in g ly  low er th a n  tho se  f o r  

F o rem ark .

2
The values o f  N (0 -1 5 )  f u r t h e r  emphasise th e  d if fe r e n c e . Low values

o ccu red  th ro u g h o u t b o th  summers w ith  only small peaks which co incided  w ith  much

2
la rg e r  peaks in Forem ark . The N (0 -1 5 )  values f o r  Fo rem ark  increased in e arly

sum m er as w a te r  te m p e ra tu re s  w e re  increasing and rem ained high u n til

A u g u s t/S e p te m b e r when co o le r cond itions  and s tro n g e r  winds d is ru p te d  th e

2
d en s ity  g ra d ie n ts . Values o f  N w e re  low th ro u g h o u t th e  w in te r  m onths in b o th  

reservo irs .

2) Zm/Zeu.  The ra t io  o f  Zm t o  Zeu  is shown in F igure  22 f o r  b o th  reservo irs .

The whole w a te r  colum n in S tau n to n  Harold was m ixed (e x c e p t f o r  th e  p erio d

b e tw e e n  m id-M ay and m id -J u n e , 1981) and so any changes in th e  ra t io  w e re  due to

2
changes in Zeu.  (Sum m aries o f  Zm, Zeu, N , chlorophyll and v e r t ic a l  

a tte n u a tio n  c o e f f ic ie n ts  a re  given in Appendix 2).

In  1981, th e r e  w e re  tw o  peaks in th e  r a t io  which corresp on d  t o  low Zeu 

values. Low Zeu  values w e re  re la te d  to  high levels o f  algal biomass (as 

chlorophyll a) -  see sec tio n  3 .2 .3 .5 .

The f lu c tu a t io n s  o f  Z m / Z e u  during  1982 and 1983 in S ta u n to n  Harold w e re  all 

re la te d  to  oscillations in p h y to p lan k to n  d en s ities  w ith  th e  e x c e p tio n  o f  th e  

peak in M arch, 1982. This peak was associated  w ith  a low Zeu value b u t  

chlorophyll levels w e re  n o t high and th e  spring d ia to m  peak did n o t o ccu r u n til 

3 -4  w eeks la te r .  A sm aller peak, in com parison, was also re c o rd e d  f o r  F o rem ark  

a t  th e  same tim e  and again th is  did n o t ap p ear to  be re la te d  t o  high
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c o n c e n tra tio n s  o f  p h y to p la n k to n . I t  is possible t h a t  th is  may have been a 

re s u lt  o f  high tu r b id ity  caused e ith e r  by s tro n g  winds o r by th e  in p u t o f  w a te r  

fro m  th e  River Dove.

The flu c tu a tio n s  in th e  Zm/Zeu  r a t io  f o r  F o rem ark  w e re  a re s u lt  o f  b o th  

changes in Zm and Zeu. For exam ple in June. 1981 th e  peak was due to  th e  

d ecreased  value o f  Zeu as a re s u lt o f  increased chlorophyll and a shallow er Zm 

value re su ltin g  fro m  s tr a t i f ic a t io n .  The peaks early  in th e  y ear w e re  due  

mainly to  th e  low Zeu values as Zm ten d s  to  be h ighest and i t  was n o t u n til 

Jun e /Ju ly  t h a t  Zm s ta r te d  to  decrease.

3.2.3  The u n d e rw a te r  lig h t c lim a te .

The seasonal v aria tio n s  in th e  e u p h o tic  d e p th , Zeu, secchi d e p th , v e r t ic a l  

a tte n u a tio n  c o e f f ic ie n ts , e, (ePAR and th e  minimum value fro m  th e  s p e c tra l 

com parison, e MIN) and algal biomass (as ch lorophyll a p e r u n it  s u rfa c e  area) 

a re  shown in Figure 23 f o r  S ta u n to n  Harold and F igure  24 f o r  F orem ark .

'
Annual summaries o f  e u p h o tic  d e p th  and Secchi d e p th  d a ta  a re  shown in 

tab le s  8 and 9 f o r  S ta u n to n  Harold and F o rem ark  re s p e c tiv e ly . The annual mean 

Zeu values w e re  s ig n ific a n tly  low er in S ta u n to n  Harold ( * * * ,  p a ired  t - t e s t )  

w h ils t th e  Secchi d e p th  values w e re  n o t s ig n ific a n tly  d i f f e r e n t .  This is 

possibly due t o  th e  g r e a te r  s u s c e p tib ility  t o  e rro rs  in th e  m easurem ent o f  

Secchi d e p th  as th e  m e th o d  is d e p e n d e n t on th e  o b server, t im e  o f  day. m e th o d  o f  

o b serva tio n  and on w e a th e r  conditions (G o lterm an 1969, Lund and Tailing 1957).

All b u t  th e  las t f a c to r  w e re  k e p t  as c o n s ta n t as possible during  th is  research .
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F igu re  23. Temporal v a r ia t io n s  in t h e  e u p h o t ic  d e p th ,  v e r t i c a l  a t t e n u a t i o n  

c o e f f i c i e n t s  and p h y o tp ia n k to n  biomass in S ta u n to n  Harold b e tw e e n  March and 

S e p te m b e r  d u r in g  1981, 1982 and 1983. The so lid  ba r  a t  t h e  t o p  in d ic a te s  

p e r io d s  o f  a r t i f i c i a l  m ixing.
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F igu re  24. Tem pora l v a r ia t io n s  in th e  e u p h o t ic  d e p th ,  v e r t i c a l  a t t e n u a t io n  

c o e f f i c i e n t s  and p h y to p la n k to n  biomass in F o re m a rk  b e tw e e n  March and S e p te m b e r  

d u r in g  1981, 1982 and 1983.
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TABLE 8^ ANNUAL SUMMARIES O f EUPHOTIC DEPTHS AND SECCHI

DEPTHS IN STAUNTON HAROLD.

YEAR Zeu(m ) S e cc h i d ep th (m )

mean n s . e .  mean n s . e .

1981 5 . 1 3  34 0 . 3 3  2 . 4 3  33 0 . 1 8

1982 4 . 7 7  36 0 . 21  2 . 1 0  34 0 . 1 0

1983 4 . 0 5  38 0 . 1 9  1 . 80  36 0 . 1 9

1981- 1983  4 . 6 4  106 0 . 1 5  2 . 1 0  103 0 . 0 9 8

ran ge  1 .7  to  10.1  ran ge  0 . 7 5  to  7 . 0

TABLE 9^ ANNUAL SUMMARIES OF EUPHOTIC DEPTHS AND SECCHI

DEPTHS IN  FOREMARK.

YEAR Zeu(m) S e cc h i dept h ( m)

mean n s . e .  mean n s . e .

1981 6 . 5 4  35 0 . 2 5  3 . 0 9  31 0 . 1 4

1982 6 . 9 9  36 0 . 3 0  3 . 3 2  35 0 . 1 8

1983 5 . 7 7  32 0 . 2 6  2 . 3 8  30 0 . 1 4

1 98 1 - 1983  6 . 4 6  103 0 . 1 7  2 . 9 5  96 0 . 0 9 8

ran g e  2 .9  to  13 . 0  range  1 .5  to  6 .0
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3.2.3.1 S p e c tra l v aria tio n  o f  u n d e rw a te r  lig h t.

V e rt ic a l a tte n u a tio n  c o e ff ic ie n ts  (e) o f  blue g reen  and red  lig h t w e re  

m easured a t  irre g u la r in te rva ls  th ro u g h o u t th e  research . Blue lig h t always had 

th e  h ighest e values, in d icatin g  t h a t  i t  was th e  a t te n u a te d  m ost rap id ly . This 

has also been re c o rd e d  f o r  many o th e r  inland fre s h w a te rs  (Jewson, 1976; 

Bindloss, 1976).

T h ere  was l i t t le  d if fe r e n c e  b e tw e en  th e  a tte n u a tio n  c o e f f ic ie n ts  o f  red  and 

g reen  lig h t and th e  minimum value (eMIN) varied  b e tw e e n  th e  tw o  regions  

(Appendix 2).

The s p e c tra l v a ria tio n  o f  u n d e rw a te r  lig h t a tte n u a tio n  found  in b o th  

S ta u n to n  Harold and Forem ark  reservo irs  was ty p ic a l o f  p ro d u c tiv e  w a te rs  w ith  

high c o n c e n tra tio n s  o f  e ith e r  algal o r inorganic p a r t ic u la te  m a t te r  (Bindloss, 

1976; G anf, 1974;  Jewson, 1977; Jones, 1977b; K irk, 1983).

3 .2 .3 .2  The re la tio n sh ip  b e tw e e n  Zeu and eMIN.

The seasonal f lu c tu a tio n s  in Zeu  w e re  inversely  re la te d  to  th e  f lu c tu a tio n s  

in ePAR and eMIN. Tailing (1965,  1971)  fou n d  t h a t  f o r  a w ide  range o f  lakes,

Zeu  could be a p p ro x im ated  by th e  re la tio n sh ip  Zeu = b /cM IN  w h e re  b was a 

c o n s ta n t w ith  a value o f  3.7. From all available d a ta  in th is  s tu d y , a 

com parison o f  Zeu and eMIN gave values o f  b o f  3.88 (95% c o n fid e n c e  lim its  

2 .5 6 -5 .2 0 ) f o r  S tau n to n  Harold and 4.22 (95% c o n fid e n c e  lim its  2 .9 2 -5 .5 2 ) f o r  

Fo rem ark  as p rovided  by th e  d a ta  in A ppendix 2. This allowed Zeu  to  be 

ca lc u la te d  fro m  eMIN values when ePAR was n o t m easured.
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3.2.3.3  The re la tio n sh ip  b e tw e e n  Zeu and Secchi d e p th .

V aria tio ns  in Secchi d e p th  showed seasonal tre n d s  sim ilar to  th o se  o f  Zeu. 

Regression analyses o f  Zeu  versus Secchi d e p th  f o r  S ta u n to n  Harold gave th e  

re la tio n sh ip :

Zeu  = (Secchi d e p th  -  0 .592)70.553 ( r  = 0 .89 , n = 4 8 , * * * )

and f o r  Forem ark:

Zeu  = (Secchi d e p th  -  0.128)70.471 ( r  = 0 .82, n = 3 9 , * * * )

3 .2 .3 .4  The re la tio n s h ip  b e tw e e n  ePAR and eMIN.

T h ere  have been v e ry  fe w  published re p o r ts  o f  th e  re la tio n sh ip  b e tw e e n  

m easured, r a th e r  th a n  c a lc u la te d , values o f  ePAR and eMIN. Tailing (1965) 

fo u n d  t h a t  ePAR could be a p p ro x im a te d  by th e  re la tio n s h ip  ePAR = aeMIN w h e re  a 

had a value o f  1.33 f o r  a w ide range o f  lakes. In  th is  s tu d y  i t  was possible 

to  make a d ir e c t  e s tim a te  o f  a as b o th  ePAR and eMIN w e re  m easured. The  

average  value o f  a was 1.18 w ith  a range o f  1.09 to  1.29 f o r  S ta u n to n  Harold  

and 1.1 w ith  a range fro m  0.93 to  1.7 f o r  F o rem ark . These values a re  sim ilar 

t o  published values w hich have been ca lc u la te d  f ro m  e s tim a te d  values o f  ePAR, 

eg. Ganf (1974)  e s tim a te d  a value o f  1.21 f o r  Lake G eorge, Jewson (1977) 1.15 

f o r  Lough Neagh and Jones (1977b) 1.2 f o r  Kinnego Bay, Lough Neagh.

3 .2 .3 .5  F ac to rs  a f fe c t in g  lig h t a tte n u a tio n .

T h ere  a re  tw o  m a jo r com ponents which a f f e c t  th e  a tte n u a tio n  o f  lig h t  

u n d e rw a te r;  algal and non-a lgal (inorganic) m a te r ia l. James and Birge (1938) 

showed th a t :
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e to ta l = es + cq

w h e re  es is th e  a tte n u a tio n  c o e f f ic ie n t  due t o  p h y to p lan k to n  

and cq is th e  a tte n u a tio n  c o e f f ic ie n t  due to  non-algal m a te ria l

(a) Algal m a te ria l. The seasonal changes in chlorophyll a c o n c e n tra tio n  in

th e  w a te r  column w e re  synchronised w ith  changes in lig h t a tte n u a tio n  in b o th  

reservo irs  as shown in Figures 23 and 24.

The re latio n sh ips  b e tw e e n  th e  v e r t ic a l a tte n u a tio n  c o e f f ic ie n ts  (ePAR) and 

th e  mean chlorophyll a c o n c e n tra tio n s  in th e  e u p h o tic  zone f o r  S ta u n to n  Harold  

and F o rem ark  b e tw e e n  1981 and 1983 a re  shown in F igure  25a and 25b . Both  

regression lines a re  s ig n ific a n t a t  th e  * * *  level a lthough th e  s ig n ificance  

re lies  heavily upon th e  values a t  high chlorophyll c o n c e n tra tio n s . The  

regression equations o f  ePAR versus mean chlorophyll a f o r  S tau n to n  Harold and 

F o rem ark  ca lc u la te d  f o r  th e  individual years a re  given in Tables 10 and 11.

The s e lf  -  shading c o e f f ic ie n t ,  es, (which is equal to  th e  slope o f  th e  

regression line (Tailing I960) )  was variab le  b e tw e e n  years -  Table 10 and 11.

This was m ost likely to  have been a re s u lt  o f  th e  d i f f e r e n t  species o f  th e  

p h y to p la n k to n  com m unity  and th e ir  physiological s ta te s . There  is now ev id en ce , 

b o th  th e o re t ic a l and p ra c tic a l, t h a t  th is  v a r ia b lity  in th e  re la tio n s h ip  

b e tw e e n  chlorophyll c o n c e n tra tio n  and lig h t a tte n u a tio n  is believed  to  be due  

mainly t o  cell size (Tailing, 1971; S te e l, 1972; K irk, 1975a, b) and p ig m e n t 

c o n te n t  and com position  (S teem ann-N ie lsen  e t  al. 1962; K irk, 1975a, b) and th e  

d if f ic u lt ie s  o f  o b ta in in g  a re lia b le  c o e f f ic ie n t  fro m  m ixed species populations  

in th e  f ie ld .

(b) Non-algal m a te ria l. L ig h t a tte n u a tio n  by non-algal m a te ria l is in d ic a te d  

by th e  in te r c e p t ,  eq, o f  th e  regression o f  cPAR versus chlorophyll and th e  

values fro m  S ta u n to n  Harold and Forem ark  a re  shown in Tables 10 and 11.
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F igu re  25a. The re la t io n s h ip  b e tw e e n  t h e  v e r t i c a l  a t t e n u a t io n  c o e f f i c i e n t ,  

(ePAR), and t h e  mean c o n c e n t r a t io n  o f  c h lo ro p h y l l  a in t h e  e u p h o t ic  zone o f  

F o re m a rk  b e tw e e n  1981 and 1983.

F igu re  25b. The re la t io n s h ip  b e tw e e n  t h e  v e r t i c a l  a t t e n u a t i o n  c o e f f i c i e n t .  

(ePAR), and t h e  mean c o n c e n t r a t io n  o f  c h lo ro p h y l l  a in t h e  e u p h o t ic  zone o f  

S ta u n to n  Harold b e tw e e n  1981 and 1983. N o te  change  o f  scale.
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TABLE 10.  THE RELATIONSHIP BETWEEN THE ATTENUATION

COEFFICIENT ( ePAR) AND THE MEAN CONCENTRATION OF CHLOROPHYLL 

A. IN  THE EUPHOTIC ZONE IN STAUNTON HAROLD.

Year  R egr e ss i on  e q u a tio n  n r  p

1981 EPAR = 0 . 011  Chi  a.  + 0 . 8 2  28 0 . 8 8 9  * * *

1982 ePAR = 0 . 0 0 6  Chi  a .  + 0 . 8 7 8  27 0 . 2 8 8  NS

1983 ePAR = 0 . 0 0 9  Chi  a.  + 1.01 30 0 . 7 7 3  * * *

1 98 1 - 1 983 :

ePAR = 0 . 0 0 9 8  Chi  a .  + 0 . 8 9  86 0 . 8 1 0  * * *

TABLE 11 . THE RELATIONSHIP BETWEEN THE ATTENUATION

COEFFICIENT ( ePAR) AND THE MEAN CONCENTRATION OF CHLOROPHYLL 

A^ IN  THE EUPHOTIC ZONE IN  FOREMARK.

Year  Regr ess i on  e q u a t i o n  n r  p

1981 ePAR = 0 . 0 1 2 5  Chi  a.  + 0 . 6 0 2  27 0 . 7 8 6  * * *

1982 ePAR = 0 . 0121  Chi  a.  + 0 . 5 6 3  28 0 . 5 9 0  * *

1983 ePAR = 0 . 0 1 0 5  Chi  a.  + 0 . 7 0 6  27 0 . 6 3 2  * * *

1 981 -1 983 :

EPAR = 0 . 0 1 1 9  Chi  a.  + 0 . 6 1 9  82 0 . 6 7 2  * * *
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The ’background c o e f f ic ie n t ’ , eq varied  fro m  0.82 to  1.01 in S ta u n to n  

Harold and 0.56 to  0.79 in Forem ark  b e tw e e n  1981,  1982 and 1983.

T h ere  a re  th r e e  main com ponents which a f f e c t  cq:

cq = cw + eg + cp

w h e re  cw is th e  a tte n u a tio n  by th e  w a te r  i t s e l f  

eg is th e  a tte n u a tio n  by gilvin substances

cp is th e  a tte n u a tio n  due to  p a r t ic u la te  non-a lgal m a te ria l ( t r ip to n ) .

In  th is  s tu d y , th e  individual com ponents o f  cq w e re  n o t in v es tig a ted  b u t i t  

was m ost p ro b ab le  t h a t  ep played a m a jo r ro le , cw is usually low in f re s h w a te r  

(K irk 1983)  and th e  a tte n u a tio n  due to  gilvin o r yellow  substances (which is 

usually associated w ith  p e a ty  w a te rs  w ith  a high c o n c e n tra tio n  o f  humic acids  

fro m  p la n t breakdow n) was likely  to  be low as th e  River Dove flow s th ro u g h  a 

mainly lim estone c a tc h m e n t.

3 .2 .3 .6  The am ount o f  chlorophyll a. in th e  e u p h o tic  zone.

In  te rm s  o f  p h y to p lan k to n  g ro w th , th e  maximum chlorophyll c o n c e n tra tio n  in 

th e  e u p h o tic  zone is o f  m a jo r im p o rtan c e  and as m entioned  above, i t  can be high 

enough to  lim it g ro w th  by se lf-sh ad in g .
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Tailing (1960 1965) showed t h a t  th e  th e o re t ic a l maximum chlorophyll

_2
c o n c e n tra tio n  {ZBmax. mgm ) could be c a lc u la te d  fro m  th e  c o e f f ic ie n t ,  es. The

values o f  es f o r  S ta u n to n  Harold w e re  0 .011, 0 .006 and 0.009 and f o r  Forem ark

th e y  w e re  0 .0125 , 0.0121 and 0.105 in 1981,  1982 and 1983 re s p e c tiv e ly . I f  th e

lo w er lim it o f  th e  eu p h o tic  zone is d e fin e d  as b /z p a r ,  th e  u p p e r lim it o f

_2
chlorophyll {ZBmax mgm ) below  u n it a rea  o f  th e  e u p h o tic  zone is equal to  b /z s

(Tailing 1965), Using th e  es values given, th e  th e o re t ic a l lim its  f o r  S tau n to n

Harold w e re  353,  647 and 431 mg chlorophyll m~^ in 1981,  1982 and 1983

re s p e c tiv e ly . For F o rem ark , th e  lim its  w e re  s lig h tly  low er a t  338,  349 and 402  

- 2
mgm in 1981,  1982 and 1983. The observed  c o n c e n tra tio n s  o f  chlorophyll in

th e  e u p h o tic  zone ranged fro m  8 to  324 mgm  ̂ in S tau n to n  Harold and fro m  9 to  

_2
199 mgm in Forem ark  (Appendix 2).

These es values a re  low er th a n  t h a t  e s tim a te d  by Tailing (1960 ). He

e s tim a te d  an average es value o f  0 .02. Using Tailings’ h igher value would

suggest t h a t  th e  th e o re t ic a l maximum chlorophyll c o n c e n tra tio n  in th e  e u p h o tic

_2
zone was 194 and 211 mgm , re s p e c tiv e ly . Thus th e  u p p er lim it in S ta u n to n  

Harold would have been exceed ed  on te n  occasions and th e  p h y to p la n k to n  would  

have been co m p le te ly  s e lf-s h a d e d . I  believe  t h a t  on c e r ta in  occasions, usually  

w hen p h y to p lan k to n  biomass was v e ry  high, t h a t  th e  populations w e re  s e lf-s h a d e d  

and th a t  i f  th e  es values could have been ca lc u la te d  f o r  th e  dom inant species  

a t  th e s e  tim es th e n  th e y  would reveal th is .
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3.3 CHEMICAL CHARACTERISTICS OF THE RESERVOIRS.

3.3.1 The seasonal f lu c tu a tio n s  o f  n u tr ie n ts .

The c o n c e n tra tio n s  o f  o r th o -p h o s p h a te , n i t r a t e  and dissolved silica in b o th  

reservo irs  f lu c tu a te d  annually. The te m p o ra l changes in s u rfa c e  samples and 

tho se  a t  th e  b o tto m  ( i f  d i f f e r e n t  to  th e  s u rfa c e ) b e tw e e n  March and S e p te m b e r  

a re  shown in F igure 26 f o r  S ta u n to n  Harold and F igure 27 f o r  Forem ark . High 

c o n c e n tra tio n s  w e re  genera lly  found  in th e  w in te r  m onths which dec lined  to  low 

values in la te  sum m er. This was fo llo w ed  by rep len ish m en t in th e  autum n to  

high w in te r  c o n c e n tra tio n s .

N u tr ie n t  b udgets  w e re  n o t ca lc u la te d  because flo w  d a ta  and n u tr ie n t  

c o n c e n tra tio n s  f o r  th e  re s e rv o ir  in flo w  s tream s w e re  n o t m easured a t  reg u la r  

in te rv a ls . T o ta l phosphorus (TP) in re s e rv o ir  samples w e re  n o t d e te rm in e d  by 

Severn T re n t  W a te r  A u th o r ity  and th e  e f f o r t  involved in th e  e x t r a  analyses was 

considered  to  be to o  high and beyond th e  scope o f  th e  main research  area. 

How ever, in 1977 and 1976,  Severn T re n t  W a te r  A u th o r ity  had m easured to ta l  

phosphorus (TP) and o rth o -p h o s p h a te  (PO^) in b o th  reservo irs . A lthough th e  

p e rc e n ta g e  o rth o -p h o s p h a te  com ponent o f  to ta l  phosphorus varied  th ro u g h o u t th e

annual cyc le , regression  analyses allowed TP to  be e s tim a te d  (fro m  PO^) which

could th e n  be used in th e  d e te rm in a tio n  o f  tro p h ic  s ta te .  The regression  

analyses gave th e  fo llo w in g  equations:

S ta u n to n  Harold

PO, = 0.43 TP + 0.041 (r  = 0 .75 , n = 126, * * * )4

and f o r  Forem ark

PO  ̂ = 0.32 TP + 0.087 (r  = 0 .62 , n =  1 4 0 , * * * )
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F igu re  26. The te m p o ra l  f l u c t u a t i o n s  in t h e  N:P r a t io ,  n i t r a t e ,  

o r t h o - p h o s p h a t e  and sil ica c o n c e n t r a t io n s  in S ta u n to n  Harold b e tw e e n  March and 

S e p te m b e r  d u r in g  1981, 1982 and 1 983. (c losed c i rc le s  r e p r e s e n t  s u r fa c e  

va lues w h i ls t  open  c i rc le s  o -o  r e p r e s e n t  t h e  b o t t o m  (14 m) values, i f  d i f f e r e n t  

t o  t h e  s u r fa c e ) .  The solid  b a r  a t  t h e  t o p  in d ic a te s  p e r io d s  o f  a r t i f i c i a l  

m ix ing .
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F igu re  27, The te m p o ra l  f l u c t u a t i o n s  in th e  N;P r a t io ,  n i t r a t e ,  

o r t h o - p h o s p h a t e  and sil ica c o n c e n t r a t io n s  in F o re m a rk  b e tw e e n  March and 

S e p te m b e r  d u r in g  1981, 1982 and 1 983, (c losed c i rc le s  r e p re s e n t  s u r fa c e  

values w h i ls t  open  c i rc le s  o -o  r e p r e s e n t  b o t t o m  (20 m) values, i f  d i f f e r e n t  t o  

t h e  s u r fa c e ) .
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3.3.1.1 N it r a te  and ammonia.

N itra te  concentrations in Staunton Harold betw een March 1981 and June 1983

-1
ranged fro m  1.7 to  6.3 mgl w ith  a mean o f  3.8 (Table 12). The levels in

- 1
F o rem ark  w e re  low er w ith  a range fro m  1.9 to  4.3 w ith  a mean o f  3.0 mgl . 

This d if fe r e n c e  is believed to  be due to  th e  la rg e r c a tc h m e n t a rea  o f  S tau n to n  

Harold (2600 ha -  S tau n to n  Harold and 295 ha -  Forem ark) and thus  th e  g r e a te r  

im p o rta n c e  o f  local d rainage which is p red o m in an tly  fro m  a rab le  fa rm lan d .

N it r a te  re d u c tio n  p robab ly  occured  in b o th  reservo irs  during  all th r e e  

sum mers o f  th e  s tudy, as shown by th e  dec lin e  in c o n c e n tra tio n  (Figures 26 and 

27). Youngman (1975)  fou n d  t h a t  a p p ro x im a te ly  50% o f  n i t r a t e  pum ped in to  

Farm oor re s e rv o ir  (Oxon) was lost during  s to ra g e . This was a re s u lt  o f  u p ta k e  

by p h y to p la n k to n , b a c te r ia l and fungal g ro w th  which is te rm e d  assim ilatory  

n it r a t e  re d u c tio n . The n i t r a te  in c o rp o ra te d  in to  th e  p h y to p la n k to n , b a c te r ia l 

and fungal cells even tu a lly  ends up in th e  sed im ents  w h e re  d e n itr ify in g  

b a c te r ia  use n i t r a te  instead  o f  oxygen as an e le c tro n  a c c e p to r  a t  low oxygen  

c o n c e n tra tio n s . This process is called d iss im ila to ry  n i t r a te  re d u c tio n . 

N it r a te  re d u c tio n  is a continuous process (Hutchinson 1957)  b u t  is m ost rap id  

in th e  sum m er months when u p ta k e  by b a c te r ia  and p h y to p la n k to n  in th e  

epilim nion exceed  th e  r a te  o f  e x te rn a l supply (Reynolds 1984b) and oxygen  

c o n c e n tra tio n s  in th e  hypolimnion a re  low (O'Neill and Holding 1975).

Anaerobic cond itions, which fa v o u r d e n it r if ic a t io n , w e re  p re s e n t in 

S ta u n to n  Harold even in th e  years when mixing was tak in g  p lace. The p e r fo r a te d  

pipe s itu a te d  in S tau n to n  Harold was suspended a p rro x im a te ly  0.3 m e tre s  above  

th e  b o tto m  (see C h ap te r 2) and i t  was n o te d  t h a t  on low ering th e  dissolved 

oxygen p ro b e  t h a t  as soon as i t  to u ch ed  th e  sed im en t, th e  dissolved oxygen fe ll  

ra p id ly . This in d icates  t h a t  th e  p ipe did n o t a e ra te  th e  re s e rv o ir  to  th e
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TABLE 12. SUMMARY 0£ THE CHEMICAL DATA FOR STAUNTON HAROLD 

AND FOREMARK RESERVOIRS. MARCH 1981 TO JUNE 1983

Maximum Minimum Mean

S ta u n to n  H a ro ld

A l k a l i n i t y mgCaCOgl ^ 166 104 146

pH 8 .8 7 .0 8 .2

C o n d u c t iv ity US 571 437 519

NH^-N mgl ^ 0 .6 < 0 .01 0 .11

NOg-N mgl ^ 6 .3 1 .7 3 .6

PO^-P mgl ^ 0 .2 2 < 0 .0 1 0 .0 8

SiO^ mgl ^ 8 .1 0 .0 8 3 .5

Fe mgl ^ 0 .5 8 0 .0 2 0 .1 3

Mn mgl ^ 0 .3 8 < 0 .01 0 .0 4

F o re m a rk .

A l k a l i n i t y mgCaCOgl ^ 178 146 161

pH 8 . 8 7 .5 8 .3

C o n d u c t iv ity pS 575 463 533

NH, -N  
4

mgl ^ 0 .3 9 < 0 .01 0 .0 5

NOg-N mgl ^ 4 .3 1 .9 3 .0 2

PO^-P mgl ^ 0 .3 1 0 .0 5 0 .1 6

SiO^ mgl ^ 6 .9 < 0 .1 2 .0

Fe mgl ^ 0 .2 5 < 0 .0 1 0 .0 6

Mn mgl ^ 0 .71 < 0 .0 1 0 .0 4
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b o tto m  b u t l e f t  an anaerob ic  zone ju s t  above th e  sed im en t. Anon (1963) and 

O'Neill and Holding (1975) have shown n i t r a t e  re d u c tio n  a t  th e  s e d im e n t/w a te r  

in te r fa c e  can ta k e  p lace even when th e  overly ing w a te r  is s a tu ra te d  w ith  

oxygen.

The r a te  o f  d ec lin e  o f  n i t r a te  re d u c tio n  was g r e a te r  in S ta u n to n  Harold, 

(F igure  26) when com pared  to  th e  r a te  in Forem ark  (F igure  27) b u t  i t  does n o t  

a p p e ar to  have been a f f e c te d  by continuous mixing in 1982 and 1983. The 

increased r a te  o f  n i t r a t e  re d u c tio n  observed in S ta u n to n  Harold was m ost 

p ro b ab ly  due to  th e  increased te m p e ra tu re s  a t  th e  sed im en t s u rfa c e  which would  

have allowed increased  ra te s  o f  d e n it r if ic a t io n . In  S ta u n to n  Harold th e  

te m p e ra tu re s  a t  th e  s e d im e n t/w a te r  in te r fa c e  (Figures 8, 13 and 14) w e re  

g enera lly  a b o u t th e  same as tho se  a t  th e  s u rfa c e  due to  n a tu ra l mixing in 1981 

and a r t i f ic ia l  mixing in 1982 and 1983. During th e  June to  S e p te m b e r p eriod  o f  

all th r e e  years th e  te m p e ra tu re  ra re ly  d ro p p ed  below 15°C. However in Forem ark  

(F igure  4, 17 and 18), s t r a t i f ic a t io n  developed  in all th r e e  years and th e  

te m p e ra tu re  a t  th e  sed im en t s u rfa c e  b e tw e e n  June and S e p te m b e r did n o t rise  

above 10°C. In  a re v ie w  o f  d e n it r if ic a t io n , Knowles (1982) re p o r te d  t h a t  in 

published w o rk  on a q u a tic  env ironm ents  th e r e  was suprisingly l i t t l e  v a ria tio n  

in th e  r a te  o f  n i t r a t e  re d u c tio n  w ith  te m p e ra tu re . However O'Neill and Holding 

(1975) showed a s to n g  te m p e ra tu re  dep en den ce  u n d er la b o ra ro ry  cond itions w ith  

cores a t  4°C showing n i t r a t e  re d u c tio n  and ammonia app earan ce  a t  a b o u t 207. o f  

th e  ra te s  re c o rd e d  a t  19°C.

N it r a te  c o n c e n tra tio n s  showed l i t t l e  d e p th  v a ria tio n  in e ith e r  o f  th e  

reservo irs  and th is  was m ost likely  to  be a re s u lt  o f  b o th  n i t r a t e  re d u c tio n  

processes -  n i t r a t e  in th e  s u rfa c e  w a te rs  was used by p h y to p lan k to n , b a c te r ia  

and fung i w h ils t in th e  b o tto m  layers n ear th e  sed im ents  was red uced  by 

d e n itr ify in g  b a c te r ia .
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-1
Ammonia c o n c e n tra tio n s  w e re  low, ranging fro m  <0.01 to  0.6 mgl (mean 

0-11) in S ta u n to n  Harold and fro m  <0.01 to  0.39 mgl (mean 0.05) in Forem ark  

(Table 12). In  S tau n to n  Harold during  1981 and F o rem ark  during  1981 and 1983, 

h ig h er values w e re  re c o rd e d  in th e  hypolim nion (Figures 28 and 29). These 

increases can be seen to  co incide w ith  decreas ing  n i t r a te  levels (Figures 26 

and 27) w h ich  ind icates  t h a t  d e n it r if ic a t io n  was p ro b ab ly  th e  main process.

A r t if ic ia l mixing in S ta u n to n  Harold during  1982 and 1983 e lim in a ted  th e  

build up o f  ammonia in th e  low er layers and m ain ta ined  an even d is tr ib u t io n  

w ith  d e p th .

V aria tions  in ammonia levels have been fo u n d  t o  be th e  re s u lt  o f  d ir e c t  

assim ilation by some p h y to p lan k to n  and by decom position  in o r near th e  

sed im ents  (Hutchinson 1957). Ammonia is also re p o r te d  to  d ecrease  in th e  

epilim nion and increase in th e  low er layers o f  th e  hypolimnion o f  p ro d u c tiv e  

lakes as th e  sum m er progresses (Hutchinson 1957). Increases in th e  hypolimnion  

a re  a re s u lt  o f  d e n it r if ic a t io n  a t  th e  s e d im e n t/w a te r  in te r fa c e  and th e  

d ecom position  o f  sedim enting  p lank ton  and fae ce s .

3 .3 .1 .2  O rth o -p h o s p h a te .

O rth o -p h o s p h a te  c o n c e n tra tio n s  ranged fro m  below  d e te c ta b le  lim its  (<0.01 

“ 1 "1
mgl ) t o  0.22 mgl w ith  a mean o f  0.08 in S ta u n to n  Harold and fro m  0.05 to  

- 1
0.31 mgl w ith  a mean o f  0.16 in Fo rem ark  (Table 12). I t  was m ost p ro b ab le  

t h a t  th e  h igher levels in Fo rem ark  w e re  due to  a h igher r a te  o f  re -s o lu tio n  

f ro m  th e  anaerob ic  sed im ents . S ta u n to n  Harold had a median d e p th  (507 volum e) 

o f  4.95 m w hereas in Forem ark  i t  was 7.95 m and th e  mean d e p th s  w e re  7.9 and

14.3 m re s p e c tiv e ly . As th e  s u rfa c e  areas w e re  a p p ro x im a te ly  th e  same i t  was 

a p p a re n t t h a t  th e  s u rfa c e  a rea  o f  th e  sed im en t b o tto m  in Forem ark  which could  

becom e anaerob ic  during  th e  sum m er m onths was h igher th a n  in S ta u n to n  Harold.
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F igu re  28. The te m p o ra l  v a r ia t io n s  in a lk a l in i ty ,  pH. c o n d u c t i v i t y ,  ammonia, 

manganese and iro n  b e tw e e n  March and S e p te m b e r  d u r in g  1081, 1982 and 1983 in 

S ta u n to n  Harold. (Closed c i rc le s  r e p r e s e n t  s u r fa c e  values and open c i rc le s  

0 -0  r e p r e s e n t  b o t t o m  (14 m) values i f  d i f f e r e n t  t o  t h e  s u r fa c e ) .  The solid b a r  

a t  t h e  t o p  in d ic a te s  p e r io d s  o f  a r t i f i c i a l  m ix ing.
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F igu re  29. The te m p o ra l  v a r ia t io n s  in a lk a l in i ty ,  pH. c o n d u c t i v i t y ,  ammonia, 

manganese and i ro n  b e tw e e n  March and S e p te m b e r  d u r in g  1981, 1982 and 1983 in 

F o re m a rk .  (Closed c i rc le s  r e p r e s e n t  s u r fa c e  values and open c i rc le s  o -o

r e p r e s e n t  b o t t o m  (20 m) values i f  d i f f e r e n t  t o  t h e  s u r fa c e ) .
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The la rg e r s u rfa c e  a rea  would have allowed a g r e a te r  am ount o f  o r th o -p h o s p h a te  

re lease fro m  th e  sed im ents  un d er anaerob ic  cond itions  and th is  could have led 

to  th e  h igher c o n c e n tra tio n s  overall.

O rth o -p h o s p h a te  did n o t show a c lea r annual p a t te r n  as n i t r a t e  did because  

la rge f lu c tu a tio n s  w e re  superim posed on th e  general p a t te r n .  The cycle o f  

phosphorus in lakes is v ery  com plex and hard  t o  m easure (Hutchinson 1957) as 

tu rn o v e r  tim es a t  some stages o f  th e  cycle  a re  v e ry  s h o rt. F lu c tu atio n s  in 

o rth o -p h o s p h a te  c o n c e n tra tio n s  a re  due largely  to  biological a c t iv ity , mainly 

p h y to p lan k to n  g ro w th  (Hutchinson 1957, Lack and Johnson 1983, Reynolds 1984b) 

and a re  discussed in th e  n e x t c h a p te r .

Sudden, la rge  decreases in phosphate  levels as observed in S ta u n to n  Harold  

and F o rem ark  in m id -Ju ly , 1982 can n o t be accou n ted  fo r  e n t ire ly  by 

p h y to p la n k to n  g ro w th . These crashes w e re  fou n d  to  coincide w ith  decreases in 

iron  c o n c e n tra tio n s  (see Appendix 8) and i t  is possible t h a t  th e  o r th o  

-p h o s p h a te  p re c ip ita te d  o u t as an iron phosphate  com pound. G olterm an (1976) 

s ta te d  t h a t  phosphate  can p r e c ip ita te  o u t as iron o r calcium  phosphate, Stum m  

(1973) and Lack and Johnson (1983) fou n d  t h a t  u n d er increased pH conditions, 

phosphate  bonds o n to  calcium  and fo rm s a calcium  phosphate  com pound known as 

h y d ro x y a p a tite  which th e n  p re c ip ita te s  o u t. Lack and Johnson (1983) believed  

th is  to  be caused by increased p h y to p lan k to n  p ro d u c tiv ity . In  th ese  reservo irs  

i t  was unlikely  t h a t  th is  was th e  cause o f  th e  crash as pH values and 

p h y to p la n k to n  a c t iv i ty  w e re  n o t enhanced.

In  S ta u n to n  Harold during  1981 and F o rem ark  in 1981 and 1983, c linograde  

d is tr ib u tio n s  (ie. increased levels in th e  anaerob ic  hypolimnion) w e re  

ob served . Hutchinson (1957) s ta te s  t h a t  th is  is th e  m ost common d e p th  

d is tr ib u t io n  f o r  o r th o -p h o s p h a te  in p ro d u c tiv e  lakes. This is due p a r t ly  to  

th e  decom position  o f  sinking p lankton , b u t  mainly fro m  th e  re lease o f
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o rth o -p h o s p h a te  a t  th e  s e d im e n t/w a te r  in te r fa c e  by re d u c tio n  u n d er anaerobic  

cond itions  (M o rtim e r 1942).

An unusual d is tr ib u t io n  o f  phosphate  was fo u n d  in F o rem ark  th ro u g h o u t m ost 

o f  th e  sum m er o f  1982. The phosphate  c o n c e n tra tio n s  increased w ith  d e p th  to  a 

maximum value a t  8 m e tre s  during  June, th e  maximum th e n  moved t o  a p p ro x im a te ly  

14 m e tre s  fro m  July to  mid August. Below th e s e  maxim a, c o n c e n tra tio n s  declined  

again w ith  d e p th . The m ost likely  e xp la n atio n  f o r  th is  co n tin u ed  inverse  

p a t te r n  is t h a t  w a te r  being pum ped fro m  th e  R iver Dove, w hich had high 

o rth o -p h o s p h a te  c o n c e n tra tio n s , was n o t being m ixed in to  th e  re s e rv o ir  b u t was 

k e p t  in th e  epilim nion due to  th e  d en s ity  g ra d ie n ts  in th e  m e ta lim n e tic  layer.

I t  can be seen in F igure  17, which shows th e  d is tr ib u t io n  o f  iso therm s in 

F o rem ark , t h a t  d u rin g  June th e  th e rm o c lin e  lay around 8 m e tre s  deepening  to  14 

in July and 16 m e tre s  in August.

The e f f e c t  o f  a r t i f ic ia l  mixing on o r th o -p h o s p h a te  d is tr ib u t io n  is 

i l lu s tra te d  by th e  m ixing episode in S e p te m b e r , 1981 when o rth o -p h o s p h a te  

becam e evenly d is tr ib u te d  w ith  d e p th  a f t e r  th r e e  days o f  continuous mixing.

In  S ta u n to n  Harold w hen continuous a r t i f ic ia l  m ixing to o k  p lace during  1982  

and 1983, th e r e  was v e ry  l i t t le  increase in th e  o r th o -p h o s p h a te  levels a t  th e  

b o tto m . I t  was n o te d , as s ta te d  in s ec tio n  3 .3 .1 .1 , t h a t  th e  sed im ents  w e re  

anaerob ic  and so phosphate  re lease fro m  th e  sed im ents  could have con tin u ed  as 

norm al. The even v e r t ic a l d is tr ib u t io n  o f  o r th o -p h o s p h a te  m ust t h e r e fo r e  have 

been a re s u lt  o f  a r t i f ic ia l  m ixing. The ph o sp h ate  once re leased  fro m  th e  

sed im ents  was m ixed in to  th e  w a te r  column and available  to  p h y to p la n k to n . I t  

is also m ost p ro b ab le  t h a t  th e  r a te  o f  re lease  fro m  th e  sed im ents  was increased  

in th e  m ixed re s e rv o ir  due to  increased te m p e ra tu re s  (see sec tio n  above). 

Hutchinson (1957) also fou n d  t h a t  phosphate  re lease  was enhanced a t  h igher 

te m p e ra tu re s  in Lindsley Pond, C o n n e ticu t.
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In  all years n a tu ra l autum nal mixing re s u lte d  in th e  increase o f  phosphate  

th ro u g h o u t th e  whole re s e rv o ir  as a ero b ic  cond itions  allowed th e  re lease o f  

o rth o -p h o s p h a te  fro m  f e r r ic  phosphate  (Hutchinson 1957).

3 .3 .1 .3  N:P ra tio s .

The N:P ra tio s  f o r  S ta u n to n  Harold and F o rem ark  b e tw e e n  March and S e p te m b e r  

in th e  th r e e  years o f  s tu d y  a re  shown in Figures 26 and 27. N:P ra tio s  ranged  

fro m  <10 to  157 in S ta u n to n  Harold w ith  a mean o f  45 and fro m  9 to  36 w ith  a 

mean o f  19.5 in Forem ark. The low er values in F o rem ark  w e re  a re s u lt  f i r s t ly  

o f  th e  h igher o r th o -p h o s p h a te  levels and secondly th e  lo w er n i t r a te  

c o n c e n tra tio n s .

The n i t r a t e  and o r th o -p h o s p h a te  c o n c e n tra tio n s  rem ained a t  levels which

w e re  n o t considered  to  be lim itin g . Lund (1950) n o te d  t h a t  phosphate  was

-1
lim itin g  f o r  Asterionella form osa  a t  levels less th a n  1 pgl . In  S tau n to n

Harold th e  values w e re  up to  220 tim es g r e a te r  th an  th is  value and i t  seems

unlikely , w ith  th e  e x c e p tio n  o f  th e  s h o rt  p erio d  in 1982 when o rth o -p h o s p h a te

- 1levels fe l l  to  below 1 pgl , t h a t  phosphate  was lim itin g . In  F o rem ark  th e

levels w e re  50 to  310 tim es g r e a te r  and so o rth o -p h o s p h a te  as a lim iting

n u tr ie n t  seem ed unlikely. Lund (1950) also fo u n d  t h a t  Aster/one//a could

-1
u tilis e  n i t r a t e  a t  c o n c e n tra tio n s  below 0.1 mgl and as th e  levels w e re  17 to  

63 and 19 t o  43 tim es h igher in S ta u n to n  Harold and Forem ark  re s p e c tiv e ly , i t  

is un likely t h a t  n i t r a te  lim ite d  p h y to p lan k to n  g ro w th .

W o rk  c a rr ie d  o u t on th e  in te ra c t io n  o f  n itro g e n  and phosphorus has led to  

th e  c o n c e p t t h a t  in te rs p e c if ic  c o m p e titio n  w ith  varying ra tio s  may play an
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im p o r ta n t  p a r t  in th e  com position  and succession o f  p h y to p la n k to n  (Kilham and 

Kilham 1980). Rhee (1978) and Rhee and Gotham (1980) have shown t h a t  th e re  a re  

d i f f e r e n t  o p tim u m  N:P ra tio s  f o r  C hlorophyceae and C yan o bacteria  and so th e s e  

will in flu en c e  th e  c o m p e tit io n  b e tw e e n  th e s e  groups. Reynolds (1984b) s ta te s  

t h a t  th e  e x te n t  t o  which N:P ra tio s  a f f e c t  p h y to p lan k to n  com m unities is y e t  to  

be resolved. The e f f e c t s  o f  N:P ra tio s  on th e  p h y to p lan k to n  com m unity  and its  

p e r io d ic ity  in re la t io n  to  th is  research  w ill be discussed in th e  n e x t  c h a p te r .

3 .3 .1 .4  Silica.

-1
Silica (SiO^) levels ranged  fro m  0.08 to  8.1 mgl w ith  a mean o f  3.5 and 

-1
f ro m  <0.1 to  6.9 mgl w ith  a mean o f  2.0 in S ta u n to n  Harold and Forem ark  

re s p e c tiv e ly . The f lu c tu a t io n s  in silica b e tw e e n  March and S e p te m b e r in 1981, 

1982 and 1983 a re  shown in F igure 26 f o r  S ta u n to n  Harold and F igure 27 f o r  

F o rem ark . The h ig h er w in te r  values in S ta u n to n  Harold w e re  possibly due to  th e  

g r e a te r  m a tu r ity  o f  th e  re s e rv o ir  and th e  build up o f  th e  silica pool' fro m  

th e  c a tc h m e n t soils and th e  recycling  o f  d ia to m  fru s tu le s .

Large f lu c tu a t io n s  o f  silica c o n c e n tra tio n s  o ccured  in b o th  reservo irs

d u rin g  all th r e e  years  o f  th e  s tu d y  w ith  high values in th e  w in te r  and during

-•)
m ixing events  b u t  decreas in g , som etim es to  u n d e te c ta b le  levels (<0.1 mgl ), as 

th e  sum m er p ro g ressed .

The increases in silica w e re  a re s u lt  o f  rep len ish m en t fro m  in flo w  w a te r  

and in te rn a l re cyc lin g . The e f f e c t  o f  a r t i f ic ia l  d e s t r a t i f ic a t io n  on silica  

levels in S e p te m b e r 1981 showed t h a t  w ith in  th r e e  days o f  mixing th e r e  was an 

even d is tr ib u t io n  w ith  d e p th . In  1982 and 1983, a r t i f ic ia l  mixing m aintained  

an even d e p th  d is tr ib u t io n  w h ils t in F o rem ark , c linograde  d is tr ib u tio n s  

developed  d uring  th e  sum m er m onths.
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The decreases in silica w e re  due to  biologocal u p ta k e . Silica is re q u ire d

by th e  B ac illariophyta  (d iatom s) to  build cell walls (fru s tu le s ). Diatoms do

n o t have th e  a b ility  to  ta k e  up m ore silicic acid th a n  is re q u ire d  f o r  th e  n e x t

cell division (Lund 1965). Lund's classical w o rk  (1950 , 1965) on th e  seasonal

p e r io d ic ity  o f  Asterionella in W in dem ere  showed t h a t  th e  p o p u la tio n  maxima o f

th is  d ia to m  was found c o n s is te n tly  to  co incide w ith  th e  d e p le tio n  o f  silica to

- 1
a level o f  ap p ro x im a te ly  0.5 mgl . C o n cen tra tio n s  below th is  level w e re  

re c o rd e d  in b o th  reservo irs , o f te n  during  th e  verna l period  (see C h ap te r 4).

3 .3 .2  The seasonal f lu c tu a tio n s  o f  s e le c te d  chem ical c h a ra c te r is t ic s .

The maximum, minimum and mean values o f  a lka lin ity , pH, c o n d u c tiv ity , 

manganese (Mn) and iron (Fe) during th e  s tu d y  p erio d  f o r  each re s e rv o ir  a re  

given in Table 12. The f lu c tu a tio n s  in th e s e  p a ra m e te rs  b e tw e e n  March and 

S e p te m b e r in all th r e e  years a re  shown in F igure 28 f o r  S ta u n to n  Harold and 29 

f o r  Forem ark .

3 .3.2.1 A lkalin ity .

A lkalin ities , m easured as CaCO^. w e re  re la t iv e ly  high ranging fro m  104 to

-1  -1  
166 mgl in S ta u n to n  Harold and fro m  146 to  178 mgl in Forem ark .

F lu c tu a tio n s  in b o th  reservo irs  w e re  small e x c e p t  during  1981 in S ta u n to n

Harold and F o rem ark  during 1981 and 1983. The e f f e c t  o f  a r t i f ic ia l  mixing in

S e p te m b e r, 1981 and in 1982 and 1983 appears to  have m ain ta ined  an even

d is tr ib u t io n  o f  a lka lin ity  w ith  d e p th .

3 .3 .2 .2  pH.

The pH values had a mean o f  8.2 w ith  a range o f  7.0 to  8.8 in S ta u n to n
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Harold and a mean o f  8.3 w ith  a range fro m  7.5 t o  8.8 in Forem ark  during th e  

s tu d y  p erio d . The flu c tu a tio n s  in b o th  re servo irs  w e re  genera lly  small 

increasing in la te  sum mer as a re s u lt  o f  p h y to p la n k to n  p ro d u c tio n . C linograde  

d is tr ib u tio n s  o f  pH w e re  re c o rd e d  in S ta u n to n  Harold in 1981 and Forem ark in 

all th r e e  years. A r t if ic ia l mixing during  1982 and 1983 e lim in a ted  th is  

c lin o g rad e  d is tr ib u t io n  and values w e re  sim ilar th ro u g h o u t th e  d e p th  o f  th e  

w a te r  column.

3 .3 .2 .3  C o n d u c tiv ity .

C o n d u c tiv ity  ranged fro m  437 to  571 pS (mean 519) and fro m  463 to  575 pS 

(mean 533) in S ta u n to n  Harold and Forem ark  re s p e c tiv e ly  which ind icates  t h a t  

b o th  reservo irs  w e re  m o d e ra te ly  high in th e ir  to ta l  ion c o n te n t . In  S ta u n to n  

Harold during 1981 and p a r t  o f  1982, c o n d u c tiv ity  showed a c linograde  

d is tr ib u t io n  which accord ing  to  Hutchinson (1957) a re  usually re p o r te d  during  

s t r a t i f ie d  periods. An even d e p th  d is tr ib u t io n  was re c o rd e d  during th e  

re m ain d e r o f  th e  s tu d y . In  Forem ark  an inverse re la tio n sh ip  was n o te d  in all 

th r e e  years and th is  is f u r t h e r  evidence to  s u p p o rt th e  hypothesis t h a t  in flo w  

w a te r  fro m  th e  River Dove (w ith  h igher ion c o n c e n tra tio n s  th a n  th e  re s e rv o ir)  

was rem aining in th e  epilim nion (see sec tio n  3 .3 .1 .2 ).

3 .3 .2 .4  Manganese and Iro n .

The behaviour o f  iron and manganese in lakes a re  v ery  sim ilar (Hutchinson  

1957, M o rtim e r 1942) and so th e y  will be considered  to g e th e r .

.1
Manganese c o n c e n tra tio n s  f lu c tu a te d  b e tw e e n  <0.01 and 0.38 mgl (mean

-1
0.04) in S tau n to n  Harold and <0.01 to  0.71 mgl (mean 0.04) in Forem ark . Iro n

-1
levels varied  b e tw e e n  0.02 and 0.58 mgl (mean 0.13) in S ta u n to n  Harold and
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- 1
<0.01 and 0.25 mgl (mean 0.06) in Foremark.

In  S ta u n to n  Harold during a r t i f ic ia l  m ixing, iron  and manganese 

c o n c e n tra tio n s  w e re  fou n d  to  be evenly d is tr ib u te d  w ith  d e p th  e x c e p t f o r  s h o rt  

perio ds  in 1902 and 1983. I t  was m ost likely t h a t  iron  and manganese con tin u ed  

t o  be re leased fro m  th e  sedim ents as an anaerob ic  layer e x is te d  a t  th e  

s e d im e n t/w a te r  in te r fa c e  (see sec tio n  3 .3 .1 .1 ), The re leased iron and manganese 

would th e n  be m ixed in to  th e  whole w a te r  column.

Iro n  levels f lu c tu a te d  in Forem ark on a small scale and no build up 

o c c u rre d  in th e  hypolimnion even though th e  w a te r  was anaerob ic. Manganese 

levels, how ever, showed a large increase in th e  hypolimnion during  1981 and 

1982 and to  a lesser e x te n t  in 1983. This presum ably was a re s u lt  o f  manganese 

re lease fro m  th e  sedim ents. A t th e  o v e rtu rn  th e  high c o n c e n tra tio n  o f  

manganeses in th e  hypolimnion was m ixed w ith  th e  e p ilim n e tic  w a te r  and th e  

overa ll c o n c e n tra tio n  increased.

The varia tio n s  o f  iron levels w e re  g r e a te r  in S ta u n to n  Harold th a n  Forem ark  

and th is  was a t t r ib u ta b le  to  tw o  fa c to rs ;  f i r s t ly ,  re lease  fro m  th e  sedim ents  

and subsequent mixing in to  th e  whole w a te r  colum n. Secondly, sludge fro m  th e  

t r e a tm e n t  process a t  M elbourne t r e a tm e n t  w orks, which has a v e ry  high iron  

c o n c e n tra tio n  was l e f t  to  sed im en t in lagoons. The lagoons o f te n  o v e rflo w e d  and 

w a te r ,  w ith  high iron levels e n te re d  th e  re s e rv o ir  on th e  e a s te rn  shore. W hen  

th e  prevailing  winds w e re  w e s te r ly , th e  sedim ents on th is  side o f  th e  re s e rv o ir  

w e re  d is tu rb e d  and iron was m ixed in to  th e  w a te r . For exam ple, th e  peak o f  iron

in early  May, 1982 fo llo w ed  a period  o f  th r e e  days when th e  wind was south

- 1  - 1  
w e s te r ly  a t  a speed o f  5 -1 0  ms . The v e ry  large peak o f  0.58 mgl in mid

-J u n e  also fo llo w ed  a p erio d  o f  o ver a w eek  w ith  south  w e s te r ly  to  w e s te r ly  

-1
winds (4 -8  ms ). Again in S e p te m b e r o f  th e  same year, th e  peak o f  iron

- 1fo llo w ed  a fo u r  day p eriod  w ith  average wind speeds o f  7.5 ms fro m  th e
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south  w e s t. O bservations o f  th is  process w e re  m ade during  b o a t surveys.

The build up o f  iron  and manganese in th e  hypolim nion can c r e a te  severe  

problem s in w a te r  m anagem ent (B rierley  1985). Increases  d uring  s t r a t i f ie d  

periods  re s u lt  fro m  increased re d o x  p o te n tia ls  as th e  w a te r  becom es anaerob ic  

(M o rtim e r 1942). M o rtim er's  s tu d y  on E s th w a ite  in th e  Lake D is tr ic t  showed 

conclusively t h a t  th e  changes in iron  and manganese para lle led  th e  changes in 

re d o x  p o te n tia l.

3.4 THE TROPHIC STATE OF THE RESERVOIRS.

The te rm s  o lig o tro p h ic , m eso tro p h ic  and e u tro p h ic  w e re  estab lished  by 

Naumann (1919 ). This te rm in o lo g y  is c u r re n t ly  used to  d escrib e  th e  f e r t i l i t y  

o f  w a te r  bodies fro m  th e  o lig o tro p h ic  s ta te  which is in fe r t i le  th ro u g h  th e  

m eso tro p h ic  to  f e r t i le  w a te r  bodies which a re  d escrib ed  as being in a e u tro p h ic  

s ta te .  These c a teg o rie s  have been e x te n d e d  (OECD 1982) to  include u lt ra  

-o lig o tro p h ic  and h y p e rtro p h ic .

Many w a te r  bodies around th e  w o rld , especia lly  in in d u stria lised  co u n trie s , 

have becom e m ore f e r t i l e  o ver th e  las t fe w  decades. This has re s u lte d  mainly 

f ro m  human a c tiv it ie s  w hich increase th e  in p u t o f  p la n t n u tr ie n ts  in to  w a te r  

bodies. The process is te rm e d  'c u ltu ra l e u tro p h ic a tio n " . The rise  in n i t r a t e  

c o n c e n tra tio n s  o f  f re s h w a te r  as a re s u lt  o f  th e  increased use o f  fe r t i l is e r s  

can be il lu s tra te d  by F igure  30 which shows th e  changes o f  n i t r a t e  levels in 

th e  River Dove during th e  p erio d  1952 to  1978. D esp ite  y e a r to  year  

oscillations w hich have n o t been in v e s tig a te d  f u r th e r ,  regression analyses 

c o n firm s  t h a t  maximum, minimum and mean c o n c e n tra tio n s  have all increased since  

1952. O rth o -p h o s p h a te  levels had n o t been re c o rd e d  o ver th is  p erio d  b u t  th e

-3
mean and maximum values f o r  1983 w e re  250 and 910 mgm re s p e c tiv e ly . These  

may be com pared  w ith  a mean c o n c e n tra tio n  o f  650 and a maximum o f  1560 mgm ^
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F igu re  30. Changes in t h e  maximum, m in imum  and mean River Dove n i t r a t e  

c o n c e n t r a t io n s  b e tw e e n  1952 and 1978.
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o rth o -p h o s p h a te  in th e  River Thames which is considered  to  be h y p e rtro p h ic  

(Lack and Johnson 1983).

Increases  in p la n t n u tr ie n ts  usually lead to  h igher p h y to p lan k to n  standing  

crops (Reynolds 1984, OECD 1982), The p rim ary  ro le  o f  phosphorus, and to  a 

lesser e x te n t  n itro g e n , in e u tro p h ic a tio n  w e re  realised a t  an early  s tag e  in 

th e s e  s tud ies  (Sawyer 1947).

The purpose o f  th e  OECD s tu d y  was to  c o lle c t to g e th e r  a la rge  am ount o f  

d a ta  fro m  a w ide range o f  w a te r  bodies so t h a t  th e  re la tionsh ips  p e r t in e n t  to  

th e  e u tro p h ic a tio n  prob lem  could be eva lu a ted . As a re s u lt , th e  s tu d y  

developed  an open boundary system ' which to o k  in to  acco u n t th e  u n c e r ta in ty  o f  

categ o ris in g  a lake in to  a given tro p h ic  s ta te .  This system  enables p re d ic tio n  

w ith  an e s tim a te  o f  p ro b a b lity .

The tro p h ic  s ta te s  o f  S ta u n to n  Harold and Forem ark  have been eva lu a ted  

using th e  open boundary system . Annual mean values o f  to ta l  phosphorus, mean 

and maximum chlorophyll a and mean and minimum Secchi d ep th s  f o r  th e  th r e e  

years o f  s tu d y  a re  p re s e n te d  in Table 13a f o r  S ta u n to n  Harold and Table 13b f o r  

Fo rem ark . The average  values (1 9 8 1 -1 9 8 3 ) f o r  S tau n to n  Harold (Table 13a) have 

been f i t t e d  in to  th e  open boundary system  and th e  resu lts  a re  shown in F igure

31. From  th e s e  fig u re s  th e  re s e rv o ir  had th e  fo llow ing  p ro b a b ilitie s  o f  being  

in any one tro p h ic  c a te g o ry :

T o ta l phosphorus Average chlorophyll

O lig o tro p h ic  0 O ligotroph ic  0

M eso tro p h ic  0 .08 (8%) M esotroph ic  0 .11 (117 .)

H y p e rtro p h ic  0 ,32  (32%) H y p e rtro p h ic  0.27 (27%)

E u tro p h ic  0 .60 (60%) E u tro p h ic  0 .62 (62%)
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TABLE 13a . ANNUAL VALUES OF TOTAL PHOSPHORUS. CHLOROPHYLL A 

AND SECCHI DEPTH IN  STAUNTON HAROLD BETWEEN 1981 AND 1983.

YEAR MEAN MEAN MAX. MEAN MINIMUM

[T P ]3 CCHL] [CHL] SECCHI SECCHI
1

DEPTH DEPTH 1

__ -3 — 3 — 3mgm mgm mgm m m

1981 40 . 0 7 . 0 176 . 0 2 . 4 0 . 8

1982 140 . 0 12 . 0 113 . 0 2 . 1 1 . 0

1983 140 . 0 2 4 . 0 $ 122 . 0 1 . 8 0 . 7 5

1 98 1 - 1983 110 . 0 17 . 0$ 176 . 0 2 . 1 0 . 7 5

TABLE 13b. ANNUAL VALUES OF TOTAL PHOSPHORUS. CHLOROPHYLL A

AND SECCHI DEPTH IN  FOREMARK BETWEEN 1981 AND 1983.

YEAR MEAN MEAN MAX. MEAN MINIMUM

[ TP ] 3 [CHL] [CHL] SECCHI SECCHI

DEPTH DEPTH

„ -3 — 3 — 3mgm mgm mgm m m

1961 200 . 0 10 . 0 66 . 0 3 . 1 1 .5

1982 230 . 0 8 . 0 54 . 0 3 . 3 2 . 0

1983 290 . 0 9 . 0 $ 77 . 0 2 . 4 1 .25

1981- 1983 260 . 0 10 . 0$ 77 . 0 2 .95 1 . 25

$ Up t o  O cto b er 1983. 3 Mean a n n u a l t o t a l  phosphorus f o r

each year above was e s t i m a t e d  from  th e r e g r e s s i o n e q u a tio n s

c a lc u la te d from  1978 d a t a  on page 71 .
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Figu re  31. The p r o b a b i l i t y  d is t r i b u t i o n s  f o r  t r o p h ic  c a te g o r ie s  based on 

average  c o n c e n t r a t io n s  o f  t o t a l  phospho rus  and c h lo ro p h y l l ,  maximum ch lo ro p h y l l  

c o n c e n t r a t io n s  and average Secchi d e p th s  f o r  S ta u n to n  Harold d u r in g  th e  s tu d y  

p e r io d .  1901 t o  1983.
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Maximum chlorophyll 

O llg o tro p h ic  0 

M esotroph ic  0 

E u tro p h ic  0.26 (267.) 

H y p e rtro p h ie  0.74 (747.)

Average Secchi d e p th  

O lig o tro p h ic  0 

M esotroph ic  0,17 (177.) 

H y p e rtro p h ie  0.30 (307.) 

E u tro p h ic  0.53 (537.)

Using th e  average d a ta  f o r  th e  th r e e  years th e r e  was over a 507. c e r ta in ty  

(all 4 fa c to rs )  t h a t  S tau n to n  Harold was e u tro p h ic , w ith  maximum chlorophyll 

showing a 747. p ro b a b ility  t h a t  S ta u n to n  Harold was h y p e rtro p h ic .

Sim ilarly, f o r  Forem ark, th e  average values ( 19 81 - 1 98 3 )  (Table 13b) have 

been f i t t e d  in to  th e  open boundary system  and th e  resu lts  a re  shown in F igure

32. From  th e s e  fig u re s  th e  re s e rv o ir  had th e  fo llow ing  p ro b a b ilit ie s  o f  being  

in any one tro p h ic  ca teg o ry :

T o ta l phosphorus

O lig o tro p h ic  0 

M esotroph ic  0

Average chlorophyll

O lig o tro p h ic  0.02 (27.) 

H y p e rtro p h ic  0.08 (87.)

E u tro p h ic  0.23 (237.) 

H y p e rtro p h ic  0.77 (77%)

M esotroph ic  0.38 (387.) 

E u tro p h ic  0.52 (527.)

Maximum chlorophyll Average Secchi d e p th

O lig o tro p h ic  0 O lig o tro p h ic  0.04 (47.)

M eso tro p h ic  0.04 (4%) H y p e rtro p h ic  0.14 (147.)

H y p e rtro p h ic  0.43 (437.) M esotroph ic  0.31 (31%)

E u tro p h ic  0.53 (537.) E u tro p h ic  0.51 (51%)

Thus th e  average d a ta  fro m  th e  th r e e  years shows t h a t  th e r e  was a 507. 

c e r ta in ty  t h a t  Forem ark  was e u tro p h ic  f o r  th r e e  o u t o f  th e  fo u r  fa c to rs . T o ta l 

phosphorus gave a 777. p ro b a b ility  t h a t  Forem ark  was h y p e rtro p h ic .
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F igu re  32. The p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  t r o p h i c  c a te g o r ie s  based on 

average  c o n c e n t r a t io n s  o f  t o t a l  p hosphorus  and c h lo ro p h y l l ,  maximum c h lo ro p h y l l  

c o n c e n t r a t io n s  and average Secchi d e p th s  f o r  F o re m a rk  d u r in g  t h e  s tu d y  p e r io d ,  

1981 t o  1983.
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Phosphorus c o n c en tra tio n s  in Forem ark  w e re  h igher th an  in S ta u n to n  Harold  

b u t  th e  average chlorophyll c o n c e n tra tio n s  w e re  low er. The re la tio n sh ip  

b e tw e e n  phosphorus and p h y to p lan k to n  g ro w th  has been known f o r  a long tim e . 

Lund (1970)  showed t h a t  th e r e  was a good linear c o rre la t io n  b e tw e e n  sum m er 

maximum chlorophyll and w in te r  maximum phosphate  c o n c e n tra tio n  on a log.log

_3
scale up to  100 mgm phosphate. This re la tio n sh ip  was u p d a te d  by S c o tt  (1975)  

and Collingwood (1977). The regression was again u p d a te d  by Lack and Johnson 

(1983) .  Data fro m  S tau n to n  Harold and F o rem ark  a re  included in th e  re la tio n sh ip  

(F igure  33) con firm in g  t h a t  Lund's o b serva tio n  (1970)  t h a t  th e  linear 

re la tio n s h ip  does n o t hold above lOOmgm  ̂ phosphate. Once th e  o rth o -p h o s p h a te  

w in te r  maximum level exceed ed  th is  value, no correspond ing  increase in sum m er 

maximum chlorophyll o c c u rre d . T h ere  m ust, t h e r e fo r e ,  be a n o th e r exp lan atio n  

f o r  th e  lim ita tio n  o f  p h y to p lan k to n  g ro w th  as th e  p o te n tia l w ith  re s p e c t to  

phosphorus appears to  have been reached  in b o th  S ta u n to n  Harold and F o rem ark . 

T h ere  a re  several possible exp lanations. S e lf-sh ad in g  is one, a lthough as 

s ta te d  above (section  3 .2 .2 .6 ) th e r e  is no c o n c re te  evidence  f o r  th is  using th e  

average values o f  th e  s e lf-sh ad in g  c o e f f ic ie n ts . The m ost likely e xp lan a tio n , 

how ever, is t h a t  th e  re lease o f  o r th o -p h o s p h a te  fro m  th e  sed im ents  in F o rem ark  

was h igher (see sec tio n  3 .3 .1 .2 ).

Lund (1970)  also showed a sim ilar re la tio n sh ip  f o r  n i t r a te ,  th e  o th e r  m a jo r  

p la n t n u tr ie n t .  The re la tio n sh ip  b e tw e e n  w in te r  maximum n i t r a t e  c o n c e n tra tio n s  

and sum m er maximum chlorophyll has also been u p d a te d  by S c o tt  (1975)  and th e  

d a ta  fro m  S tau n to n  Harold and Forem ark  a re  included in th e  p lo t  in F igure 34.

The d a ta  fro m  th is  p r o je c t  lies around th e  u p p e r end o f  S c o tt 's  regression  

line. I t  is in te re s tin g  to  n o te  t h a t  th e  c o n c e n tra tio n s  o f  n i t r a te ,  unlike  

ph o sp h ate , had n o t reached  a level w h e re  p h y to p lan k to n  g ro w th  had becom e  

lim ite d  and th e  linear re la tio n sh ip  (on a log.log scale) p u t  fo rw a rd  by Lund 

(1970)  s till holds.

94



F igu re  33. The re la t io n s h ip  b e tw e e n  w in t e r  maximum o r th o - p h o s p h a t e  and summ er 

maximum c h lo ro p h y l l  c o n c e n t r a t io n s .
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F igu re  34. The re la t io n s h ip  b e tw e e n  w in t e r  maximum n i t r a t e  and sum m er maximum 

c h lo ro p h y l l  c o n c e n t r a t io n s .  See t e x t  f o r  d e ta i ls  o f  reg re ss ion  lines.
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3 . 5  S P A T I A L  V A R I A T I O N  O F  T E M P E R A T U R E .  D I S S O L V E D  O X Y G E N  A N D  C H L O R O P H Y L L  A.

This section  id e n tif ie s  th e  e f fe c ts  o f  mixing on th e  d is tr ib u tio n  o f  

te m p e ra tu re , dissolved oxygen and chlorophyll a in th e  main basin o f  S taunton  

Harold and com pares th e  resu lts  w ith  those fro m  th e  s t r a t i f ie d  ’c o n tro l' 

rese rvo ir. These surveys w e re  c arried  o u t to  co n firm  any d iffe re n c e s  or 

sim ilarities  which may have been n o ted  during th e  ro u tin e  sampling fro m  th e  

valve to w ers . The spatia l d is tr ib u tio n  o f  phyto p lan kto n  in reservoirs  (bo th  

h o rizo n ta lly  and v e rtic a lly ) is very  com plex and i t  was considered to  be fa r  

beyond th e  realms o f  th is  p r o je c t  to  s tu d y  d is tr ib u tio n  p a tte rn s  in d e ta il. 

See also section  2.3.4 and Appendix 7.

P rior to  any a r t i f ic ia l mixing, in O cto b er, 1980, a b o at survey was c arried  

o u t a t  S taun to n  Harold. S u rface  samples fro m  tw e n ty  nine random sites -  using 

randon numbers and a g rid  over a map o f  th e  reservo ir -  and one fro m  th e  valve 

to w e r  w e re  tak en  and analysed fo r  chlorophyll a. As no re p lic a tes  w ere  tak en , 

th e  reservo ir was divided in to  fo u r  zones fo r  th e  purpose o f  analysis, as shown 

below. The num ber o f  samples in each zone w ere  th en  t r e a te d  as rep lica tes .

ZÔ N e  I

The resu lts  fro m  a o ne-w ay analysis o f  variance gave an F value o f  2.56 

(Ftab [0 .05] = 3.01) and so th e re  is no s ig n ifican t d if fe re n c e  a t  th e  957. level
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b e tw e e n  th e  fo u r  zones. A t e s t  was made to  d e te rm in e  w h e th e r  th e  valve to w e r  

sample was d i f f e r e n t  fro m  th e  o th e rs . The valve to w e r  sample had a chlorophyll

_ 3
a value o f  32.9 mgm , th e  mean and 957. c o n fid e n c e  lim its  o f  th e  o th e r  tw e n ty

_ 3
nine s ites  was 34.53 + /_  2.28 mgm and so th e  chlorophyll c o n c e n tra tio n  a t  th e  

valve to w e r  was w ith in  th e  95% c o n fid e n c e  lim its  o f  th e  mean. A lthough th is  is 

n o t a s ta t is t ic a lly  rigorous t e s t ,  when com bined w ith  th e  ANOVA re s u lt  i t  shows 

th e  homogeneous n a tu re  o f  th e  s u rfa c e  chlorophyll a.

Problem s w e re  e n c o u n te re d  w ith  th e  s ta t is t ic a l analyses o f  b o a t survey d a ta  

and th e  analysis o f  varian ce  tab le s  (ANOVA) a re  n o t p re s e n te d . The resu lts  , 

a lthough  s ta tis t ic a lly  sound, a re  suspect in te rm s  o f  th e  hypotheses being  

te s te d .  This has re s u lte d  fro m  several fa c to r s  in th e  e x p e rim e n ta l design. 

F irs tly , th e  s ites  had uneven d ep th s  which com plica tes  th e  analysis and led to  

th e  ANOVA being c a rr ie d  o u t only on d a ta  to  th e  maximum d e p th  o f  th e  shallow est 

s ite . Secondly, re p lic a te s  could n o t be ta k e n  due to  t im e  re s tr ic t io n s  and 

th ird ly , because th e  d if fe re n c e s  b e tw e e n  s ites  and d e p th s  was o f te n  very  small, 

any v a ria tio n  would have given a highly s ig n ific a n t d if fe r e n c e  in th e  ANOVA 

ta b le . This is well illu s tra te d  by th e  te m p e ra tu re  and dissolved oxygen d e p th  

d is tr ib u tio n s  in S ta u n to n  Harold on th e  22nd S e p te m b e r, 1982. The ANOVA gave  

highly s ig n ific a n t ( * * * )  d if fe re n c e s  b e tw e e n  s ites  and d ep th s  f o r  b o th  

p a ra m e te rs  w hereas a g lance a t  F igure  38 shows t h a t  th e  h o rizo n ta l and v e r t ic a l  

d is tr ib u tio n s  w e re  v e ry  sim ilar.

On th e  23rd  A pril, 1982,  th e  p h y to p la n k to n  in S ta u n to n  Harold was d o m in ated

by th e  C ry p to p h y te s , Cryptom onas  spp. and Rhodomonas minuta  Skuja v a r.

nanoplanktica  Skuja (1048 and 2860 cells ml  ̂ re s p e c tiv e ly ). In  th e  w eek

-1
p re ce ed in g  th e  survey, w ind speed had been low a t  2 to  5 ms fro m  th e  w e s t. On

_
th e  day o f  th e  survey th e  wind speed increased to  b e tw e e n  7.5 and 9 ms and  

was w e st n o r th  w e s te r ly . The re su lts  o f  th e  survey a re  shown in F igure  35. I t
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F igu re  35. The h o r iz o n ta l  and v e r t i c a l  v a r ia t io n s  o f  t e m p e r a tu r e ,  d isso lved 

oxygen  and c h lo ro p h y l l  a in t h e  main basin o f  S ta u n to n  Harold r e s e rv o i r  on t h e  

2 3 rd  A p r i l ,  1982.
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is in te re s t in g  to  n o te  th e  s u rfa c e  build up o f  chlorophyll on th e  w indw ard  

(e a s te rn ) shore was a re s u lt o f  th e  wind and possibly v e r t ic a l m ovem ents by th e  

m o tile  cells. A second p o in t o f  in te r e s t  is t h a t  w ith in  a p p ro x im a te ly  30 m o f  

th e  p e r fo r a te d  p ipe th e  chlorophyll was d is tr ib u te d  evenly w ith  d e p th . This 

showed t h a t  even m o tile  p h y to p lan k to n  could n o t m ainta in  th e ir  optim um  d e p th  

d is tr ib u t io n  and w e re  m ixed th ro u g h o u t th e  w a te r  colum n.

The re su lts  o f  a b o a t survey c a rr ie d  o u t on th e  1 5 th  July, 1982 a re  shown

in F igure  36. The p h y to p lan k to n  w e re  d o m in ated  by th e  d iatom s. Aster/one//a

“ 1■formosa and small c e n tr ic s  (3-1 2;jm) (550 and 4530 cells ml re s p e c tiv e ly  a t

th e  s u rfa c e ) and Rhodomonas minuta  (722 cells ml \ .  The wind during th e

previous w eek  had been n o r th  e a s te r ly  ranging fro m  2 to  8 ms  ̂ b u t  on th e  day

- 1
o f  th e  survey moved round to  th e  south  w e s t and ranged fro m  2 to  4 ms . The 

d is tr ib u t io n  o f  chlorophyll again showed a build up on th e  w indw ard  shore. The 

s lig h t te m p e ra tu re  s t r a t i f ic a t io n  which was re c o rd e d  was th e  re s u lt  o f  an 

in ten s e  p erio d  o f  h ea tin g  (F igure  11 shows th e  te m p e ra tu re  d if fe r e n c e  in 

F o rem ark  increased d ra m atic a lly  during  th is  p e rio d ) and possibly th e  d ecrease  

in wind induced tu rb u le n c e . Dissolved oxygen d e p th  d is tr ib u tio n s  also showed  

s t r a t i f ic a t io n  which was p ro b ab ly  a re s u lt  o f  th e  change in te m p e ra tu re  and 

also high p h y to p lan k to n  p ro d u c tiv ity  (see C h a p te r 5).

The d is tr ib u t io n  o f  s u rfa c e  chlorophyll a t  12 s ites  was c a rr ie d  o u t on th e

8 th  S e p te m b e r, 1982. D epth  p ro file s  o f  te m p e ra tu re , dissolved oxygen and

ch lorophyll w e re  ta k e n  a t  th e  valve to w e r . The resu lts  a re  shown in F igure  37.

The p h y to p lan k to n  w e re  dom in ated  by th e  C ry p to p h y te , Cryptom onas  spp. and th e

C yanobacterium , Microcystis aeruginosa  K u tz . em end. Elenkin, b o th  o f  w hich can

c o n tro l th e ir  d e p th  d is tr ib u t io n . The w ind had been south  w e s te r ly  and ranged

fro m  0 to  7.5 ms”  ̂ p r io r  to  th e  survey b u t w ind speed dec lined  and ranged fro m  

-1
3 t o  5 ms on th e  day, moving round to  sou th , south  w e s t. T e m p e ra tu re , 

dissolved oxygen and chlorophyll a showed even d is tr ib u tio n s  w ith  d e p th  a t  th e
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F igu re  36. The h o r iz o n ta l  and v e r t i c a l  v a r ia t io n s  o f  t e m p e r a t u r e ,  d isso lved 

oxygen  and c h lo ro p h y l l  a in t h e  main basin o f  S ta u n to n  Harold r e s e rv o i r  on t h e  

1 5 th  Ju ly . 1982.

(UJ ) H i d 3 0
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F igu re  37. The h o r iz o n ta l  v a r ia t io n  o f  s u r fa c e  c h lo ro p h y l l  a and th e  d e p th  

d i s t r i b u t i o n  o f  t e m p e r a tu r e ,  d isso lved oxygen  and c h lo ro p h y l l  a a t  th e  valve 

t o w e r  in S ta u n to n  Harold re s e rv o i r  on t h e  8 th  S e p te m b e r ,  1982.

A p p r o x .  p o s l U o n  

o f  p e r f o r a t e d  p i p i

D O  ( m Q I -  1 )
8_  0̂

C h i .  e ( m o m - 3 )

T ( o C )

0

2

6

8

1 2

1 4

1 6

102



valve to w e r. The surface chlorophyll value a t  th e  valve to w e r was 10.8

- 3
"TigiT* and th e  mean and 957. c o n fid e n c e  lim its  f o r  th e  o th e r  11 s ites  was 9.58  

+ / -  2.08 and so th e  valve to w e r  is w ith in  th e s e  lim its . The d is tr ib u t io n  o f  

s u rfa c e  chlorophyll appears n o t to  have been a f f e c te d  by th e  wind e x c e p t f o r  

th e  value o f  7.7 mgm  ̂ a t  th e  south  w e s t end o f  th e  main basin. Here th e  

sampling s ite  was s h e lte re d  fro m  th e  sou th , south  w e s te r ly  wind by a hill which  

lies b e tw e e n  th e  tw o  arms o f  th e  re s e rv o ir.

A n o th er b o a t survey a t  S ta u n to n  Harold was c a rr ie d  o u t on th e  22nd 

S e p te m b e r, 1982 (which was a t  th e  beginning o f  th e  n a tu ra l autum nal o v e rtu rn  

as re c o rd e d  in Fo rem ark  -  see F igure 17). The p h y to p lan k to n  w e re  dom inated  by 

C ryptom onas  spp., Rhodomonas m inuta  and th e  C yanobacterium , Anabaena circinalis  

Rabenh. ex  Born, e t  Flah., all o f  which a re  m o tile . W ind speed on th e  day was 

b e tw e e n  0 and 5 ms \  south  w e s te r ly  and sim ilar to  t h a t  o f  th e  previous w eek. 

The resu lts  a re  shown in F igure 38 and all th r e e  p a ra m e te rs  showed even d e p th  

d is tr ib u tio n s .

Two b o a t surveys w e re  c a rr ie d  o u t a t  F o rem ark  during  1982. The f i r s t  on 

th e  1 0 th  A pril, re c o rd e d  th e  d is tr ib u t io n  o f  chlorophyll a only, th e  resu lts  

a re  p re s e n te d  in F igure  39. The dom inant p h y to p lan k to n  a t  th e  t im e  w e re  

Stephanodiscus a s tra e a  (Ehrenb.) Grun., A sterionella -Formosa and small c e n tr ic  

diatom s. The wind speed was 5 ms  ̂ fro m  a w e s te r ly  d ire c t io n . W ind speed had 

ranged fro m  5 to  15 ms  ̂ and was south  w e s te r ly  f o r  th e  w eek  p r io r  to  th e  

survey. The even d e p th  d is tr ib u t io n  o f  chlorophyll a was n o t u n e x p e c te d  as th e  

survey was c a rr ie d  o u t previous to  any th e rm a l s t r a t i f ic a t io n  being a p p a re n t  

and also th e  species o f  p h y to p lan k to n  w hich w e re  p re s e n t w e re  n o n -m o tile . The 

s ligh tly  h ig h er c o n c e n tra tio n  o f  chlorophyll a in th e  low er layers was a re s u lt  

o f  sed im e n ta tio n  o f  th e  d ia to m  cells.

The re su lts  fro m  th e  o th e r  b o a t survey c a rr ie d  o u t on th e  1 5 th  S e p te m b e r,
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F igu re  38. The h o r iz o n ta l  and v e r t i c a l  v a r ia t io n s  o f  t e m p e r a t u r e ,  d isso lved  

oxygen  and c h lo ro p h y l l  a in t h e  main basin o f  S ta u n to n  Harold r e s e rv o i r  on t h e  

22nd S e p te m b e r ,  1982.

( “ ) H 1 d 3 a
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F igu re  39. The h o r iz o n ta l  and v e r t i c a l  v a r ia t io n s  o f  c h lo ro p h y l l  a in t h e  main 

basin o f  F o re m a rk  r e s e rv o i r  on t h e  1 0 th  A p r i l ,  1982.
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1982 are p resented  in Figure 40. The wind was w est, south w esterly  and ranged

- I
fro m  2 to  5 ms . The p h y to p lan k to n  s tan d ing  c ro p  was mainly composed o f  

C ryptom onas  spp., Rhodomonas m inuta. M icrocystis  aeruginosa, Pandorina m orum  

and A sterionella form osa. Chlorophyll s t r a t i f ic a t io n  was a p p a re n t and i t  is 

suggested  t h a t  th is  was due mainly to  th e  p resence  o f  m o tile  species o f  

p h y to p la n k to n  -  th e  te m p e ra tu re  and dissolved oxygen also showed s t r a t i f ic a t io n  

b u t only below  16 m e tre s . This can also be seen in Figures 17 and 18 which  

show th e  d e p th  d is tr ib u t io n  o f  te m p e ra tu re  and dissolved oxygen during  1982. 

Again th e r e  was a build up o f  chlorophyll on th e  w indw ard  shore and less in th e  

s h e lte re d  areas, such as th e  shallow est s ite  on th e  w e s te rn  side o f  th e  

re s e rv o ir .

The d is tr ib u t io n  o f  p h y to p lan k to n  in th e  reservo irs  was a f f e c te d  mainly by 

th e  in te ra c tio n s  o f  w in d -in d u ce d  w a te r  c u r re n ts  and w a te r  column s ta b ility , 

Reynolds (1984b) s ta te d  t h a t  th e s e  in te ra c tio n s  b e tw e e n  tw o  o f  th e  m a jo r  

fa c to r s  d e te rm in e  spatia l and tem p o ra l d is tr ib u tio n s . The patchiness o f  

p h y to p la n k to n  is s till n o t u n d ers to o d  b u t  i t  is now c lea r th a t  discontinuous  

d is tr ib u tio n s  a re  th e  m ost common p a t te r n  fou n d  (Harris and Sm ith 1977). In  

te rm s  o f  th e  in te ra c t io n  o f  p h y to p lan k to n  cells and th e ir  en v iro n m en t, s h o rt  

t im e  scale v aria tio n s  a re  im p o rta n t  as th e  cells can only p e rce ive  changes over 

s h o rt p eriods , usually less th a n  th e  cell g e n e ra tio n  t im e  (Harris 1980). The 

changes in d is tr ib u t io n  due to  in te ra c tio n s  o f  th e  wind and w a te r  column  

s ta b ility  can be on v e ry  s h o rt t im e  scales and thu s  play an im p o rta n t , i f  n o t  

dom inant ro le  in p h y to p la n k to n  g ro w th  and succession (Reynolds 1984).
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F ig u re  40. The h o r iz o n ta l  and v e r t i c a l  v a r ia t io n s  o f  t e m p e r a t u r e ,  d isso lved  

oxygen  and c h lo ro p h y l l  a in t h e  main basin o f  F o re m a rk  r e s e rv o i r  on t h e  1 5 th  

S e p te m b e r ,  1982.
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CHAPTER 4. PHYTOPLANKTON BIOMASS. GROWTH AND PERIODICITY.

4.1 TEMPORAL AND VERTICAL CHANGES IN PHYTOPLANKTON BIOMASS.

In  th e  previous c h a p te r  i t  was concluded t h a t  b o th  reservo irs  w e re  

e u tro p h ic  and could th e r e fo r e ,  s u p p o rt la rge  p h y to p lan k to n  biomasses.

The p h y to p lan k to n  biomass (m easured as ch lorophyll a) was v e ry  variab le  in 

b o th  reservo irs  over th e  s tu d y  p erio d . Maximum, minimum and mean dens ities  

b e tw e e n  March and O c to b e r f o r  each re s e rv o ir  during  1981, 1982 and 1983 a re  

shown in Table 14. [The standing  c ro p  (ch lorophyll a p e r  u n it  s u rfa c e  area) in 

t h e  whole w a te r  column, th e  m ixed and e u p h o tic  d e p th  a re  shown in Appendix 2].

-3  -3The low est value re c o rd e d  in S ta u n to n  Harold was 0.1 mgm and 0.5 mgm in

-3
F o rem ark . The maximum values in S tau n to n  Harold ranged fro m  122 mgm in 1983

-3  -3  -3
t o  178 mgm in 1981 and in Fo rem ark  fro m  54 mgm in 1982 to  77.0 mgm in

1983. Higher values w e re  re c o rd e d  in years previous to  th is  s tu d y  and also

w hen special surveys w e re  made.

A com parison o f  th e  mean and maximum biomass levels in S ta u n to n  Harold  

d u rin g  years when a r t i f ic ia l  mixing to o k  p lace revea led  t h a t  in one year (1983) 

th e  biomass was increased and w h ils t in a n o th e r (1982) i t  was red u ced  re la t iv e  

t o  th e  n a tu ra lly  mixed y ear (1981). In  Form ark  th e  biomass levels w e re  low er 

th a n  tho se  in S tau n to n  Harold b u t th e  mean values showed t h a t  th e  h ighest 

biomass was achieved in th e  n a tu ra lly  m ixed y ea r (1981) w ith  s ligh tly  low er 

values reached  in 1982 and 1983.
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TABLE U . SUMMARY OF THE SPRING/SUMMER CHLOROPHYLL DATA 

(MARCH TO OCTOBER) FOR STAUNTON HAROLD AND FOREMARK 

RESERVOIRS . 1981 TO 1983.

_ 3
C h lo r o p h y ll  a (mgm ) .

S tau n to n  H a ro ld  Forem ark

1981

Maximum 

Minimum  

Mean ( + / - s . e . )

176 . 0  

0 . 1

17. 0  ( + / - 2 . 0 5 )

6 6 . 0

0 . 5

11 . 0  ( + / - 0 . 7 5 )

1982

Maximum 

Minimum  

Mean ( + / - s . e . )

113 . 0

0 . 9

12 . 0  ( + / - 1 . 26)

5 4 . 0

0 . 5

9 . 0  ( + / - 0 . 7 2 )

1983

Maximum 

Minimum  

Mean ( + / - s . e .

1 2 2 . 0  

1 . 2

2 4 . 0  ( + / - 2 . 1 2 )

7 7 . 0  

0 . 8

9 . 0  ( + / - 0 . 8 8 )
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The changes in biomass (m easured as chlorophyll a) b e tw e e n  March and 

O c to b e r a re  shown in Figures 4 1 , 4 2  and 43 f o r  S tau n to n  Harold and 44, 45 and 

46 f o r  F o rem ark . The values p lo t te d  a re  tho se  fro m  s u rfa c e  and b o tto m  (1 4 m in 

S ta u n to n  Harold and 20 m in Forem ark) samples. The seasonal p a t te r n  was 

sim ilar b e tw e e n  years and reservo irs  and th e  values f lu c tu a te d  w idely. 

G enerally , values w e re  low th ro u g h o u t th e  w in te r , increasing (o f te n  rap id ly) to  

fo rm  th e  vernal peak. The dec line , again o f te n  ra p id , o f  th is  pulse to  low 

early  sum m er values was fo llo w e d  by several mid and la te  sum m er peaks. Values 

th e n  dec lin ed  again, usually a f t e r  th e  autum nal o v e rtu rn , and re tu rn e d  to  low 

w in te r  values. This g en era l p a t te r n  is typ ic a l o f  many te m p e ra te , e u tro p h ic  

lakes (Hutchinson 1967, S c o t t  1975, Toms e t  a/. 1975, Youngman 1975, Jewson 

1976, Jones 1977a, Reynolds 1978, Harris and Piccinin 1980, B a ile y -W a tts  1978 

1982, Ferguson and H arp e r 1982, Lund and Reynolds 1982, Lack and Johnson 1983).

The d e p th  d is tr ib u t io n  o f  p h y to p lan k to n  biomass, as chlorophyll a, is shown 

in F igures 47, 48 and 49 f o r  S ta u n to n  Harold during  th e  th r e e  years o f  s tudy. 

Chlorophyll a was fo u n d  to  be evenly d is tr ib u te d  w ith  d e p th  during a r t i f ic ia l  

mixing in 1982 and 1983 e x c e p t  when th e  w a te r  column s ta b ility  increased  

(F igure  22) and m o tile  species w e re  p re s e n t (eg. Aphanizomenon  in August, 1982 

and C ryptom onads in la te  May, 1983). The b o a t surveys (see c h a p te r  3) showed 

t h a t  th is  p a t te r n  o f  p h y to p la n k to n  s t r a t i f ic a t io n  e x is te d  th ro u g h o u t th e  

re s e rv o ir  e x c e p t in th e  v ic in ity  o f  th e  bubble  plume o f  th e  p e r fo r a te d  p ipe. In  

F o rem ark , p h y to p lan k to n  biomass was s t r a t i f ie d  th ro u g h o u t th e  sum mer m onths in 

all 3 years and was c o n c e n tra te d  in th e  to p  5m (Figures 50, 51 and 52).

4.2 TEMPORAL AND VERTICAL CHANGES OF DOMINANT SPECIES IN  1981.

A lis t o f  th e  p h y to p la n k to n  ta x a  re c o rd e d  fro m  b o th  re se rvo irs  b e tw e en  1981 

and 1983 is given in A ppendix  3. I t  does n o t ta k e  all ta x a  to  species level
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F igu re  4 1. The v a r ia t io n s  in t h e  c h lo ro p h y l l  levels a t  t h e  s u r fa c e  and b o t t o m  

(14 m) in S ta u n to n  Harold d u r in g  1 981. (N um er ica l ly  d o m in a n t  p h y to p la n k to n  

spec ies  a re  in d ic a te d )
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F igu re  42. The v a r ia t io n s  in t h e  c h lo ro p h y l l  levels a t  t h e  s u r fa c e  and b o t t o m  

(14 m) in S ta u n to n  Haro ld  d u r in g  1982. (N um er ica l ly  d o m in a n t  p h y to p la n k to n  

spec ies a re  in d ic a te d )
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F igu re  43. The v a r ia t io n s  in t h e  c h lo ro p h y l l  levels a t  t h e  s u r fa c e  and b o t t o m  

(14 m) in S ta u n to n  Harold d u r in g  1983. (N um er ica l ly  d o m in a n t  p h y to p la n k to n  

species a re  in d ic a te d )
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F igu re  44. The v a r ia t io n s  in t h e  c h lo ro p h y l l  levels a t  t h e  s u r fa c e  and b o t t o m  

(20 m) in F o re m a rk  d u r in g  1981. (N um erica l ly  d o m in a n t  p h y to p la n k to n  spec ies  

a re  in d ic a te d )
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F igu re  45. The v a r ia t io n s  in t h e  c h lo ro p h y l l  levels a t  t h e  s u r fa c e  and b o t t o m  

(20 m) in F o re m a rk  d u r in g  1982. (N um erica l ly  d o m in a n t  p h y to p la n k to n  spec ies  

a re  in d ic a te d )
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F igu re  45. The v a r ia t io n s  in th e  c h lo ro p h y l l  levels a t  t h e  s u r fa c e  and b o t t o m  

(20 m) in F o re m a rk  d u r in g  1983. (N um erica l ly  d o m in a n t  p h y to p la n k to n  spec ies 

a re  in d ic a te d )
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F i g u r e  47. V a r i a t i o n s  in t h e  v e r t i c a l  d i s t r i b u t i o n  o f  c h l o r o p h y l l  a in

S t a u n t o n  H a ro ld  d u r i n g  1981.  I s o p l e t h s  in mg m ~ ^

O

O <D 00
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F i g u r e  48,  V a r i a t i o n s  in t h e  v e r t i c a l  d i s t r i b u t i o n  o f  c h l o r o p h y l l  a in

S t a u n t o n  H a ro ld  d u r i n g  1982.  I s o p l e t h s  in mg m " 3

COCOoooCM COo
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F i g u r e  49.  V a r i a t i o n s  in t h e  v e r t i c a l  d i s t r i b u t i o n  o f  c h l o r o p h y l l  a in

S ta u n to n  Harold d u r in g  1983. Is o p le th s  in mg rn -3
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F i g u r e  50. V a r i a t i o n s  in t h e  v e r t i c a l  d i s t r i b u t i o n  o f  c h l o r o p h y l l  a in

Forem ark during 1981. Isopleths in mg m-3
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F igu re  51. V a r ia t io n s  in t h e  v e r t i c a l  d i s t r i b u t i o n  o f  c h lo ro p h y l l  a in

F o re m a rk  d u r in g  1982. Is o p le th s  in mg m "^

u.
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F i g u r e  52. V a r i a t i o n s  in t h e  v e r t i c a l  d i s t r i b u t i o n  o f  c h l o r o p h y l l  a in

Forem ark during 1983. Isopleths  in mg m -3

u.

CD
CM

O
CM

CO CM
CM

O CM
CM CD 00O

•(uJ)HicJ3a

1 2 2



because problem s w e re  e n c o u n te re d  when co u n tin g  several ta x a  during th e  s tu d y . 

The m ethod  o f  t r e a tm e n t  o f  th e s e  tax a  f o r  analyses a re  given in Appendix 4.

The seasonal p e r io d ic ity  o f  p h y to p lan k to n  in b o th  reservo irs , like th e  

f lu c tu a tio n s  in biomass, fo llo w ed  a general p a t te r n  which was re p e a te d  during  

each year o f  th e  s tu d y  and was v e ry  sim ilar to  t h a t  fo u n d  by Hutchinson (1967) 

and Reynolds (1980 1984a 1984b) f o r  e u tro p h ic , te m p e ra te  lakes. Spring diatom s  

fo rm e d  th e  f i r s t  peak o f  th e  year, fo llo w ed  by an early  sum mer assemblage 

d om inated  by g reen  algae which was o v e rta k e n  by cyan o b a c te ria  in th e  la te  

sum mer. Cryptom onads w e re  common th o u g h o u t and peaked a t  tim es when no o th e r  

ta x a  w e re  dom inant. The num erically  dom inant o r c o -d o m in a n t ta x a  are  shown in 

Figures 4 1 , 4 2  and 43 f o r  S ta u n to n  Harold and 44, 45 and 46 f o r  F orem ark .

The fo llow ing  observations and discussion r e la te  th e  v e r t ic a l and tem p o ra l 

changes o f  th e  main p h y to p lan k to n  species to  changes in env ironm enta l 

variab les, especially th e rm a l g ra d ie n ts , r a t io  o f  u n d e rw a te r  lig h t to  mixed  

d e p th  and w a te r  column s ta b ility  in S ta u n to n  Harold and Forem ark  in 1981. This 

year is discussed fu lly  because i t  was th e  y ea r o f  s tu d y  in which n atu ra l 

physical processes dom inated  b o th  reservo irs .

4.2.1 S tau n to n  Harold.

Monodus increased during  th e  early  spring (F igure  53) and reached  a

- 1
population  maximum o f  20000 cells ml a t  th e  beginning o f  March. I t s  dec lin e  

para lle led  th e  d ecrease  in Zm ix:Zeu  ra t io  (F igure  22) and th e  increase in 

te m p e ra tu re  u n til, by th e  m iddle o f  A pril, its  d en s ity  was v e ry  low. The 

population  was fou n d  to  be evenly d is tr ib u te d  w ith  d e p th  th ro u g h o u t th e  p erio d  

t h a t  i t  was p re s e n t.
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F i g u r e  53. The v e r t i c a l  d i s t r i b u t i o n  o f  Monodus  ( ce l l s  ml ) in S t a u n t o n

H a ro ld  d u r i n g  1981,
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F igu re  54. The v e r t i c a l  d i s t r i b u t i o n  o f  Asterionella  fo rm osa  (cells ml ) in 

S ta u n to n  Harold d u r in g  1981.
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Cryptomonads w ere dominant, over diatoms during th e  vernal period (March to

A p ril), perhaps due to  red uced  grazing  p ressure . The tem p o ra l and v e r t ic a l

changes o f  Rhodomonas m inuta  and C ryptom onas  spp. a re  shown in Figures 55 and

56. The populations o f  b o th  ta x a  w e re  abu n d an t th ro u g h o u t th e  spring and

sum m er and th e  populations usually increased fo llo w in g  increases in s ta b ility

and d uring  periods when th e  Zm ix:Zeu  ra tio s  w e re  high (F igure  22). Rhodomonas

- 1
had reach ed  its  pop ulatio n  maximum (4500 cells ml ) on th e  13 th  A pril. The

- 1
h ig h est d en s ity  o f  C ryptom onas  (2000 cells ml ) during  th e  vernal peak was 

o bserved  a f o r tn ig h t  la te r  on th e  2 7 th  A pril. Both ta x a  had declined  to  low  

d en s ities  by th e  1 1 th  May. C linograde d is tr ib u tio n s  occu red  during  th ese  

p o p u la tio n  increases.

Rhodomonas had tw o  m ore g ro w th  phases during  th e  sum mer. The f i r s t ,  in

- 1
M ay/June reached  a maximum o f  5000 cells ml a t  th e  s u rfa c e  fo llow ing  an

a b r u p t  increase in s ta b ility . In  early  August, i t  had a b r ie f  resu rg ence  w ith

- 1
a d is t in c t  maxima (3000 cells ml a t  1.5 m e tre s ) on th e  3 rd  August.

C ryptom onas  had a second m a jo r g ro w th  phase during  August fo llow ing  an

a b r u p t  increase in s ta b ility  and th e  Zm ix:Zeu  ra t io . The p o pulation  was

- 1
c o n c e n tra te d  a t  th e  s u rfa c e  w ith  6000 cells ml on th e  2 4 th . This presum ably  

was a re s u lt  o f  v e r t ic a l m ig ra tio n  to  th e  optim um  d e p th .

Diatom s (which usually d o m in ate  th e  vernal p erio d ) w e re  subdom inant in th is

y e a r. Small c e n tr ic  d iatom s (which w e re  usually evenly d is tr ib u te d  w ith  d e p th )

s ta r te d  to  increase in early  March (F igure 57) and reached  a maximum o f  1500  

- 1
cells ml a t  14 m e tre s , p robab ly  as a re s u lt  o f  s ed im e n ta tio n , on th e  3 0 th  

M arch. Subsequent dec line  was rap id  b u t th e  p o p u la tio n  increased again during  

May and June. F lu c tu a tio n s  in abundance and d e p th  d is tr ib u t io n  th ro u g h o u t th is  

tw o  m onth  p erio d  fo llo w ed  decreases in s ta b ility  and low Zm ix:Zeu  ra tio s .
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- 1
F i g u r e  55. The v e r t i c a l  d i s t r i b u t i o n  o f /?hoc/omonas m / n u t a  (ce l l s  ml ) in

S t a u n t o n  H a ro ld  d u r i n g  1981.
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-  1
F i g u r e  55. The v e r t i c a l  d i s t r i b u t i o n  o f  C ry p to m o n a s  spp .  (cel ls  ml ) in

S t a u n t o n  Ha ro ld  d u r i n g  1981.
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-  1
F i g u r e  57. The v e r t i c a l  d i s t r i b u t i o n  o f  smal l  c e n t r i c  d i a t o m s  (ce l l s  ml ) in

S t a u n t o n  H a ro ld  d u r i n g  1981.

(UJ) Mtaaa

128



Asterionella  (F igure  54) reached  a p o pulation  maximum o f  300 cells ml"^ on th e  

2 7 th  April fo llow ing  th e  dem ise o f  th e  small G en tries  b u t i ts e l f  dec lined  when  

th e  small c e n tr ic  pop ulatio n  began to  increase again during  early  May. The  

d e p th  d is tr ib u t io n  on th e  2 7 th  April revea led  h igher dens ities  a t  th e  b o tto m  

im plying t h a t  th e  colonies w e re  sed im enting  as a re s u lt o f  th e  m ore s ta b le  

co n d itio n s . S. a s tra e a  (F igure  58) was observed  a t  low densities  during  th e  

v ern a l p erio d  b u t increased qu ick ly  in June as a re s u lt  o f  a sharp d ecrease  in 

th e  s ta b ility . The pop ulatio n  reached  a maxima o f  300 cells ml"  ̂ a t  th e  

s u r fa c e  on th e  3 rd  August when a d is t in c t  d e p th  d is tr ib u t io n  re la te d  to  th e  

th e rm a l g ra d ie n ts  was observed . The p o p u la tio n  declined  as th e  s ta b ility  

d ecreased  again.

A f t e r  th e  rap id  te m p e ra tu re  increase in e arly  sum m er, a num ber o f  small

C h lorophytes , including Chlamydomonas and Ankyra  dom inated  th e  com m unity  f o r

s h o r t  periods . The filam en to u s  C yanobacteria , Aphanizomenon  and Anabaena

(Figures 59 and 60) increased th ro u g h o u t June and July. Anabaena reach ed  a

maximum d en s ity  o f  nearly  20000 cells ml  ̂ on th e  6 th  July and 3 weeks la te r

- 1
Aphanizomenon  reach ed  a pop ulatio n  maximum o f  540000  cells ml . Both  

populations  showed d is t in c t  d e p th  d is tr ib u tio n s  which was a re s u lt  o f  

c e ll/co lo n y  buoyancy. The f lu c tu a t io n s  in th e  populations up to  and a f t e r  

th e ir  dom inance was linked to  b o th  w a te r  column s ta b ility  and th e  Zm /x:Zeu  

r a t io  -  th e  p o p u la tio n  increased as s ta b ility  and Zm ix:Zeu  increased and 

declin ed  o r was in te r  u p te d  when th ese  p a ra m e te rs  d ecreased .

M icrocystis  c o n c e n tra tio n s  rem ained re la t iv e ly  low and reached  a p o p u la tio n  

maximum, e a r lie r  th a n  usual, on th e  2 0 th  July. D ensity th e n  dec lined  and 

rem ained low f o r  th e  r e s t  o f  th e  sum m er.
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- 1
F i g u r e  58. The v e r t i c a l  d i s t r i b u t i o n  o f  Step ha no d i sc us as t raea  ( ce l l s  ml ) in

S t a u n t o n  H ar o ld  d u r i n g  1981.
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F i g u r e  59. The v e r t i c a l  d i s t r i b u t i o n  o f  A p h a n / z o m e n o n  ua (ce l l s  ml )

in S t a u n t o n  Harold d u r i n g  1981.
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F igu re  50. The v e r t i c a l  d i s t r i b u t i o n  o f  Anabaena  spp.  (cel ls ml ) in S t a u n t o n  

Harold d u r in g  1981.
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4.2.2 Foremark.

C ryptom onads w e re  abu n d an t th ro u g h o u t th e  vernal p eriod  (Figures 61 and 

62): b o th  Cryptom onas  and Rhodomonas reached  population  maxima on th e  3 0 th  

March a t  200 and 2800 cells ml  ̂ re s p e c tiv e ly . These ta x a , as observed in 

S ta u n to n  Harold, w e re  fo u n d  to  be re la t iv e ly  abu n d an t th ro u g h o u t th e  r e s t  o f  

th e  sum m er and th e  f lu c tu a t io n s  in th e  populations o ccu red  in response to  

changes in w a te r  column s ta b ility  and Zmix-.Zeu ra tio s  as d escrib ed  above. 

Cryptom onas  reached  a n o th e r maximum in e arly  July and Rhodomonas in la te  May 

and also early  July. The d e p th  d is tr ib u tio n s  shown by th e s e  populations w e re  a 

re s u lt  o f  tw o  fa c to rs :  th e rm a l g ra d ie n ts  during  v e ry  w indy spells, and cell 

m o tility  which allowed m ig ra tio n  to  p r e fe r r e d  d e p th s  during ca lm er periods.

The vernal d iatom s included S. astraea, Asterionella  and small c e n tr ic s .

All reached  pop ulatio n  maxima in la te  March and early  April (Figures 63 and

- 1
64). S. astrae a  reached  a po p u la tio n  maximum o f  312 cells ml on th e  2 4 th

April and Asterionella  (1400 cells ml  ̂ a t  14 m e tre s ) a w eek  la te r .

_ 1
Asterionella  reached  tw o  maxima o f  1200 cells ml on th e  1 5 th  June and 3000  

cells ml  ̂ a t  th e  s u rfa c e  on th e  2 0 th  July. These responses, as in S ta u n to n  

Harold w e re  to  decreases in th e  s ta b ility  and increases Zmix:Zeu  r a t io . S. 

a straea  also responded to  th e  deepening o f  th e  m ixed layer in June and reach ed  

a maximum o f  130 cells ml  ̂ on th e  1 5 th  June. The d e p th  d is tr ib u t io n  o f  b o th  

populations re s u lte d  fro m  th e  th e rm a l g ra d ie n ts  w ith  th e  po p u la tio n  maxima 

above th e  th e rm o c lin e . Small c e n tr ic s  w e re  p re s e n t a t  low den s ities  th ro u g h o u t  

th e  sum m er.

Aphanizomenon  app eared  e a r lie r  th an  usual in Forem ark  (F igure  65) and

- 1
increased th ro u g h o u t June and July to  reach  a peak o f  800000  cells ml a t  3m
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F igu re  51. The v e r t i c a l  d i s t r i b u t i o n  o f  C ry p to /n onas  spp.  (cel ls mi ) in

Fo re m a rk  d u r in g  1981.
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F igu re  62. The v e r t i c a l  d i s t r i b u t i o n  o f  Rhodomonas minuta  (cel ls ml ) in

F o re m a rk  d u r in g  1981
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Figure  63. The v e r t i c a l  d i s t r i b u t i o n  o f  Stephanodiscus a s t r a e a  (cel ls ml in

F o re m a rk  d u r in g  1981.
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Figu re  64. The v e r t i c a l  d i s t r i b u t i o n  of /Aster /one/Za fo rm o s a  (cel ls ml ) in

Fo re m a rk  d u r in g  1981.
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Figure  65. The v e r t i c a l  d i s t r i b u t i o n  o f  Aphanizomenon f los -a qa ua  (cel ls ml )

in F o re m a rk  d u r in g  1981.
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F igu re  66. The v e r t i c a l  d i s t r i b u t i o n  o f  P a nd or i na /S ph aer ocys t i s  (cel ls ml

in F o re m a rk  d u r in g  1981.
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on th e  15 th  June. This p o pulation  declined rap id ly  and only o ccured  a t  low 

den s ities  t h e r e a f t e r .  The increase fo llo w ed  a d ecrease  in th e  m ixed layer and 

a subsequent increase in th e  Zmix:Zeu  ra t io  and th e  decline  was co n co m itan t  

w ith  th e  e p ilim n e tic  deepening which s ta r te d  on th e  15 th  June.

Pandorina/Sphaerocystis .  which was one o f  th e  ty p ic a l early  sum mer species

in th e s e  reservo irs , increased during la te  June fo llow ing  th e  a b ru p t  decrease

In Zmix'.Zeu and a t  th e  s t a r t  o f  a p eriod  o f  increasing s ta b ility . The

- 1
p o p u la tio n  maximum o f  1000 cells ml o ccured  a t  th e  s u rfa c e  on th e  2 9 th  June. 

The population  th e n  app eared  to  sink and d ec lin e  as th e  Zmix:Zeu  ra t io  

d ecreased .

Fragilaria  becam e dom inant d uring  la te  July (F igure  67) a t  th e  same tim e  as |
— 1

Ankistrodesmus  (F igure 68). They b o th  reached  maxima (2400 and 550 cells ml 

re s p e c tiv e ly ) on th e  2 0 th  July. The m arked c linograde  d is tr ib u tio n s  w e re  again 

re la te d  to  th e rm a l g ra d ien ts .

Finally, Microcystis  was m ore abundant in Fo rem ark  th an  S ta u n to n  Harold

during  1981. The population  increased slowly th ro u g h o u t August and S e p te m b e r

— 1
as th e  w a te r  column s tab ilised  and a maximum o f  9300 cells ml (0 -1 0  m e tre s  

in te g ra te d )  was observed on th e  7 th  S e p te m b e r. The population  declined slowly 

as th e  m ixed d e p th  increased to  20 m e tre s  by th e  end o f  S e p te m b e r.

The v e r t ic a l varia tio n s  shown by th e  p h y to p lan k to n  populations w e re  a 

re s u lt  o f  th e  th e rm a l/d e n s ity  g ra d ien ts . D is tin c t c linograde d is tr ib u tio n s  

re s u lte d  fro m  e ith e r  th e  occu ren ce  o f  m o tile  species such as Cryptomonas  

(F igure  56) and Aphanizomenon (F igure 59) w hich w e re  able to  occupy th e ir  

p r e fe r r e d  position  in th e  w a te r  column o r n o n -m o tile  species such as
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F i g u r e  67.  The v e r t i c a l  d i s t r i b u t i o n  o f  Fragi lar ia c r o t o n e n s i s  ( ce l l s  ml S  in

F o r e m a r k  d u r i n g  1981.
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F igu re  68. The v e r t i c a l  d i s t r i b u t i o n  o f  Ankis t rodesmus  spp.  (cel ls ml ) in 

F o re m a rk  d u r in g  1981.
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Ankistrodesmus  (F igure  68) and Fragilaria  (F igure  67) which re ly  upon th e  

d en s ity  g ra d ien ts  and wind induced tu rb u le n c e  to  m aintain  th e  cells in th e  

epilim nion.

4.3 THE TEMPORAL CHANGES IN THE ABUNDANCE OF DOMINANT SPECIES. 1981 TO 1983.

The seasonal change in p h y to p lan k to n  species d escrib ed  above was ty p ic a l o f  

th e  p e r io d ic ity  in b o th  reservo irs  in all th r e e  years. The e f f e c t s  o f  

environm enta l variab les on th is  succession is b e s t explained th ro u g h  an 

analysis o f  individual species g ro w th  ra te s . These analyses a re  c a rr ie d  o u t  

below f o r  all th r e e  years which include m ixed and s t r a t i f ie d  con d itio n s.

The te m p o ra l changes in th e  dens ities  o f  dom inant species o f  p h y to p la n k to n  

as a mean f o r  th e  w a te r  column b e tw e en  March and S e p te m b e r d uring  1981, 1982 

and 1983 a re  shown in Figures 69 and 70 f o r  S ta u n to n  Harold and 71 and 72 f o r  

Forem ark . [R e p ea t copies o f  n u tr ie n ts  (Figures 26 and 27) and w a te r  colum n  

s ta b ility  and Zmix-.Zeu (F igure  22) have been included to  ease com parisons].

4.3.1 The observed ra te s  o f  o h v to o lan k to n  d en s ity  change (kn).

E stim ates  o f  th e  n e t  r a te  o f  popu lation  d en s ity  changes [kn) f o r  th e  m a jo r  

species w e re  ca lc u la te d  fro m  th e  p h y to p lan k to n  d ensities  and Figures 69 to  72- 

Values o f  kn w e re  ca lcu la ted  fro m  poin ts  g ro u p ed  by eye; th e  minimum nu m b er o f  

po in ts  used in th e  ca lcu la tio n  o f  e ith e r  increases o r decreases was 3. The 

ra te s  o f  change have been s p lit  in to  tw o  groups -  vernal (March to  A pril) and 

sum mer (May to  S e p te m b e r). The maximum and mean ra te s  a re  shown f o r  each year  

o f  th e  s tu d y  in Appendix 5. Maximum ra te s  o f  increase during  th e  sum m er p erio d  

f o r  b o th  reservo irs  a re  given in Table 15. The d a ta  have been gro u p ed  in to  

a r t i f ic ia l ly  m ixed years (S tau n to n  Harold in 1982 and 1983), n a tu ra lly  m ixed  

years (S tau n to n  Harold and F orem ark  in 1981) and s t r a t i f ie d  years (Fo rem ark  in
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F igu re  22a ( r e p e a t ) .  The t e m p o r a l  changes in w a t e r  co lumn s t a b i l i t y ,  N (0 -5)  

m e t r e s  and (0-15)  m e t r e s  and t h e  r a t i o  o f  t h e  mixed d e p t h  t o  t h e  e u p h o t i c  d e p t h  

(Zmix:Zeu)  in S t a u n t o n  Harold b e t w e e n  March and S e p t e m b e r  in 1981, 1982 and 

1983. The sol id ba r  a t  t h e  t o p  i nd i c a te s  pe r io d s  o f  a r t i f i c i a l  mixing.
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F igu re  26 ( r e p e a t ) .  The t e m p o r a l  f l u c t u a t i o n s  in t h e  N;P r a t i o ,  n i t r a t e ,  o r t h o  

- p h o s p h a t e  and si l ica c o n c e n t r a t i o n s  in S t a u n t o n  Harold b e t w e e n  March and 

S e p t e m b e r  d u r in g  1981, 1982 and 1983. (Closed c i r c le s  r e p r e s e n t  s u r f a c e  

values w h i l s t  open  c i rc l e s  o - o  r e p r e s e n t  b o t t o m  (14 m) samples, i f  d i f f e r e n t  t o  

t h e  s u r fa c e ) .  The sol id ba r  a t  t h e  t o p  i n d i c a te s  pe r io d s  o f  a r t i f i c i a l  mixing.
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Figu re  69. The c o n c e n t r a t i o n s  in cel ls ml  ̂ (as n a t u ra l  l oga r i th m s )  o f  

s e le c t e d  species  o f  p h y t o p l a n k t o n  (exp ress ed  as t h e  w a t e r  co lumn mean) in 

S t a u n t o n  Harold b e t w e e n  March and S e p t e m b e r  d u r in g  1981, 1982 and 1983.
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Figu re  70. The c o n c e n t r a t i o n s  in cel ls  ml  ̂ (as n a tu ra l  lo ga r i t hms )  o f  

s e l e c t e d  spec ies  o f  p h y t o p l a n k t o n  (exp re sse d  as t h e  w a t e r  co lumn mean) in 

S t a u n t o n  Harold b e t w e e n  March and S e p t e m b e r  d u r in g  1981. 1982 and 1983.
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Figure  22b ( r e p e a t ) .  The t e m p o r a l  changes in w a t e r  co lumn s t a b i l i t y ,  N (0 -5)  

m e t r e s  and (0-15 )  m e t r e s  and t h e  r a t i o  o f  t h e  mixed d e p t h  t o  t h e  e u p h o t i c  d e p t h  

(Zmix' .Zeu) in F o re m a rk  b e t w e e n  March and S e p t e m b e r  in 1981, 1982 and 1983.
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Figure  27 ( r e p e a t ) .  The t e m p o r a l  f l u c t u a t i o n s  in t h e  N:P r a t i o ,  n i t r a t e ,  o r t h o  

- p h o s p h a t e  and si l ica c o n c e n t r a t i o n s  in F o re m a rk  b e t w e e n  March and S e p t e m b e r  

d u r in g  1981, 1982 and 1983. (Closed c i r c le s  r e p r e s e n t  s u r f a c e  values 

w h i l s t  open c i r c le s  o - o  r e p r e s e n t  b o t t o m  (20 m) samples, i f  d i f f e r e n t  t o  t h e  

s u r fa c e ) .
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F igu re  71. The c o n c e n t r a t i o n s  in cel ls ml  ̂ (as n a t u ra l  l og a r i th m s )  o f  

s e l e c t e d  species  o f  p h y t o p l a n k t o n  (exp ressed  as t h e  w a t e r  co lumn mean) in 

F o r e m a rk  b e t w e e n  March and S e p t e m b e r  d u r in g  1981, 1982 and 1983.
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_ I
F igu re  72. The c o n c e n t r a t i o n s  in cel ls ml (as n a t u ra l  l oga r i th m s )  o f  

s e l e c t e d  species  o f  p h y t o p l a n k t o n  (expressed as t h e  w a t e r  co lumn  mean) in 

F o r e m a rk  b e t w e e n  March and S e p t e m b e r  d u r in g  1981, 1982 and 1983.
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TABLE 15. THE MAXIMUM OBSERVED SUMMER RATES OF POPULATION

DENSITY INCREASE ( kn + d-- )  OF SELECTED SPECIES OF

PHYTOPLANKTON FROM STAUNTON HAROLD AND FOREMARK BETWEEN 1981

AND 1983.

A r t i f i c i a l N a t u r a l S t r a t i f i e d

m i x i n g m i x i n g

R e s e r v o i r SH SH SH F F F

Year 1982 1983 1981 1981 1982 1983

S m a l l  c e n t r i c s 0 .38 0 . 34 0. 31 0 . 30 0 . 29 0 . 20

S. a s t r a e a 0. 15 0 . 14 0 . 16  0 . 17 0 . 20 -

A s t e r i o n e l l a 0 . 27 0 . 08 0 . 45 0 . 15 0 . 15

Cryp t omonas 0. 35 0 . 16 0. 20  0 . 06 0 .09 0 . 16

Rhodomona s 0 . 29 0 . 42 0 . 29  0 . 34 0 . 28 0 . 15

A n k i s t r o d e s m u s 0. 20 0 . 08 - 0 . 16 -

Chlamydomonas - 0 . 30 - 0 . 10 0 . 04

Aphan i zomenon 0 . 19 0.  13 0 . 20  0 . 18 0. 31 0 . 29

Anabaena 0 . 14 0 . 18 0 . 26  0. 11 0. 23 0. 14

M i c r o c y s t i s 0 . 16 0 . 19 0 . 16  0 . 16 0. 17 0 .26

C o e l a s t r u m 0. 17 0 . 07 0 . 08  0 . 10 - 0. 11

Ankyra 0. 34 0 . 40 0. 11 0 . 10
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1982 and 1983).

Average ra te s  o f  sum mer increase fro m  th e s e  groupings revealed  t h a t  small 

c e n tr ic s , Cryptom onas  and Rhodomonas had h ighest ra te s  o f  increase during  

a r t i f ic ia l ly  m ixed years w ith  low er ra te s  in n a tu ra lly  mixed years and low est 

ra te s  in s t r a t i f ie d  years. Stephanodiscus astraea, Aphanizomenon. Anabaena 

and M icrocystis  all had ra te s  o f  increases which w e re  low est in th e  

a r t i f ic ia l ly  m ixed years and h ighest in th e  s t r a t i f ie d  years. The response by 

S. astrae a  to  mixing was n o t d e f in ite  as th e r e  was only one s h o rt period  o f  

increase in Forem ark  during  1982 and 1983 and so th e  average values f o r  each  

c a te g o ry  o f  s ta b ility  (Table 15) w e re  m isleading. In  c o n tra s t , i t  appears fro m  

th e  increased abundances u n d er b o th  n a tu ra lly  and a r t i f ic ia lly  mixed conditions  

t h a t  th is  species was fav o u red  by low w a te r  colum n s ta ility . Asterionella, 

Chlamydomonas, Ankyra  and Ankistrodesmus  did n o t show any c lea r p a t te r n .  In  

th e  case o f  th e  la t t e r  th r e e  species i t  was because th e  d a ta  s e t was n o t  

s u f f ic ie n t  to  com pare th e  th r e e  groups.

4.3.2  The e f f e c t s  o f  env ironm enta l variables on p h v to o lan k to n  species.

The env ironm enta l variab les which a f f e c t  th e  responses o f  p h y to p lan k to n  a re  

num erous and com plex. W a te r  c h em is try  and w a te r  column s ta b ility  have been  

id e n t if ie d  as th e  m a jo r fa c to rs  c o n tro llin g  th e  w axing and waning o f  d i f f e r e n t  

species (Lund 1965 1981, Reynolds 1976 1984a b) and a re  discussed h ere  in 

re la t io n  to  g ro w th  and dec line  o f  th e  m a jo r species in th e  reservo irs .

4 .3.2.1 N u tr ie n ts .

The vernal p erio d  was usually dom inated  by d iatom s including small 

c e n tr ic s , Stephanodiscus a s trae a  and Asterionella -Formosa. These species

149



gen era lly  com m enced g ro w th  during  early  spring when th e  w a te r  column was well

m ixed and c o n c e n tra tio n s  o f  silica, phosphate  and n i t r a t e  w e re  re la tiv e ly  high.

The increase and tim ing  o f  th e s e  species a p p eared  to  be c o n tro lle d  by fa c to rs

o th e r  th a n  n u tr ie n ts  and te m p e ra tu re . Reynolds (1973) suggested t h a t  increased

u n d e rw a te r  lig h t was responsible. The silica levels w e re  observed to  fa ll as

th e  d ia to m  populations increased and th e  r a te  o f  u p ta k e  exceed ed  th e  r a te  o f

rep len ish m en t fro m  inflow s o r recycling . For exam ple in S tau n to n  Harold, S.

a s trae a  increased exp o n en tia lly  during  March, 1983 reaching a peak o f  500 cells  

-1
ml on th e  9 th  May, 1983 w h ils t th e  silica levels had fa lle n  fro m  above 6 

- 1  - 1
mgl to  0.6 mgl . Lund (1949 , 1950) showed t h a t  th e  dec lin e  in th e  

Asterionella  populations in W in d e rm e re  coincided w ith  th e  dec line  in silica 

levels to  below  O.Smgl \  Silica p robab ly  lim ite d  th e  d ia to m  populations in 

F o rem ark  during  th e  vernal p erio d  o f  1981 and 1982.

The re la tio n sh ip  b e tw e e n  silica and d iatom s, one o f  th e  b es t s tu d ied  

re la tionsh ips  b e tw e e n  env iro n m en ta l ch em is try  and p h y to p lan k to n  p e r io d ic ity  

(Lund 1949 1950 1964, Reynolds 1973, B a ile y -W a tts  1976, Lack and Johnson 1983) 

was observed in b o th  rese rvo irs  during  th e  th r e e  years o f  s tu d y .

I t  is m ost p ro b ab le  t h a t  decreases in phosphate  and n i t r a t e  levels during  

th e  vernal p erio d  w e re  p a r t ly  due to  u p ta k e  by d ia tom s. Both phoshate and

n i t r a t e  levels decreased  during  th e  g ro w th  phase o f  S. a s trae a  d escrib ed  above.

-1  -1The d ro p  o f  phosphate  fro m  0.17 mgl on th e  1st March to  0.11 mgl on th e

1 3 th  April coincided w ith  th e  increase in Asterionella  and S. a straea .

The early  sum mer p h y to p lan k to n  w e re  usually dom in ated  by g reen  algae  

including colonial fo rm s  such as Pandorina/Sphaerocystis  and Coelastrum. These 

ta x a  ap p eared  to  be p re s e n t when th e  w a te r  columns w e re  begining to  s t r a t i f y  

and th e  c o n c e n tra tio n s  o f  n i t r a t e  and phosphate  w e re  re la t iv e ly  high (com pared

150



to  th e  la te  sum mer levels). Pediastrum  and Pandorina/Sphaerocystis  all 

increased  in June and July, f o r  exam ple, a f t e r  phosphate  levels had increased  

during  May and June, 1982 in S ta u n to n  Harold. The n i t r a t e  levels w e re  

decreas ing  th ro u g h o u t th is  p e rio d . The d ec line  o f  th e s e  species app eared  to  be  

re la te d  to  fa c to r s  such as w a te r  column s ta b ility  and u n d e rw a te r  lig h t which is 

discussed below . Reynolds (1973 , 1978) suggested how ever, t h a t  th e  g ro w th  o f  

th e s e  species in Crose M ere was even tu a lly  lim ite d  by n i t r a te ,  a lthough th e re  

was no evidence to  s u p p o rt n i t r a t e  lim ita tio n  in S ta u n to n  Harold and Forem ark.

Small c e n tr ic  d iatom s w e re  observed th ro u g h o u t th e  m a jo r ity  o f  th e  s tu d y  in

b o th  reservo irs . In creased  den s ities  usually fo llo w ed  silica renew al during

th e  sum m er, f o r  exam ple in F o rem ark , silica levels increased during  June and

July, 1982 and small c e n tr ic  d iatom s responded by increasing rap id ly  to  a

_ 1
maxima o f  3100 cells ml on th e  1 2 th  July, a f t e r  which b o th  silica levels and 

th e  population  o f  small c e n tr ic s  d ec lined .

The m id - la te  sum mer p erio d  was g enera lly  dom inated  by th r e e  ta x a  o f  

C yanobacteria . Aphanizomenon  usually began to  develop early  in th e  sum mer (eg. 

F o rem ark  during  1981) and con tin u ed  to  increase th ro u g h o u t th e  sum m er. The 

maxima gen era lly  o ccured  in July o r August. The dom inance o f  th e  filam en to u s  

C yanobacteria  usually fo llo w ed  t h a t  o f  th e  C hlorophytes and i t  app eared  t h a t  

th e  C yanobacteria  becam e dom inant when n i t r a t e  levels had d ro p p ed  to  below  3

_ “I
mgl . Reynolds (1978) suggested t h a t  Aphanizomenon and Anabaena v /ere  \n 

d ir e c t  c o m p e titio n  w ith  th e  g reen  algae; g reen  algae p re d o m in a ted  w h ils t  

n u tr ie n ts , especially  n i t r a te ,  w e re  abundant b u t  C yan o bacteria  becam e dom inant 

as th e  n i t r a t e  levels fe l l .  Aphanizomenon  and Anabaena can f ix  a tm o sp heric  

n itro g e n  (Fogg e t  al. 1973) and th e r e fo r e  would have had a c o m p e tit iv e  

advan tag e  when n i t r a t e  c o n c e n tra tio n s  a re  low. The g r e a te r  abundance o f  

Aphanizomenon  in Forem ark  th ro u g h o u t th e  th r e e  years and especially  in 1981 may
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have been a re s u lt o f  th e  low er n i t r a te  levels in th e  re s e rv o ir  (com pared to  

S ta u n to n  Harold) th e r e fo r e  giving i t  a c o m p e tit iv e  advantage  o ver th e  g reen  

algae.

Microcystis  (which becam e dom inant a f t e r  th e  filam en to u s  C yanobacteria  in 

la te  sum m er) app eared  to  be able to  to le r a te  low n i t r a t e  c o n c e n tra tio n s . This 

species can n o t f ix  a tm o sp h eric  n itro g e n  b u t con itn u ed  grow ing a t  low levels. 

The d ec lin e  o f  th is  species app eared  n o t to  be re la te d  to  chem ical fa c to rs .

Summ er d ia to m  populations o ccured  in b o th  reservo irs  during each year o f  

th e  s tu d y; th is  is a common fe a tu r e  o f  e u tro p h ic , te m p e ra te  lakes (Hutchinson  

1967, Reynolds 1973 1980 1984a, Lack and Johnson 1983). The occu ren ce  o f  

diatom s usually co incided  w ith  th e  rep len ish m en t o f  th e  silica supply. 

How ever, th e  silica levels had n o t crashed in th e  spring o f  S ta u n to n  Harold  

during  1981 and 1982 and th e  populations o f  d iatom s con tin u ed  to  grow  (o th e r  

env iro n m en ta l conditions such as d ecreased  w a te r  column s ta b ility  due to  

n a tu ra l mixing w e re  also fav o u rab le ). The peak o f  S. astraea  during  August,

1981 re s u lte d  in th e  sudden crash o f  silica to  lim itin g  levels.

Several ta x a  ap p eared  reg u larly  which w e re  o f te n  sub -d o m in an t and becam e  

dom inant on occasions. These included Cryptomonas, Rhodomonas, Ankistrodesmus, 

Scenedesmus and Ankyra. These species app eared  to  be to le r a n t  to  th e  w ide  

range o f  n u tr ie n ts  in th e  rese rvo irs  and Reynolds (1984a) suggested t h a t  th e  

small C hlorococcallean ta x a  w e re  m ore ty p ic a l o f  h y p e rtro p h ic  system s.

The general p a t te r n  o f  p e r io d ic ity  t h e r e fo r e  app eared  to  be p a r t ly  

c o n tro lle d  by th e  seasonal ava ilab ility  o f  n u tr ie n ts  along n u tr ie n t  g ra d ien ts  

(Kilham and Kilham 1980) in a way which has been re p o r te d  fro m  many s tud ies
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(Reynolds 1976, Jones 1977a, Lack and Johnson 1983).

4 .3.2 .2  W a te r  column s ta b ility .

Small c e n tr ic  d iatom s and S. a s trae a  w e re  fo u n d  to  be m ore abu n d an t in 

S ta u n to n  Harold during  th e  a r t i f ic ia l ly  m ixed years when w a te r  column s ta b ility  

was low (Figures 69, 71 and F igure  22). H owever, a lthough th e  ra te s  o f  

increase w e re  h igher f o r  small c e n tr ic s  during  a r t i f ic ia l  m ixing, tho se  f o r  S. 

a s trae a  w e re  low er th an  in th e  s t r a t i f ie d  years and th is  was p ro b ab ly  because  

o f  th e  high average value fro m  Fo rem ark  (see sec tio n  4.2.3.1 ). In  F o rem ark , 

small c e n tr ic  d iatom s, which w e re  usually p re s e n t th ro u g h o u t th e  year becam e  

in s ig n ifica n t when th e  s ta b ility  was high in F o rem ark  during th e  summers o f  

1982 and 1983. Diatoms have been shown to  be fa v o u re d  by tu r b u le n t ,  w ell m ixed  

cond itions  (Lund 1949 1950, Ridley 1966, H a ffn e r  1974).

The response o f  Pandorina/Sphaerocystis  (Figures 70 and 72) was also 

re la te d  to  th e  d eg re e  o f  w a te r  colum n s ta b ility . I t  has a lready  been n o te d  

t h a t  th is  ta x a  was less abu n d an t in S ta u n to n  Harold during  a r t i f ic ia l  mixing  

and m ore abu n d an t w ith  h igher g ro w th  ra te s  during  s t r a t i f ie d  periods in 

F o rem ark . A com parison o f  cell c o n c e n tra tio n , th e  Zmix:Zeu  r a t io  and values 

(Figures 70, 72 and 22) show t h a t  th e  n e t  ra te s  o f  increase o f  Pandor/na 

/S p h a ero c ys t is  o ccu red  when th e  Zmix:Zeu  r a t io  was low o r decreasing  and th e  

s ta b ility  was high or increasing. P andor/na /S phaerocyst/s  was n o t e lim in a ted  

fro m  S ta u n to n  Harold during  1982 and 1983 as a re s u lt  o f  a r t i f ic ia l  m ixing b u t  

o ccu red  a t  low er densities  during  periods  when th e  Zmix:Zeu  values w e re  low est 

and im m ediate ly  fo llow ing  periods when had s ta r te d  to  increase.

Filam entous C yanobacteria  (Aphanizomenon and Anabaena) w e re  m ore ab u n d an t 

and had h igher ra te s  o f  increase in F o rem ark  un d er s ta b le  conditions th a n  in
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S ta u n to n  Harold. N atu ra l mixing (and a d ecrease  in s ta b ility )  in F o rem ark  

suppressed th e  r a te  o f  increase (F igure 69, 71 and 22). Microcystis, on th e  

o th e r  hand, app eared  n o t to  have been a f f e c te d  by changes in w a te r  column 

s ta b ility .

Cryptom onads w e re  fou n d  to  be p re s e n t in b o th  reservo irs  th ro u g h o u t th e  

m a jo r ity  o f  th e  s tu d y  and becam e dom inant on several occasions. In  S ta u n to n  

Harold during  1981 and 1982, th e  vernal peaks w e re  dom inated  by C ryptom onads, 

diatom s w e re  sub -d o m in an t: th e  re ve rse  s itu a tio n  was m ore usual. L a te  in 1981, 

Cryptom onas  spp. w e re  dom inant and fo rm e d  a la rge  biomass peak in la te  August 

a f t e r  th e  C yanobacteria l pulse. C ryptom onads have been found  to  be  able to  

grow  u n d er a w ide range o f  conditions (Reynolds 1980 1984a, Som m er 1981, 

B a ile y -W a tts  1982) and o f te n  becom e dom inant during  periods w hen no o th e r  

species a re  num erous. H ow ever, th e y  a re  su scep tib le  to  high g raz in g  losses 

(Reynolds 1980, Reynolds e t  al. 1982 1984) and i t  was possible t h a t  th e s e  peaks  

in spring o f  1981 and 1982 w e re  a re s u lt  o f  red u ced  grazing  p ressure  a t  low  

te m p e ra tu re s  which allowed th e  population  to  increase b e fo re  th e  d ia to m  

populations becam e estab lished .

4.4 PHYTOPLANKTON GROUPS AND ASSEMBLAGES.

The dom inant species re c o rd e d  above could be d iv ided  in to  th r e e  groups  

accord ing  to  th e ir  responses to  changes in w a te r  column s ta b ility  and e ig h t  

assemblages, each one consisting o f  species w hich w e re  usually associa ted  

to g e th e r  w ith  sim ilar ra te s  o f  g ro w th , abundances and losses.
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4.4.1 P h v to o lan k to n  groups.

Species w e re  grouped  accord ing  to  th e ir  responses to  changes in w a te r  

colum n s ta b ility  and th e s e  a re  shown in Table 16. Group 1 consisted  o f  th e  

species t h a t  had th e  h ighest ra te s  o f  g ro w th  un d er m ixed cond itions  w ith  

re la t iv e ly  high Zmix:Zeu  ra tio s . Group 2 had th e  h ighest ra te s  o f  increase  

u n d er s ta b le , s t r a t i f ie d  cond itions  w ith  low ZmixiZeu  ra tio s . Finally, Group 3 

had g ro w th  ra te s  which app eared  n o t to  be a f f e c te d  by mixing o r th e  ra t io  o f  

Zmix  to  Zeu.

These groupings in response to  changes in w a te r  column s ta b ility  a re  

sim ilar to  tho se  re c o rd e d  by Reynolds e t  a/. (1983  1984). H ow ever, th e y  found  

t h a t  th e  C ryptom onads and Ankyra  w e re  fa v o u re d  m ore by s ta b le  periods o r when  

Zmix:Zeu  was low and so included th e m  in th e  second g roup . These th r e e  species  

s u f f e r  fro m  high g razing  losses and th e  t r u e  ra te s  o f  increase need to  be  

a d ju s te d  to  include th is  (Reynolds e t  al. 1984). This a d ju s tm e n t could n o t be 

made to  th e  ra te s  fro m  S ta u n to n  Harold and F o rem ark  as zo o p lan k to n  d a ta  w e re  

n o t available. Reynolds e t  a/. (1984) also observed  t h a t  th e  develop m en t o f  

Anabaena  populations was a r re s te d  by deep  m ixing and so th e y  p laced th em  in th e  

th ir d  group  w ith  Microcystis  r a th e r  th a n  Group 2.

4.4.1.1 P h yto p lan kto n  size  and r  and k s tra tg is ts .

A lthough th e s e  3 groups w e re  estab lished  by th e ir  response to  w a te r  column 

s ta b ility , species w ith in  each group  w e re  g en era lly  sim ilar in s ize. Group 1, 

w ith  th e  e x c e p tio n  o f  Pediastrum, te n d e d  to  be small and u n ice llu lar, some o f  

w hich w e re  m o tile
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TABLE 16. CATEGORIZATION OF PHYTOPLANKTON SPECIES ACCORDING 

TO THEIR RESPONSE TO CHANGES IN  WATER COLUMN S T A B IL IT IE S .

P h y s ic a l  

c o n d it io n s  

fa v o u r e d .

R e s e r v o ir  s p e c ie s  

s e le c t e d .

Group 1 M ix e d , low  

s t a b i l i t y , 

r e l a t i v e l y  h ig h  

Z m ix :Z e u .

S m a ll c e n t r ic  d ia to m s , 

C ryptom onas, Rhodomonas. 

P e d ia s t ru m , Chlamydomonas 

? A n kyra , ? A s t e r i o n e l l a , 

? C o e la s tru m , ? S . a s t r a e a

Group 2 S t r a t i f i e d , 

s ta b le ,  low  

Z m ix : Z e u .

P a n d o r in a /S p h a e r o c y s t is , 

Aphanizom enon, Anabaena

Group 3 T o le r a n t  o f  

w id e  ran ge  

o f  s t a b i l i t y  

and Z m ix : Zeu

M i c r o c y s t i s .
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(e.g. Rhodomonas) and o th e rs  w ith  low sinking ra te s  (e.g. Scenedesmus) and fa s t  

ra te s  o f  g ro w th . Sommer (1981) and Reynolds e t  al. (1983 1984) also observed  

t h a t  th e s e  species had fa s t  ra te s  o f  g ro w th . Group 2 p h y to p lan k to n  w e re  

colonial fo rm s  e ith e r  w ith  m ucilage [Pandorina /Sphaerocystis]  o r large colonies 

(e.g. Aphanizomenon) which had re la tiv e ly  slow ra te s  o f  g ro w th , also observed  

by Som m er (1981) and Reynolds e t  a/. (1983 1984). Group 3 w e re  capable o f  

a tta in in g  even la rg e r sizes by fo rm in g  colonies and w e re  shown by Somm er (1981) 

and Reynolds e t  al. (1983 1984) to  have slow ra te s  o f  g ro w th  b u t a g re a t  deal 

o f  m o t il ity  (Reynolds 1984a). The re la tio n s h ip  b e tw e e n  ce ll/co lo n y  size and 

g ro w th  ra te s  has been fo u n d  to  be as s tr ik in g  as th e  d if fe re n c e s  in responses  

o f  species (and assemblages) to  env ironm enta l v a r ia b ility  by many o th e r  w o rkers  

(Som m er 1981, Harris 1983, Harris e t  al. 1983, Reynolds e t  al. 1983 1984).

Som m er (1981) and Reynolds (1984a b) s tu d ie d  th e  p e r io d ic ity  o f  Lake 

Constance and Lund enclosures, re s p e c tiv e ly , fro m  th e  p o in t o f  v iew  o f  r  and k 

s e le c tio n . Both w o rk ers  fo u n d  t h a t  species o f  th e  same g ro w th  and size classes 

te n d e d  to  be associated to g e th e r  during  seasonal changes, r  s tra te g is ts  are  

small w ith  fa s t  g ro w th  ra te s , able to  respond qu ick ly  b u t s h o rt lived. These 

w e re  re p re s e n te d  in S ta u n to n  Harold and F o rem ark  by Group 1 species and w e re  

usually p re s e n t during th e  early  p a r t  o f  th e  succession, k  s tra te g is ts  are  

th o se  w hich have slow g ro w th  ra te s  and a re  m ore to le r a n t  to  env ironm enta l 

v a r ia b ility . These w e re  re p re s e n te d  by Group 2 which a re  in te rm e d ia te s  and 

w e re  p re s e n t in th e  m iddle o f  th e  succession w h ils t Group 3 [Microcystis) and 

possibly th e  filam en to u s  C yanobacteria  a re  e x tre m e  k  s tra te g is ts  and w e re  

observed  in mid to  la te  sum m er in th e  reservo irs .

4 .4 .2  P h v to o lan kto n  assemblages o f  th e  reservo irs .

D i f fe r e n t  p h y to p lan k to n  species ap p eared  to  be associated  w ith  each o th e r
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and respond in sim ilar ways to  changes in b o th  physical, chem ical and b io t ic  

variab les. The p h y to p lan k to n  assemblages re c o rd e d  fro m  reservo irs  w e re  v e ry  

sim ilar to  th e  9 proposed by Reynolds (1984a) f o r  e u tro p h ic  lakes. They a re  as 

fo llow s:

Reynolds' A p p ro x im ate

assemblages season

Reservoir species.

Assemblage C. Vernal p erio d .

Assemblage X. Vernal p e rio d ,

Assemblage Y. Throughout year. 

Assemblage G. Early sum m er. 

Assemblage H. Mid sum mer. 

Assemblage M. L a te  sum m er. 

Assemblage P. M id -la te  sum mer. 

Assemblage J. M id (- la te ) sum m er.

Asterionella, Fragilaria, Stephanodiscus  

spp.

Ankistrodesmus, Scenedesmus, Ankyra, 

Crucigenia, T e traed ro n , T e t ra s t ru m  

Cryptomonas, Rhodomonas. 

Pandorina/Sphaerocystis .  

Aphanizomenon, Anabaena.

Microcystis.

Asterionella, Fragilaria.

Pediastrum, Coelastrum.

4.4.2.1 The e f f e c t s  o f  env ironm enta l variab les on p h y to p lan k to n  assemblages.

In  th e  p reced in g  sections, i t  has been suggested t h a t  th e  species  

com prising any one assemblage showed th e  same a p p ro x im a te  response to  th e  

in te ra c tio n s  o f  th e  tw o  m a jo r env ironm enta l variab les. W a te r  c h e m is try  and 

w a te r  column s ta b ility  a re  discussed h ere  as th e  m a jo r d riv ing  processes o f  th e  

p e r io d ic ity  in th e s e  reservo irs .

The fo llow ing  sequences have been deduced  f o r  each re s e rv o ir  and each y ea r  

o f  th e  s tu d y  (Figures 69 to  72) using th e  assemblages d escrib ed  above (dom inant
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assemblages a re  n o te d  along w ith  sub-dom inants  in b ra c k e ts ):

S ta u n to n  Harold, 1981; Y (C) ->  G (X) ->  H ->  P ->  Y

S ta u n to n  Harold, 1982; Y (C) ->  G (X H) ->  J P ->  H M

S ta u n to n  Harold, 1983; C (Y) ->  Y (X) ->  G ->  H ->  X ->  H (J) ->  M ->  X Y

F o rem ark , 1981; C (Y) ->  H (P) ->  G ->  P ->  H (J) ->  M H

F o rem ark , 1982; C (Y) ->  G ->  H ->  G (X) ->  H Y (P) ->  M (H)

F o rem ark , 1983; C (Y) ->  H ->  G Y ->  H ->  G (J) ->  H (M P)-> Y (M)

A general p a t te r n  o f  p e r io d ic ity  em erges fro m  th e s e  sequences and th e  d a ta  

fro m  1978 to  1980 in b o th  reservo irs  (STWA unpublished re p o r ts ) . This is C ->

G ->  H ->  M o f te n  w ith  P, X, J, o r Y included a t  d i f f e r e n t  stages to  various  

e x te n ts .

The o ccu ren ce  o f  d iatom s (assemblage P) during  th e  sum mer was re c o rd e d  in 

b o th  reservo irs  and app eared  to  be a common fe a tu r e ,  a lthough th e  position  o f  

th is  assemblage in th e  genera l sequence was n o t f ix e d . The reason f o r  th is  

u n p re d ic ta b ility  was t h a t  t h a t  th e  assemblage becam e dom inant in response to  

decreases in w a te r  column s ta b ility  and th is , in tu r n  was a re s u lt  o f  th e  

prevailing  w e a th e r  con d itio n s . For exam ple, assemblage P becam e dom inant in 

F o rem ark  during  June and la te  July, 1981 as th e  w a te r  column s ta b ility  

d ecreased  (re p e a t  F igure 22).

M ajor d is tu rb ances  in th e  sequence o f  assemblages as a re s u lt  o f  a r t i f ic ia l  

mixing w e re  n o t a p p a re n t in 1982 a lthough individual species had been a f f e c te d  

(see sec tio n  4 .3). How ever, a r t i f ic ia l  mixing was responsible f o r  a m a jo r  

a d ju s tm e n t in th e  sequence during  1983. Assemblage (X) consisting o f  

Chlamydomonas sp. and a m ix tu re  o f  small ch lo ro p h y tes  (which included
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A ctinastrum  sp.. T e tra s t ru m  sp., T e tra e d ro n  sp., Scenedesmus spp., 

Ankistrodesmus  spp., Crucigenia sp. and D ictyosphaerium  sp.) becam e num erically  

dom inant in July and S e p te m b e r and w e re  m ore abu n d an t th ro u g h o u t th e  w hole o f  

th e  sum mer th a n  in previous years o r in Fo rem ark  re s e rv o ir (Figures 69 to  72).

I t  is p ro b ab le  t h a t  th e  increased abundance and pro longed p resence  o f  th is  

assemblage (X) was an in d ire c t  re s u lt o f  a r t i f ic ia l  mixing due, p a r t ly  to  

increased n u tr ie n t  recycling . The even d e p th  d is tr ib u t io n  o f  n u tr ie n ts  

th ro u g h o u t th e  w a te r  column was an in d icatio n  o f  th is , a lthough th e  phosphate  

and n it r a te  levels w e re  n o t h igher in 1983 when com pared to  previous years o r  

F o rem ark  (Figures 26 and 27).

This assemblage was fo u n d  to  be m ore ty p ic a l o f  h y p e rtro p h ic  w a te r  bodies  

(Reynolds 1984a) and i t  was shown in th e  previous c h a p te r  t h a t  S ta u n to n  Harold  

was on th e  b o rd e r b e tw e en  e u tro p h ic  and h y p e rtro p h ic .

I t  is p ro b ab le  t h a t  th e  pro longed presence o f  assemblage (X) th ro u g h o u t th e  

sum m er was a response to  low in te n s ity  mixing which m ain ta ined , to  a c e r ta in  

d eg re e , th e  env ironm enta l cond itions  re p re s e n ta t iv e  o f  early  sum m er. These 

included e lev a te d  n u tr ie n t  levels th ro u g h o u t th e  w a te r  column and increased  

average Zm ix/Zeu  ra tio s  (see c h a p te r  3) which in fe r r e d  a low ering in th e  lig h t  

p erc ieved  by p h y to p lan k to n  cells. Zooplankton  den s ities  w e re  n o t m easured and

so i t  is n o t possible to  com m ent upon any a s p e c t o f  g razin g . Reynolds e t  

al. (1983 1984) fo u n d  th is  o p p o rtu n is t assemblage t o  be less to le r a n t  than  

o th e r  sum mer assemblages, such as colonial C hlorophytes and filam en to u s  

C yanobacteria , to  n u tr ie n t  d e p le tio n  and g razing  p re su re .
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The e f f e c t s  o f  changes in env ironm enta l fa c to rs , especially  w a te r  column  

s ta b ility , on th e  general p a t te r n  o f  p e r io d ic ity  w e re  s u b tle  and n o t as w ell 

d e fin e d  as tho se  observed by Reynolds e t  al. (1983 1984) who fo u n d  t h a t  

d i f f e r e n t  assemblages could be re p e a ta b ly  s e le c te d  f o r  by a sequence o f  

a r t i f ic ia l  mixing and r e s t r a t i f ic a t io n  cycles.

4.5 PHYTOPLANKTON PERIODICITY AND THE PREDICTION OF RESPONSES TO ENVIRONMENTAL

VARIABLES.

The responses o f  p h y to p lan k to n  species (n e t  ra te s  o f  d en s ity  change and 

abundance) to  th e  f lu c tu a tio n s  in env iro n m en ta l fa c to rs  (ch e m is try , w a te r  

column s ta b ility  and th e  re la tio n sh ip  o f  u n d e rw a te r  lig h t w ith  th e  m ixed d e p th )  

w e re  found  to  be v e ry  variab le  in th e  reservo irs . The in te ra c tio n s  o f  th e s e  

env iro n m en ta l and b io tic  variab les was com plex and i t  appears  t h a t  no one  

f a c to r  is solely responsible  f o r  th e  p e r io d ic ity  observed . Th ere  a p p eared  t o  

be a group o f  fa c to rs  and th e s e  could range fro m  n u tr ie n t  p re fe re n c e s  to  

d i f f e r e n t  s u s c e p tib ilit ie s  to  grazing  which s e le c te d  am ongst c o m p etin g  species  

as suggested by Reynolds (1984a).

Kilham and Kilham (1980) in tro d u c e d  th e  idea t h a t  c o m p e titio n  b e tw e e n  

species t h a t  o ccured  along a reso u rce  g ra d ie n t may in flu en c e  th e  com position  o f  

com m unities and play a ro le  in p h y to p lan k to n  p e r io d ic ity . Reynolds (1984a) has 

placed th ese  variab les in to  th e  fo llow ing  descending o rd e r , based on th e  e x t e n t  

t o  which th e  com m unity  responds to  th e m . Th ere  a re  physical fa c to r s  

( te m p e ra tu r e , mixing and th e  re la t iv e  u n d e rw a te r  lig h t), chem ical (ionic
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c o n c e n tra tio n s , n u tr ie n ts )  and b io t ic  (grazing  and parasitism ) fa c to r s .  

Reynolds suggests t h a t  se lec tio n  occurs a t  th e s e  m a jo r levels and th e n  moves on 

to  progressive ly  f in e r  a d a p tiv e  c r i te r ia .

These env ironm enta l variab les can be considered  as th e  driv ing fo rc e s  o f  

p e r io d ic ity . They can be s p lit  in to  'a u to g e n ic ' processes which a re  slow, 

p re d ic ta b le  changes in variab les (eg. te m p e ra tu re , irrad ian ce , n u tr ie n ts  and 

w a te r  column s ta b ility )  and 'a llogen ic' processes w hich a re  u n p re d ic ta b le \ and 

o f te n  s h o rt lived, changes in th e  variab les. The sequence o f  assemblages can 

be p re d ic te d , loosely, using a m a tr ix  bounded on one axis by n u tr ie n t  

ava ilab ility  and on th e  o th e r  th e  d e g re e  o f  m ix in g /s ta b ility  (Reynolds 1980  

1984a). 'A u tog en ic ' processes, fro m  any given s ta r t in g  position  in a m a tr ix , 

d riv e  th e  sequence along th e  n u tr ie n t  axis, 'p e r tu rb a t io n s ' which a re  usually 

changes in w a te r  column s ta b ility  cause a dow nw ard m ovem ent to  a new p osition  

f ro m  w h ere  a new s h if te d ' sequence may s t a r t  o r i f  th e  w a te r  colum n becom es  

s ta b le  again, a 'revers io n ' to  th e  previous dom inant may occu r. 'P e r tu rb a tio n s ' 

and 'revers ions ' a re  b o th  'a llogen ic ' processes.

The p e r io d ic ity  in Forem ark  gen era lly  re s u lte d  fro m  'a u to g e n ic ' changes.

The sequence shown in 1981 (F igure 73), w hich was typ ic a l o f  th e  genera l 

p a t te r n ,  s ta r te d  w ith  d ia tom s in th e  spring. The w a te r  colum n becam e m ore  

s ta b le , w a te r  te m p e ra tu re  and irrad ia n ce  increased and n u tr ie n ts  s ta r te d  t o  

d ecrease  and as a re s u lt  o f  th e  changes in th e s e  cond itions  (s te p  1), a new  

assemblage (H) had a c o m p e te tiv e  advantage  o ver th e  d iatom s and becam e  

d om inant. Assemblage H was o v e rta k e n  (s te p  2) by G as th e  s ta b ility  increased . 

N atu ra l mixing in early  June caused a 'p e r tu r b a t io n ' (s te p  3) by low ering th e  

s ta b ility  and sum m er d iatom s (assemblage P) becam e dom inant. As th e  s ta b ility  

increased again in July (s te p  4) a reve rs io n ' to  assemblage H o ccu red  and 

'a u to g e n ic ' processes (decreasing  n u tr ie n ts  and increasing s ta b ility )  re s u lte d
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F igu re  73. The p h y to p la n k to n  p e r io d ic i t y  o f  F o re m a rk ,  1981 exp la ined  using

a m a t r i x  bounded  by axes o f  n u t r i e n t  a v a i la b i l i ty  and w a t e r  co lum n s ta b i l i t y .

See t e x t  f o r  d e ta i ls .
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in assemblage M being th e  final stage o f  th e  summer sequence.

In  S ta u n to n  Harold during  1983 (F igure 74), a u to g en ic ' processes moved th e  

sequence fro m  th e  vernal assemblage (C) th ro u g h  assemblage X and Y (s te p  2) to  

th e  e a rly  sum m er assemblage (G) (s tep  1) and assemblage H (s te p  3) along th e  

n u tr ie n t  axis even though th e  w a te r  column was w ell m ixed. I t  was n o t u n til 

th e  s ig n ific a n t changes in s ta b ility  during  July t h a t  a 'p e r tu r b a t io n ' occured  

(s te p  4). The assemblage changed fro m  a developing mid to  la te  sum mer 

assemblage (H) to  an o p p o rtu n is tic , early  sum mer assemblage (X) com prised o f  r  

s tra te g is ts . W hen th e  s ta b ility  d ecreased  to  low levels a 'rev e rs io n ' (s tep  5) 

t o  th e  previous assemblage (H) and th e  sequence was th e n  d riven  by au to g en ic ' 

processes (s te p  6). S ta b ility  during  th is  p eriod  f lu c tu a te d  as a re s u lt  o f  th e  

a n tic yc lo n ic  w e a th e r  producing  in ten se  periods o f  h ea tin g , w ith  which th e  

mixing a p p a ra tu s  could n o t cope, fo llo w ed  by periods o f  less in ten se  w arm ing  

when th e  system  m ain ta ined  s ta b ility  a t  low levels (see C h ap te r 3). These 

changes in s ta b ility  w e re  p a r t  o f  th e  allogenic' process which re s u lte d  in an 

a lte r a t io n  o f  th e  normal sequence.

The com m unity  changes and m ost likely dom inant p h y to p lan k to n  assemblage a t  

any s ta g e  in th e  sequence can be p re d ic te d  using th is  ty p e  o f  m a tr ix  w ith  a 

know ledge o f  th e  ava ilab ility  o f  n u tr ie n ts , s ta r t in g  p o in t assemblage and w a te r  

colum n s ta b ility . A m a tr ix  such as th is  which would allow a reasonably  

d e f in i t e  p re d ic tio n  to  be made has g re a t  p o te n tia l in w a te r  q u a lity  m anagem ent 

as w ell as helping to  solve th e  age old q uestion  o f  why p h y to p lan k to n  species  

and com m unities respond in th e  ways t h a t  th e y  do.
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F igu re  7 4. The p h y to p la n k to n  p e r io d ic i t y  o f  S ta u n to n  Harold d u r in g  1983 

exp la ined  using a m a t r i x  b ounded  by axes o f  n u t r i e n t  a v a i la b i l i ty  and w a t e r  

co lum n s t a b i l i t y .  See t e x t  f o r  d e ta i ls .
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CHAPTER 5. PHYTOPLANKTON PHOTOSYNTHESIS AND SEDIMENTATION.

5.1 INTRODUCTION.

P h y to p lan kto n  cells need to  be able to  rem ain in suspension o r be able to  

move in to  th e  eu p h o tic  zone so t h a t  p h o to s y n th e tic  carbon  assim ilation and 

g ro w th  can occur.

The balance b e tw e en  th e  gains and losses o f  p h y to p lan k to n  carbon c o n tro ls  

th e  p o pulation  dynamics. Many w o rk ers  have observed t h a t  much o f  th e  carbon  

f ix e d  does n o t end up as p h y to p lan k to n  biomass b u t  is lost (Lewis 1974, T ilz e r  

and Goldman 1970). Forsberg  (1985) showed in a re c e n t  s tu d y  o f  carbon  

balances in six lakes t h a t  p ro d u c tio n  and losses w e re  closely balanced  

th ro u g h o u t m ost o f  th e  year and in some o f  th e s e  lakes, a considerab le  

p ro p o rtio n  o f  p h o to s y n th e tic a lly  f ix e d  carbon  was lost to  th e  sedim ents. I t  

has been suggested t h a t  p h o to s y n th e tic  physiologies and a d a p ta tio n s  o f  

d i f f e r e n t  species (Harris 1978 1980, Richardson e t  al. 1983) and th e  ra te s  o f  

loss o f  p h y to p lan k to n  biomass fro m  th e  w a te r  column (Lehman e t  al. 1975, 

Reynolds 1984b) w e re  c o n tro llin g  fa c to rs  in th e  species succession observed in 

lakes.

The assim ilation o f  carbon  by p h y to p lan k to n  is d e p e n d e n t upon th e  am ount 

and q u a lity  o f  lig h t which th e  cells rece ive . This, in tu r n , is c o n tro lle d  by 

th e  d eg re e  o f  w a te r  column s ta b ility  which a f f e c t s  th e  position  o f  cells, 

including those  o f  m o tile  species i f  th e  mixing is s tro n g  enough. (The  

re la tio n s h ip  b e tw e e n  ra te s  o f  photosynthesis and g ro w th  have n o t been  

considered  h ere  b u t th e  problem s associated w ith  such com parisons have been  

discussed by Harris (1978) and Tailing (1984)).
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The loss o f  p h y to p lan k to n  fro m  th e  w a te r  column resu lts  fro m  th e  processes  

o f  d e a th , w ashout, s ed im e n ta tio n , grazing  and parasitism  (Lund 1965, Jassby 

and Goldman 1974, Knoechel and K a lf f  1975 1978, Fallon and Brock 1980, 

B ienfang 1981, Jewson e t  a/. 1981, Reynolds and W iseman 1982, Reynolds e t  a/. 

1982a b). S e d im e n ta tio n  o f  p h y to p lan k to n  cells is in e v ita b le  unless th e y  a re  

able to  m ain ta in  th e ir  position  by re g u la tin g  th e ir  buoyancy o r by swimming 

(Hutchinson 1967, Reynolds 1984b).

I  bele ieved  photosynthesis  and s ed im e n ta tio n  would be a f f e c te d  by m ixing, 

an, as th e y  a re  tw o  o f  th e  m ost im p o rta n t  processes c o n tro llin g  com m unity  

dynamics th e y  re q u ire d  in v es tig a tin g . During 1982 and 1983, e x p e rim e n ts  w e re  

c a rr ie d  o u t in b o th  reservo irs  to  in v e s tig a te  th e  e f f e c t s  o f  changes in w a te r  

colum n s ta b ility  upon p h y to p lan k to n  photosynthesis  and s e d im e n ta tio n . The  

re su lts  o f  th e  photosynthesis  e xp erim e n ts  (sections 5.2.2 and 5,2.3) a re  

fo llo w e d  by sec tio n  5.2.4 which describes some o f  th e  prooblem s e n c o u n te re d  

during th is  w o rk .

5.2 PHOTOSYNTHESIS IN MIXED AND STRATIFIED POPULATIONS OF PHYTOPLANKTON.

5.2.1 In tro d u c t io n .

Most p h y to p la n k to n  cells, unlike h igher p lan ts , do n o t rem ain f ix e d  in 

space w ith  re s p e c t to  th e  lig h t c lim a te  b u t  re ly  upon w a te r  m ovem ents to  

rem ain in th e  e u p h o tic  zone. The cells p o te n tia lly  e x p e rie n c e  large  

varia tio n s  in th e  lig h t c lim a te  as a re s u lt  o f  tu rb u le n c e  and i t  is n o t  

surprising t h a t  m ost p h y to p lan k to n  species a re  able to  a d a p t to  th e s e  w id e  

varia tio n s . The responses shown by p h y to p lan k to n  to  env ironm enta l v a ria tio n s , 

such as lig h t, o p e ra te  on t im e  scales fro m  seconds to  years and vary  fro m  

individual c e llu la r and physiological changes (Harris 1978) to  population  and 

com m unity  changes (Round 1971, Harris 1978, Reynolds 1983, 1984b).
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The lig h t regim es exp erien c ed  by p h y to p lan k to n  can be d iv ided  in to  tw o ;  

f i r s t  o rd e r  and second o rd e r . F irs t  o rd e r  varia tio n s  a re  due to  th e  d iurnal 

p h o to p e rio d  and a re  m a n ife s te d  in such ways as d iel m ig ra tio n  in m o tile  algae  

(Heaney 1976). Second o rd e r  varia tio n s  in th e  lig h t reg im e a re  p rim arily  

in flu e n c e d  by th e  v e r t ic a l position  o f  th e  cells in th e  w a te r  column (M arra  

1978a b). These second o rd e r  varia tio n s  a re  m a n ife s te d  in v e r t ic a l varia tio n s  

in th e  biochem ical (Gibson 1978a b) o r physiological com ponents o f  th e  cells  

(Harris  1978, Richardson e t  a/. 1983). Some o f  th e s e  in te ra c tio n s  have been  

in v e s tig a te d  by Harris (1973 ), Harris and Piccinin (1977 ), Harris e t  a/.

(1980) and S ephton  and Harris (1984).

P h o to a d a p ta tio n  o f  p h y to p lan k to n  has rece ived  a g re a t  deal o f  a t te n t io n  

o ver th e  last tw o  decades and th is  is p a r t ly  because th e  m a jo r ity  o f  

p h y to p la n k to n  show a g re a t  d e g re e  o f  p la s t ic ity  in th e ir  responses to  th e  

changing lig h t c lim a te . This a b ility  o f  p h y to p lan k to n  to  a d a p t th e ir  

p h o to s y n th e tic  physiologies to  th e  lig h t c lim ates  which e x is t in w a te r  columns 

has been d e m o n s tra te d  to  play an in te g ra l ro le  in th e  seasonal p e r io d ic ity  o f  

p h y to p la n k to n  (Harris 1978, Richardson e t  a/. 1983 Reynolds 1984a b). A very  

good resum e on th e  p h o to a d a p tiv e  s tra te g ie s  used by p h y to p lan k to n  was given by 

Richardson e t  al. (1983) which d re w  a t te n t io n  to  th e  problem s asssociated w ith  

analysing d a ta  on lig h t a d a p ta tio n , especially fro m  f ie ld  d a ta  w h e re  a 

d e s c r ip tio n  o f  th e  p h y to p la n k te rs ' lig h t h is to ry  and env iro n m en t is v ery  

d i f f i c u l t .

P h en otyp ic  a d a p ta tio n  o f  p h y to p lan k to n  to  varying lig h t in te n s itie s  has 

been s tu d ie d  by many w o rk ers . The in itia l w o rk  in th is  f ie ld  was c a rr ie d  o u t  

by S teem ann-N ie lsen  and his c o -w o rk e rs  (S teem ann-N ie lsen  and Hansen 1959, 

S te e m a n -Nielsen and JpJ'rgensen 1962 1968, Jorgensen 1969 1970). These early  

s tu d ies  suggested th a t  th e r e  w e re  tw o  d i f f e r e n t  s tra te g ie s  o f  p h o to a d a p ta tio n . 

The f i r s t  was called th e  ’Cyclotella ' ty p e  in which th e  a d a p tiv e  response was
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an increase in th e  d a rk ' e n zym atic  re a c tio n . The second was called th e  

'Chlorella' ty p e  and th e  a d a p ta tio n  involved an increase in th e  p igm ent 

levels. I t  is now known t h a t  th ese  models o ve rs im p lifie d  p h o to a d a p ta tio n  jin  

p h y to p lan k to n  b u t th e y  w e re  th e  f i r s t  s tud ies  in th is  f ie ld . Falkowski (1980) 

summarised th e  p h en o typ ic  lig h t-s h a d e  a d a p ta tio n  responses as: (a) changes in 

th e  p h o to s y n th e tic  p igm ent c o n te n t , (b) changes in th e  ra tio s  o f  

p h o to s y n th e tic  p igm ents, (c) m o d ific a tio n  o f  th e  p h o to s yn th e s is /irra d ian c e  

p ro file s , (d) changes in enzym e a c t iv ity  and (e) changes in cell volum e, 

re s p ira tio n  ra te s  and chem ical com postion.

More re c e n tly , Richardson e t  al. (1983) p u t  fo rw a rd  f iv e  d is tin c t  

p h en o typ ic  models by f i t t in g  d a ta  to  c u r r e n t  hypotheses on p h o to a d a p ta tio n . 

H ow ever, th e y  s tressed  t h a t  th e  models th e y  p u t  fo rw a rd  "are a usefu l s ta r t in g  

p o in t in th e  s tu d y  o f  p h o to a d a p ta tio n "  b u t " th e y  can n o t explain  all o f  th e  

s tra te g ie s  o b s e rv e d ."

Falkowski (1980) s tressed  th e  im p o rtan c e  o f  th e  in te r -re la t io n s h ip  b e tw e en  

mixing ra te s  and a d a p ta tio n  tim es. Under m odelled conditions w h e re  th e  cells 

w e re  allowed to  lig h t-s h a d e  a d a p t by a lte r in g  th e  chlorophyll to  carbon  

ra tio s , Falkowski and W iric k  (1981) found  t h a t  v e r t ic a l mixing in th e  eup h o tic  

zone p robab ly  had l i t t le  e f f e c t  on th e  in te g ra te d  w a te r  column p ro d u c tiv ity  

d e s p ite  th is  physiological p h o to a d a p ta tio n . A re d u c tio n  in p ro d u c tiv ity , 

how ever, re s u lte d  fro m  mixing th e  whole w a te r  colum n. The em pirical models o f  

Tailing (1957a), Vo llenw eider (1965) and S te e l (1972) showed t h a t  as mixed 

d e p th  increased p ro d u c tiv ity  d ecreased . Sakom oto (1966) fou n d  th a t  in a 

series o f  lakes w ith  a w ide  range o f  d ep th s , p ro d u c t iv ity  te n d e d  to  be low er 

in th e  d e e p e r lakes.

In  th is  research , i t  was possible to  s tu d y  th e  p ro d u c tiv ity  and 

p h o to a d a p ta tio n  o f  n a tu ra l p h y to p lan k to n  populations in b o th  mixed and
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s t r a t i f ie d  w a te r  columns. I t  should be n o te d  t h a t  in S ta u n to n  Harold 

re s e rv o ir  during  1982 and 1983, algal s t r a t i f ic a t io n  was re c o rd e d  on several 

occasions even when th e  re s e rv o ir  was being a r t i f ic ia l ly  m ixed. This allowed  

e x p e rim e n ts  to  ta k e  p lace in a w a te r  column which was fu lly  m ixed w ith  re s p e c t  

t o  physical and chem ical p a ra m e te rs , thus e lim inating  some o f  th e  variables  

w hich may have a f f e c te d  p ro d u c tiv ity . The hypotheses t h a t  w e re  te s te d  during  

th e  re se arc h  w e re :

(1) T h a t p h y to p lan k to n  com m unities in m ixed w a te r  columns w e re  

lig h t-s h a d e  a d a p te d .

(2) As a re s u lt  o f  th is , th e  in te g ra l p rim ary  p ro d u c tiv ity  was 

lo w ered  in m ixed w a te r  columns.

5.2.2  P h o to -a d a p ta tio n  bv m ixed and s t r a t i f ie d  o h v to p lan k to n  populations.

The d e p th  p ro file s  o f  photosynthesis  in S ta u n to n  Harold and Forem ark  

d uring  1982 and 1983 a re  shown in Figures 75 to  79, along w ith  th e  s u b -s u rfa c e  

irra d ia n c e  (J'o), th e  algal biomass as chlorophyll a. a t  each d e p th  and th e  

p h o to s y n th e tic  p a ra m e te r , I k  (Tailing 1957a), w hich d e fin e d  th e  irrad ia n ce  

c h a ra c te r is t ic  o f  th e  on set o f  lig h t s a tu ra tio n  o f  photosynthesis. Tailing 

(1957) fo u n d  t h a t  I k  was equal to  th e  irrad ia n ce  a t  which th e  r a te  o f  

photosynthesis  reached  717. o f  th e  lig h t s a tu ra te d  r a te ,  ie. 0.71 Pmax.

The curves a re  ty p ic a l o f  photosynthesis  p ro file s  re c o rd e d  previously  

(Tailing 1957a b, Bindloss 1974 and Jewson 1976) w ith  exam ples o f  

p h o to in h ib itio n  on several occasions. In  S ta u n to n  Harold, s u rfa c e  in h ib itio n  

was only re c o rd e d  during  th e  e x p e rim e n ts  c a rr ie d  o u t on 2 7 th  May and 3 0 th  

June, 1982 w h ils t in F o rem ark  i t  was re c o rd e d  during  all e xp erim e n ts  e x c e p t  

th o s e  on 1 5 th  June, 1982 and 7 th  June and 16 th  August, 1983. I t  should be 

n o te d  t h a t  when in h ib itio n  was re c o rd e d , th e  p h y to p la n k to n  biomass was
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F i g u r e  75.  D e p t h  p r o f i l e s  o f  p h o t o s y n t h e t i c  r a t e s  p e r  u n i t  w a t e r  v o l u m e  in

S ta u n to n  Harold d u r in g  1982. Values o f  mean s u b - s u r fa c e  i r ra d ia n c e ,  J'o, and 

- 2  - 1
Jk values (pEm s ) a re  g iven f o r  each p r o f i l e .  The v e r t i c a l  d is t r i b u t i o n  o f

-3
c h lo ro p h y l l  a. (mgm ) a re  g iven t o  th e  r i g h t  o f  each p r o f i le .

I I I

I 1 I

ÎI I

I I
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F i g u r e  76.  D e p t h  p r o f i l e s  o f  p h o t o s y n t h e t i c  r a t e s  p e r  u n i t  w a t e r  v o l u m e  in

F o re m a rk  d u r in g  1982. Values o f  mean s u b - s u r fa c e  i r ra d ia n c e ,  I 'o ,  and I k  

- 2  - 1
values (pEm s ) a re  g iven f o r  each p r o f i l e .  The v e r t i c a l  d i s t r i b u t i o n  o f

-3
c h lo ro p h y l l  a. (mgm ) a re  g iven t o  t h e  r i g h t  o f  each p r o f i le .

I I I

*
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F igu re  77. D ep th  p ro f i le s  o f  p h o t o s y n t h e t ic  r a te s  p e r  u n i t  w a t e r  vo lume in

S ta u n to n  Harold d u r in g  1983. Values o f  mean s u b - s u r fa c e  i r ra d ia n c e ,  I 'o , and 

- 2  - 1
I k  values (pEm s ) a re  g iven f o r  each p r o f i le .  The v e r t i c a l  d is t r i b u t i o n  o f

-3
c h lo ro p h y l l  a. (mgm ) a re  g iven t o  th e  r i g h t  o f  each p r o f i le .

I I I

\

I -

I;
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F igu re  78. D ep th  p ro f i le s  o f  p h o to s y n t h e t ic  r a te s  p e r  u n i t  w a t e r  vo lume in

S ta u n to n  Harold d u r in g  1983. Values o f  mean s u b - s u r fa c e  i r ra d ia n c e ,  I 'o ,  and 

- 2  -1
lAr values (pEm s ) a re  g iven f o r  each p r o f i l e .  The v e r t i c a l  d i s t r i b u t i o n  o f

-3
ch lo ro p h y l l  a. (mgm ) a re  g iven t o  th e  r i g h t  o f  each p r o f i le .

o °

\  o
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Figu re  79. D ep th  p ro f i le s  o f  p h o t o s y n t h e t ic  r a te s  p e r  u n i t  w a t e r  vo lum e in

F o re m a rk  d u r in g  1983. Values o f  mean s u b - s u r fa c e  i r ra d ia n c e ,  I 'o ,  and I k  

- 2 - 1
values (pEm s ) a re  g iven  f o r  each p r o f i l e .  The v e r t i c a l  d i s t r i b u t i o n  o f

-3
c h lo ro p h y l l  a. (mgm ) a re  g iven t o  t h e  r i g h t  o f  each p r o f i le .

I I I

II I

: \
» %
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s t r a t i f ie d  (as shown by th e  chlorophyll p ro file s ) and when th e  p h y to p lan k to n  

w e re  w ell m ixed s u rfa c e  in h ib itio n  was absen t o r only ju s t  a p p a re n t, as on th e  

7 th  S e p te m b e r , 1982 in Forem ark,

Maximum ra te s  o f  photosynthesis  w e re  e ith e r  fou n d  a t  0.3 m e tre s  o r 1 m e tre  

below  th e  w a te r  s u rfa c e . B eneath th is  p h o to s y n th e tic  ra te s  dec lined  rap id ly  

w ith  d e p th  and i t  was ra re ly  found  t h a t  th e r e  was any s ig n ific a n t  

photosynthesis  below  6 m e tre s .

The d a ta  fro m  th e  double e xp erim e n ts  c a rr ie d  o u t in b o th  reservo irs  during  

1983 have been r e p lo t te d  in th e  fo rm  o f  photosynthesis  verus irrad ia n ce  (P vs. 

I )  curves (Tailing 1957b) and a re  p re s e n te d  in F igure  80 f o r  S tau n to n  Harold 

and 81 f o r  Forem ark.

Two typ e s  o f  re s u lt  can be distinguished fro m  th e  P vs. I  curves.

F irs tly , t h a t  w h e re  b o th  sets  o f  b o tt le s  had a p p ro x im a te ly  th e  same curves. 

This included th e  resu lts  fro m  th e  2nd and 9 th  August and th e  7 th  S e p te m b e r  

f ro m  S ta u n to n  Harold. Secondly, t h a t  w h e re  th e  curves fro m  each s e t o f  

b o tt le s  w e re  v ery  d i f f e r e n t  (23 rd  August in S ta u n to n  Harold and th e  3 1 s t  

August in Fo rem ark ). The tw o  p a tte rn s  w e re  found  to  be a re s u lt o f  th e  

d if fe r e n c e s  in v e r t ic a l d is tr ib u t io n  o f  p h y to p lan k to n  biomass.

In  th e  group w ith  sim ilar curves, th e  biomass was evenly d is tr ib u te d  w ith  

d e p th . I t  was assumed t h a t  th e  cells had been e n tra in e d  and c a rrie d  

th ro u g h o u t th e  m ixed d e p th  (th is  will be discussed in m ore d e ta il below ). The 

t r a n s p o r t  o f  th ese  cells by tu r b u le n t  mixing would have re s u lte d  in th e ir  

exp o su re  to  large and o f te n  rap id  f lu c tu a tio n s  in u n d e rw a te r  lig h t. I f  th e  

r a t e  a t  which th ese  cells w e re  moved th ro u g h o u t th e  lig h t g ra d ie n t was f a s te r  

th a n  t h a t  re q u ire d  f o r  th e m  to  physiologically a d a p t to  high ( 'l ig h t ')  o r low 

("shade") lig h t th e n  th e  P vs. I  curves would have been sim ilar f o r  cells
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F igu re  80. P h o tosyn th es is  -  I r ra d ia n c e  cu rve s  f r o m  d oub le  e x p e r im e n ts  c a r r ie d  

o u t  in S ta u n to n  Harold d u r in g  1983. (Open c i rc le s ,  o -o ,  r e p r e s e n t  la rg e  

b o t t l e s  w h i ls t  c losed c i rc le s .  r e p r e s e n t  small b o t t le s ) .
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5 -

1 9 / 7 / 8 3 1 OH
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F igu re  81. P h o tosyn th es is  -  I r ra d ia n c e  cu rve s  f r o m  d ou b le  e x p e r im e n ts  c a r r ie d  

o u t  in F o re m a rk  d u r in g  1983. (Open c i rc le s ,  o -o .  r e p r e s e n t  la rge  b o t t le s  

w h i ls t  c losed c i rc le s .  # -# .  r e p r e s e n t  small b o t t le s ) .
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ta k e n  fro m  any d e p th  as observed .

In  th e  group  w ith  d if fe re n c e s  b e tw e e n  th e  P vs. I  curves, p h y to p lan k to n  

populations w e re  s t r a t i f ie d .  The e x p e r im e n t c a rr ie d  o u t in Fo rem ark  on th e  

3 1 s t August revealed  t h a t  in s itu  populations had h igher maximum  

p h o to s y n th e tic  ra te s  (Amax), p h o to s y n th e tic  cap ac itie s  (Pmax). in te g ra l 

photosynthesis  (EAj, I k  values and p h o to s y n th e tic  e ff ic ie n c ie s  (PE) th a n  th e  

populations fro m  8 m e tre s . The in s itu  populations had th e  c h a ra c te r is t ic s  o f  

' l ig h t ' a d p te d  cells w h ils t tho se  fro m  8 m e tre s  appeared  to  be "shade" 

adapted^ Sim ilar resu lts  o f  low er Amax, Pmax, LA, I k  and PE values w e re  

r e p o r te d  fro m  "shade" populations by S te e m a n -Nielsen and Hansen (1959 ), 

Y entsch  and Lee (1966), Beardall and Morris (1976 ), Harris (1978), M arra  

(1978a b) and Falkowski (1980 1983).

The P vs. I  cu rve  f o r  th e  5 m e tre  sample in S ta u n to n  Harold on th e  2 3rd  

August was h igher th an  t h a t  o f  th e  s t r a t i f ie d  (in s itu)  cells. A p ro b ab le  

e xp lan atio n  was t h a t  th e  p h y to p lan k to n  com m unity  com prised o f  a la rg e  num ber 

o f  species including d iatom s, small C hlorophytes, C yanobacteria  and 

C ryptom onads. The Cryptom onads and C yanobacteria  populations w e re  s t r a t i f ie d  

and showed h ighest den s ities  a t  th e  s u rfa c e  w h ils t th e  numerous species o f  

small ch lo rop h y tes  w e re  re la tiv e ly  m ore abu n d an t a t  8 m e tre s . I t  has been  

n o te d  t h a t  g reen  algae (and d in o flag e lla te s ) have slow ra te s  o f  

p h o to in h ib itio n  (Harris 1978). I t  is th e r e fo r e  possible th a t  when th e  small 

ch lorop h ytes  fro m  8 m e tre s  w e re  s u b je c te d  to  s u rfa c e  irrad iances  th e y  becam e  

stressed  by th e  high lig h t in te n s itie s  b u t did n o t p h o to in h ib it. This ty p e  o f  

p h en o typ ic  response has also been re c o rd e d  by Richardson a t  a/. ( 1983) who 

proposed th a t  th is  is a response o f  th e  cells by in creas in g th e  num ber o f  

p h o to s y n th e tic  un its  in response changes in th e ir  lig h t c lim a te .
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The p h y to p la n k to n  cells fro m  d i f f e r e n t  d e p th s  in th e  s t r a t i f ie d  

populations  app eared  to  be ligh t/shade" a d a p te d  w h ils t tho se  fro m  th e  mixed 

populations  app eared  to  be to le r a n t  to  rap id  and w ide  varia tio n s  in 

irra d ia n c e . The fo llow ing  sec tio n  in ves tig a tes  f u r t h e r  th e s e  d if fe re n c e s  in 

p h o to s y n th e tic  physiologies to  assess w h e th e r  th e  m ixed populations had low er 

e ff ic ie n c ie s  and assim ilation ra te s .

5 .2.3  P h o to s v n th e tic  assim ilation and e ff ic ie n c v  in m ixed and s t r a t i f ie d  

o h v to p la n k to n  populations.

Summaries o f  th e  photosynthesis  d a ta  fro m  b o th  reservo irs  a re  p re s e n te d  in 

Appendix 6 and th e  changes during  th e  March to  O c to b e r season a re  shown in 

Figure  82 f o r  S tau n to n  Harold and 83 f o r  Fo rem ark  along w ith  th e  m a jo r  

c o n tro llin g  fa c to rs .

The aim o f  th is  in ves tig a tio n  was to  ded u ce  any d if fe re n c e s  in 

p h y to p la n k to n  p ro d u c tio n  as a re s u lt o f  a r t i f ic ia l  m ixing. The various  

p a ra m e te rs  m easured during  tho se  photosynthesis  e x p e rim e n ts , w h e re  Pmax was 

re c o rd e d , (see n e x t sec tio n ) w e re  d iv ided  in to  tw o  groups, depending  upon  

w h e th e r  th e  p h y to p lan k to n  biomass was m ixed o r s t r a t i f ie d  (see Figures 47 to  

52 and Appendix S) so t h a t  com parisons could be c a rr ie d  o u t. The Quantum  

e ff ic ie n c y  o f  cells would have been a n o th e r m ethod  f o r  com paring th e  m ixed and 

s t r a t i f ie d  populations b u t was n o t a t te m p te d  during  th is  research  as Dubinsky 

(1980 ) s tressed  th e  d i f f ic u l t y  o f  ca lcu la tin g  th is  p a ra m e te r  fro m  f ie ld  

e x p e rim e n ts .

The in te g ra te d  values o f  photosynthesis  [LA) o f  m ixed and s t r a t i f ie d

po pulations, w hich include v a ria tio n  in u n d e rw a te r  lig h t w ith  d e p th , w e re

com pared  using a t  t e s t  and showed t h a t  th e  m ixed populations had a

s ig n ific a n tly  low er ( * * )  in te g ra l. The mean ( + / -  s.e.) f o r  th e  m ixed

- 2  - 1
p o p u la tio n  was 296.5 + / -  48.8 mgO^m h and f o r  th e  s t r a t i f ie d  populations
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Figure  82. Seasonal changes in t h e  r a te s  o f  p h o to s y n th e s is  and some o f  t h e  

c o n t r o l l in g  f a c t o r s  in S ta u n to n  Harold d u r in g  1982 and 1983: The da i ly  

s u r fa c e  i r ra d ia n c e ,  lo, e xp resse d  as t e n  day means, t h e  s u b - s u r fa c e  

i r ra d ia n c e ,  i ' o  and I k  p a ra m e te r .  The maximum p h o t o s y n t h e t ic  r a t e  p e r  u n i t  

w a t e r  vo lume, Amax, t h e  p o p u la t io n  s ta n d in g  c ro p ,  Ï.B, in t h e  e u p h o t ic  zone  and 

th e  w a t e r  co lum n and in te g ra l  p h o to s y n th e s is  p e r  u n i t  a rea, ZA.
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Figure  83. Seasonal changes in t h e  ra te s  o f  p h o to s y n th e s is  and some o f  t h e  

c o n t r o l l in g  f a c t o r s  in F o re m a rk  d u r in g  1982 and 1983; The da i ly  s u r fa c e  

ir ra d ia n c e ,  lo, e xp ressed  as te n  day means, t h e  s u b - s u r fa c e  i r ra d ia n c e ,  I 'o  

and I k  p a ra m e te r .  The maximum p h o t o s y n t h e t ic  r a t e  p e r  u n i t  w a t e r  vo lume. Amax, 

t h e  p o p u la t io n  s ta n d in g  c ro p ,  LB, in t h e  e u p h o t ic  zone and th e  w a t e r  co lum n  

and in te g ra l  p h o to s y n th e s is  p e r  u n i t  area, LA.
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- 2  -1was 596.2 + / -  72.4 mgO^m h . Much o f  th e  variance  o f  in te g ra l

photosynthesis  was r e f le c te d  by th e  v a ria tio n  in p h y to p lan k to n  biomass on th e

d i f f e r e n t  occasions. This was norm alised by in te g ra tin g  th e  d e p th  p ro file s  o f

photosynthe is  p e r  u n it  biomass iZP). The mean EP value ( + / - s.e.) f o r  th e

-1 - 2  -1mixed populations was 17.52 + / -  2.09 mgO^mgChl.a. m h w hich was found  to

- 1  - 2 - 1
be s ig n ific a n tly  low er (* )  th an  t h a t  o f  26.68 + / -  3 .16 mgO^mgChl.a. m h 

f o r  th e  s t r a t i f ie d  populations.

The o th e r  m a jo r c o n tro llin g  f a c to r  was th e  v a ria tio n  due to  in c id e n t

irrad ia n ce  a t  th e  lake s u rfa c e . F igure  84 shows EP values fro m  th e  m ixed and

s t r a t i f ie d  populations p lo t te d  against th e  s u r fa c e  irrad ia n ce , lo .  Only

e xp erim e n ts  w h e re  Pmax was re c o rd e d  have been p lo t te d . In  th e  s t r a t i f ie d

populations, 587. o f  th e  v a ria tio n  o f  EP was acco u n ted  f o r  by v a ria tio n  in lo

- 1  - 1  - 2
and th e  slope o f  th e  line was ca lc u la te d  as 79 mgO^mgChl.a. E m which is

eq u iva len t to  an assim ilation num ber t h a t  in c o rp o ra te s  d e p th  d if fe re n c e s  in

lig h t and biomass and in c id e n t irrad ian ce . The regression shows t h a t  a t

h igher irrad ian ces , th e  s t r a t i f ie d  populations had h igher assim ilation ra te s .

This value, w hen c o n v e rte d  to  carbon (1.25 : 1 0^ to  carbon q u o tie n t

- 1  - 1  - 2(S tric k la n d  1960)), o f  63.2 mgCmgChl.a. E m was s lig h tly  h igher b u t o f  th e

- 1  - 1  - 2same o rd e r  o f  m agnitude as th e  value o f  43.0 mgCmgChl.a. E m ca lc u la te d  

f o r  th e  New York Bight by Falkowski (1981 ).

The regression analysis o f  th e  m ixed po p u la tio n  d a ta  revealed  t h a t  74% o f

th e  v a ria tio n  in EP could be accou n ted  f o r  by th e  v a ria tio n  o f  lo . How ever,

- 1  - 1  - 2th e  slope had n eg ative  value o f  -3 0 .4  mgO^mgChl.a. E m which showed

f ir s t ly  th a t  m ixed populations had low er assim ilation ra te s  th a n  s t r a t i f ie d  
populations and secondly t h a t  m ixed populations becam e less r a th e r  th a n  m ore

e f f ic ie n t  a t  h igher irrad ian ces . This is, I  be lieve , th e  f i r s t  re c o rd  o f  a

neg a tive  slope fro m  m ixed populations and is p robab ly  because o th e r  w o rk ers

have n o t have n o t d iv ided th e ir  populations in to  m ixed and s t r a t i f ie d  groups.
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F igu re  84. I n t e g r a t e d  p h o to s y n th e s is ,  IP ,  p e r  u n i t  p h y to p la n k to n  biomass as a 

f u n c t io n  o f  t h e  s u r fa c e  i r ra d ia n c e ,  lo, in t h e  t w o  re s e rv o i rs  d u r in g  1982 and 

1983. Closed c i rc le s ,  #, r e p r e s e n t  s t r a t i f i e d  p o p u la t io n s  w h i ls t  open 

c i rc le s ,  o, r e p r e s e n t  m ixed p o p u la t io n s .
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The re d u c tio n  in assim ilation ra te s  agrees w ith  th e  m odelled p re d ic tio n s  o f  

Tailing (1957a), S te e l (1973) and Falkowski and W ir r ic k  (1981). Beardall and 

M orris (1976) fo u n d  t h a t  th e  overall e f f e c t  o f  g ro w th  a t  low er lig h t 

in te n s itie s  re s u lte d  in th e  loss o f  a b ility  o f  cells to  use h igher lig h t  

in te n s itie s . The m ixed populations in th e s e  re se rvo irs  app eared  to  co n fo rm  to  

th e  behaviour fou n d  by Beardall and M orris (1978) b u t w e re  n o t necessarily  

'a d a p te d ' in th e  sense o f  S teem an-N ie lsen  and Hansen (1959).

The c o r re la t io n  o f  ZP and lo  app eared  to  be valid over a w ide  range o f  

te m p e ra tu re s , biomass levels and n u tr ie n t  c o n c e n tra tio n s , b u t n o t b e tw e en  th e  

v e r t ic a l d is tr ib u t io n  o f  p h y to p lan k to n  as was re c o rd e d  by Falkowski (1981).

The even d e p th  d is tr ib u tio n s  o f  chlorophyll a in d ic a ted  t h a t  th e  

p h y to p la n k to n  com m unities w e re  mixed th ro u g h o u t th e  d e p th  o f  th e  w a te r  column. 

How ever, th e  assum ption t h a t  individual cells w ith in  th e  p h y to p lan k to n  

populations w e re  also m ixed th ro u g h o u t th e  th e  d e p th  can n o t be made w ith o u t  

ju s t i f ic a t io n .  Several m ethods a re  available which can d e te rm in e  th e  previous  

lig h t h is to ry  o f  cells and th e  mixing regim es o f  th e  w a te r  mass. Gibson 

(1978a  b) found  t h a t  th e  c a rb o h y d ra te  c o n te n t  o f  cells showed a positive  

c o rre la t io n  w ith  th e  d a rk  re s p ira tio n  r a te  u n d er conditions o f  n u tr ie n t  

s u ff ic ie n c y . Tailing (1957a), S teem an-N ie lsen  and Hansen (1959), T ilze r and 

Goildman (1978), Falkowski (1980 1981 ) and C o té  and P la t t  (1984) have used P 

vs. I  curves fro m  samples ta k e n  a t  known d e p th s  to  d e te rm in e  'lig h t/s h a d e ' 

a d a p ta tio n  and th e  previous lig h t h is to ry  o f  th e  cells. Falkowski (1983) w e n t  

f u r t h e r  and by exam ining th e  re c e n t  lig h t h is to ry  o f  th e  cells using th e  

m olecu lar ra t io  o f  chlorophyll to  th e  P-^qq accessory p ig m ent, he was able to  

c a lc u la te  th e  v e r t ic a l mixing processes, w ith  good a g ree m en t w ith  th e  physical 

m easurem ents  ta k e n . The use o f  th e  double  P vs. I  curves in th e  exam ination  

o f  p h o to a d a p ta tio n  (see previous sec tio n ) showed th a t  cells fro m  s t r a t i f ie d  

populations  w e re  'lig h t/s h a d e ' a d a p te d  w h ils t m ixed populations had id en tica l
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curves which showed t h a t  cells fro m  deep  in th e  w a te r  column w e re  a d a p te d  in 

th e  same way as those  fro m  th e  s u rfa c e  and th e  w hole po p u la tio n  th e r e fo r e  had 

been s u b je c te d  to  mixing.

The p h y to p lan k to n  com m unities re c o rd e d  during  th e  m ixed population  

e x p e rim e n ts  w e re  varied  b u t in th e  m a jo r ity  o f  cases w e re  d o m inated  by a 

m ix tu re  o f  small C hlorophytes, small c e n tr ic s  and Cryptom onads (see previous  

c h a p te r ) . In  th e  previous sec tio n  i t  was observed  t h a t  m ixed populations w e re  

to le r a n t  to  a w ide range o f  lig h t in te n s itie s . For each o f  th e  th r e e  

taxonom ic  groups p re s e n t, th e r e  ap p eared  to  be a t  leas t one exp lan atio n  which  

played a p a r t  in th e  low er assim ilation ra te s  fo u n d  during  m ixed e xp erim e n ts .

The f i r s t  exp lan atio n  was s e le c tio n  o f  species which a re  fav o u red  by mixed  

con d itio n s . Diatoms have been fo u n d  to  e x h ib it  w ide  to le ra n ce s  to  varia tio n s  

in lig h t in te n s itie s  in th e  la b o ra to ry  and f ie ld  and a re  n a tu ra lly  fou n d  under  

tu r b u le n t  cond itions  (Lund 1954 1955, Tailing 1957b 1965, Harris 1973 1978, 

Harris and L o t t  1973, H a f fn e r  1974, Richardson e t  al. 1983, Reynolds 1984a b).

The second was by c o n tro l o f  n e t  cell carbon  assim ilation. Green algae  

have been shown to  s u f fe r  less fro m  p h o to in h ib itio n  th an  o th e r  groups o f  algae  

(Richardson e t  a/. 1983), can e x c r e te  excess p h o to s yn th a tes  and p h o to re s p ire  

(Raven and Beardall 1981) thus c o n tro llin g  n e t  gains. The small C hlorophytes, 

w hich a re  ty p ic a l o f  early  sum mer p h y to p lan k to n  assemblages, w e re  p robab ly  

able to  re g u la te  th e ir  n e t  carbon assim ilation and w e re  m ore e f f ic ie n t  a t  low 

irrad ian ces  and did n o t p h o to in h ib it a t  high in te n s itie s .

The th ird  exp lanantion  was s e lf - re g u la t io n  o f  photosynthesis  by m o tility  

and re g u la tio n  o f  th e ir  own lig h t c lim a te  (Harris 1978, Richardson e t  a/

1983). Cryptom onads and C yanobacteria  w e re  observed to  be dom inant and 

s u b -d o m in an t in several o f  th e  mixed p o pulation  e xp erim e n ts  and b o th  groups
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have been re c o rd e d  to  fa v o u r low lig h t env iro n m en ts  (Richardson e t  a/. 1983).

I t  would ap p ear fro m  th e  resu lts  th a t  th e  overa ll lig h t en v iro n m en t exp erien ced  

by th e  m ixed populations was low er th an  t h a t  o f  th e  s t r a t i f ie d  populations and 

th e s e  m o tile  ta x a  w e re  able to  a d ju s t th e ir  v e r t ic a l position  when s itu a te d  

away fro m  th e  bubble plume o f  th e  p e r fo r a te d  p ipe during  anticyc lo n ic  w e a th e r  

as w a te r  column s ta b ility  was increasing.

To conclude, th e  m ixed populations w e re  fo u n d  to  have low er assim ilation  

ra te s  th a n  s t r a t i f ie d  populations. The m ixed species w e re  shown to  have a 

to le ra n c e  to  w ide ranges in th e  u n d e rw a te r  lig h t and i t  ap p eared  t h a t  th is  was 

a re s u lt  o f  th e  se lec tio n  o f  species which have e ith e r  evolved to  fav o u r  

tu r b u le n t  cond itions, o r to  c o n tro l carbon  assim ilation th ro u g h  e x c re tio n  o f  

p h o to s yn th a tes  and p h o to re s p ira tio n , o r re g u la tio n  o f  th e ir  own lig h t c lim a te  

by v e r t ic a l m ovem ent. The s t r a t i f ie d  populations app eared  to  be 'lig h t/s h a d e ' 

a d a p te d  and had h igher ra te s  o f  assim ilation a t  h igher lig h t levels.

5.2.4 Problem s e n c o u n te red  d uring  ohotosvnthesis  e xp erim e n ts .

Several problem s w e re  e n c o u n te re d  during  th e s e  e xp erim e n ts . F irs tly , th e  

maximum r a te  o f  photosynthesis  {Pmax) occupies a v e ry  n arro w  d e p th  zone, so on 

occasions i t  was m ost likely t h a t  th e  spacing o f  th e  e x p e rim e n ta l b o tt le s  

p re v e n te d  th e  t r u e  maximum r a te  being re c o rd e d . The p rob lem  was enhanced w hen  

th e r e  was rap id  a tte n u a tio n  o f  lig h t. The spacing o f  th e  b o tt le s  was 

d e te rm in e d  by th e  lig h t a tte n u a tio n  m easured during  th e  w eekly  sampling w hich  

usually to o k  p lace on th e  day b e fo re .

Secondly, th e  use o f  tw o  d i f f e r e n t  size b o tt le s  led to  several e xp erim en ts  

w h e re  d if fe re n c e s  in b o t t le  size w e re  te s te d  by running tw o  s e p a ra te  

e x p e rim e n ts  a t  th e  same t im e  (eg. 1 9 th  July, 1983 in S ta u n to n  Harold and th e  

2 6 th  July, 1983 in Forem ark , Figures 77 and 79). These e xp erim e n ts  revealed
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only small d if fe re n c e s  in th e  gross photosynthesis  p ro file s  b e tw e e n  th e  tw o  

d i f f e r e n t  s ize b o tt le s . B erg er (1984) found  t h a t  th e r e  was no s ig n ific a n t  

d if fe r e n c e  b e tw e e n  p rim ary  p ro d u c tiv ity  o r re s p ira tio n  m easured in 250 ml and 

130 ml b o tt le s  in a shallow h y p e rtro p h ic  lake. The p ra c tic a l d if f ic u lt ie s  in 

suspending tw o  b o tt le s  a t  e x a c tly  th e  same d e p th  w e re  e n c o u n te re d  in th is  

research  as w ell as B erger's  (1984). During th e  e xp erim e n ts  i t  proved  

d i f f i c u l t  to  suspend b o tt le s  a t  th e  s u rfa c e  w ith o u t  shading those  suspended  

below . As a re s u lt  th e  s u r fa c e ' b o tt le s  w e re  suspended a t  0.3 m e tre s  below  

th e  w a te r  s u rfa c e  and th is  m ost p robab ly  has had an e f f e c t  on th e  

photosynthesis  d e p th  p ro file s .

Th ird ly , s u rfa c e  p h o to in h ib itio n  was n o t re c o rd e d  in many o f  th e  

e x p e rim e n ts  (eg. 6 th  July, 1982 and 1 2 th  July, 1983 in S ta u n to n  Harold, Figures  

75 and 77), even though irrad ian ces  w e re  above 200 pEm '^s"  ̂ , which Harris  

(1978) suggested was th e  a p p ro x im a te  irrad ia n ce  a t  which n a tu ra l populations o f  

p h y to p lan k to n  s ta r te d  to  p h o to in h ib it. Harris (1973) and M arra (1978b) have 

also re c o rd e d  occasions when Pmax was fo u n d  a t  th e  s u rfa c e . They assumed t h a t  

th is  was a re s u lt o f  th e  shallow m ixed layer which may have s e le c te d  f o r  

species which w e re  a d a p te d  to  s ta b le  lig h t env iro n m en ts . W hen using s ta tio n a ry  

b o tt le s , th is  e f f e c t  was enhanced as th e  cells, especially  tho se  in th e  s u r fa c e  

b o tt le s , exp erien c ed  a lig h t c lim a te  which was m ore likely  to  dam age th e  

p h o to s y n th e tic  a p p ara tu s . F u rth e rm o re , p h y to p la n k to n  suspensions in th e  

b o tt le s  may n o t have been s u b je c te d  to  th e  n a tu ra l lig h t c lim a te . Ohie (1958 ), 

P a tte n  e t  al. (1964) and Findenegg (1966) have all d e m o n s tra te d  t h a t  th e  

re su lts  o f  p ro d u c tiv ity  e x p e rim e n ts  depended  upon th e  b o t t le  ty p e  used. Q u a rtz  

o r Plexiglass b o tt le s  p rovided  a m ore n a tu ra l lig h t c lim a te  th a n  Pyrex which in 

tu r n  was m ore n a tu ra l th an  soda-lim e b o tt le s . Jones and Kok (1966) in th e ir  

stud ies  o f  p h o to in h ib itio n  in spinach ch lorop lasts  fou n d  t h a t  th e  main a rea  o f  

th e  s p e c tru m  responsible  was th e  UV-B (29 0 -32 0n m ) reg ion. The e f f e c t  o f  UV-B
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lig h t on p h o to in h ib itio n  has been c learly  d e m o n s tra te d  by th e  use o f  q u a r tz ,  

Pyrex and soda-lim e b o tt le s  in p h y to p lan k to n  p ro d u c tiv ity  e x p e rim e n ts  (Harris  

1978, Sm ith  and Baker 1980, W o rre s t  e t  al. 1980). Soda-lim e b o tt le s  have been  

fou n d  to  p r o te c t  th e  suspensions o f  cells fro m  high In te n s itie s  o r  dam aging  

w avelengths and thus p ro d u c tio n  in th e s e  b o tt le s  can o v e re s tim a te  t h a t  m easured  

in q u a r tz  o r Pyrex b o tt le s . W o rre s t  e t  al. (1980) showed t h a t  p ro d u c t iv ity  in 

soda-lim e b o tt le s  was 207. h igher th a n  in Pyrex b o tt le s  and th is  in tu r n  was 17% 

higher th a n  in q u a r tz  b o tt le s . This was a d ir e c t  re s u lt  o f  th e  t ra n s m it ta n c e  

o f  UV-B lig h t by th e  d i f f e r e n t  typ es  o f  b o tt le s . Sm ith  and Baker (1980 ) used 

th e  tra n s m itta n c e  d a ta  fro m  d i f f e r e n t  typ es  o f  b o tt le s  to  make a q u a n t ita t iv e  

assessment and ca lcu la ted  th e  'b io logically  e f f e c t iv e  dose'. This dose is 

red uced  by a b o u t 6% in q u a r tz  b o tt le s , 13% by Pyrex b o t t le  and 22% by W h e a to n  

b o tt le s  a t  th e  w a te r  s u rfa c e . In  th e  e xp erim e n ts  c a rr ie d  o u t in th is  re se arc h  

P yrex b o tt le s  w e re  used and th e r e  was no d if fe r e n c e  in th e  tra n s m it ta n c e  o f  

UV-B b e tw e e n  th e  tw o  sizes o f  b o tt le s .

A tte n u a tio n  o f  UV-B lig h t is v e ry  rap id  in p ro d u c tiv e  w a te rs  because o f  

p h y to p lan k to n  and inorganic m a te ria l (Sm ith  and Baker 1979). No m easu rem en t o f  

th e  s p e c tra l q u a lity  in th e  UV region was made in e ith e r  re s e rv o ir . I t  is 

assumed t h a t  on m ost occasions, levels o f  UV-B, especially  a t  0.3 m e tre s , w e re  

below  tho se  which would be damaging to  th e  p h o to s y n th e tic  a p p a ra tu s  o f  th e  

p h y to p lan k to n  in th e  b o tt le s . However on th e  days when p h o to in h ib itio n  was 

re c o rd e d , th e  num ber o f  sunshine hours was usually considerab ly  h igher th a n  th e  

average f o r  th e  th r e e  days previous to  th e  e x p e r im e n t and th e  w a te r  

tra n s p a re n c y , as Secchi d e p th , was s ig n ific a n tly  h igher ( * *  t  t e s t ) .  This 

suggests, f i r s t ly  t h a t  cloud cover was low w ith  m ore UV-B reach ing  th e  w a te r  

s u rfa c e ; and secondly t h a t  th e  UV-B which did reach  th e  s u rfa c e  was a t te n u a te d  

less rap id ly  so levels a t  0.3 m e tre s  could have been s u f f ic ie n t  to  cause  

p h o to in h ib itio n .
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P h o to in h ib itio n  o f  p h y to p lan k to n  cells is n o t as f r e q u e n t  a phenom ena as 

was orig inally  th o u g h t (Harris 1978). M easurem ents o f  p ro d u c tio n  using th e  

b o t t le  te c h n iq u e  te n d  to  o v e re s tim a te  p h o to in h ib itio n  (Jewson and W ood 1975, 

Harris and Piccinin 1977, M arra 1978a b) and th e  m a jo r reasons f o r  th is  a re  

m entioned  above. In  th e ir  n a tu ra l en v iro n m en t, p h y to p lan k to n  cells a re  n o t  

held a t  th e  same d e p th  f o r  pro longed periods. M otile  fo rm s  such as 

fla g e lla te s  and some o f  th e  C yanobacteria  m ig ra te  to  a d e p th  w h e re  th e  lig h t  

c lim a te  is o p tim a l. However, as a re s u lt o f  wind a c tio n  o r a r t i f ic ia l  mixing, 

m ost p h y to p lan k to n  a re  continuously c irc u la tin g  th ro u g h o u t th e  m ixed layer and 

will only rem ain a t  th e  same d e p th  during  v e ry  calm , s till periods (Harris and 

Piccinin 1977),

V o llen w eid er (1969) lis ted  th e  lim ita tio n s  o f  using th e  oxygen m ethod  f o r  

p ro d u c tiv ity  e x p e rim e n ts . He recom m ended t h a t  th e  oxygen m ethod  was n o t  

app licab le  when th e  p h y to p lan k to n  d en s ity  (expressed  as chlorophyll a) was

- 3
low er than  1 mgm . Severe  problem s w e re  e n c o u n te re d  w ith  re p lic a tio n  a t

_ 3
tim es when th e r e  p h y to p lan k to n  c o n c e n tra tio n s  w e re  below  lOmgm ch lorophyll a 

and th e  resu lts  fro m  a num ber o f  e x p e rim e n ts  c a rr ie d  o u t during  th e  early  

summers o f  1982 and 1983, have been o m m itte d  fro m  th e  d a ta  s e t.

As a re s u lt , th e  use o f  Tailings' model (1957a) to  c a lc u la te  seasonal 

p ro d u c tio n  and th e r e fo r e  d e t e c t  any d if fe r e n c e  b e tw e e n  annual p ro d u c tio n  in 

th e  m ixed and s t r a t i f ie d  reservo irs  could n o t be made as th e r e  w e re  gaps in 

th e  d a ta  s e t.

In te g ra l photosynthesis  was e s tim a te d  using th e  s em i-em p irica l model o f  

Tailing (1957a) and com pared to  th e  e xp e rim e n ta lly  d erived  values. Even 

tho u g h  th e r e  was a good a g ree m en t (r= 0 .96  * *  f o r  S ta u n to n  Harold and 0.95 * *

190



f o r  Forem ark) b e tw e e n  th e  values d erive d  fro m  th e  model and tho se  d erive d  

p lan im etrica lly  fro m  th e  f ie ld  e x p e rim e n ts , th e  a p p lic a b ility  o f  th e  model to  

th is  w o rk  is q u estion ab le . One o f  th e  m a jo r cond itions  o f  th e  model is t h a t  

th e rm a l and p h y to p lan k to n  s tr a t i f ic a t io n  a re  ab sen t (Tailing 1957a) which was 

o f te n  n o t th e  case in th e s e  reservo irs . Tailing (1984) w arned  o f  th e  dangers  

o f  analysing th e  in te ra c tio n s  o f  th e  various com ponents which may a f f e c t  th e  

p h o to s y n th e s is -d e p th  curves fro m  fie ld  m easurem ents . Deduced values can be  

f i t t e d  in to  th e  model eq u a tio n  and used to  in t e r p r e t  th e  re la tio n sh ips  b u t  

th is  leads to  th e  d anger o f  c irc u la r  arg um en ts . In  some o f  th e s e  e xp erim e n ts , 

as m entioned  above, Pmax was n o t always re c o rd e d  and to  use model on th e s e  

occasions is q u estion ab le . P h o to s y n th e s is -d e p th  p ro file s  can only rea lly  be 

used to  p ro d u ce  good p re d ic t iv e  models in re servo irs  and lakes which have well 

m ixed e u p h o tic  zones. This has been done in th e  s tud ies  o f  Tailing (1965) on 

Lake V ic to r ia , Bindloss (1974) on Loch Leven, G anf (1974) on Lake George.

Jewson (1976) on Lough Neagh and Jones (1977b) on Kinnego Bay, Lough Neagh.

5.3 PHYTOPLANKTON SEDIMENTATION.

5.3.1 In tro d u c t io n .

The physical process o f  p a rtic le s  sinking in a liquid is com plex (Reynolds 

1979, Reynolds and W iseman 1982) b u t  th e  r a te  con fo rm s closely to  S tokes ' Law  

(Hutchinson 1967, Reynolds 1984b). The m easurem ent o f  sinking ra te s  is also 

com plex and s u f fe rs  fro m  many e rro rs  especially  i f  m u lti-s p e c ie s  assemblages 

a re  being in v e s tig a te d  (B ienfang 1980, Reynolds 1984b). Many m ethods have 

been em ployed to  e s tim a te  sinking ra te s , some successful o th e rs  n o t. These 

include tra c in g  ra d io a c tiv e ly  labelled  cells (B ienfang 1980), ca lcu la tin g  th e  

d if fe r e n c e  b e tw e e n  th e  g ro w th  c o n s ta n t based on carbon  f ix a t io n  and th a t  based  

on change in s tan d ing  c ro p  (Knoechel and K a lf f  1975), f i t t in g  regression  

models to  f ie ld  observations  o f  declin ing crops (Gibson 1984), by cores ta k e n
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o f  th e  s u rfa c e  sed im en t (Reynolds and W iseman 1982), by a r t i f ic ia l  sedim ents  

(Reynolds and G o d frey  1983) and m ost commonly by tra p s  (K irchner 1975, 

Pennington 1974, Reynolds 1976, Fallon and Brock 1980, G ardner 1980a b, 

Reynolds and W iseman 1982 and Reynolds e t  al. 1983 1984).

E stim ates  o f  th e  r a te  o f  p h y to p lan k to n  biomass reaching th e  sedim ents w e re  

m ade in S ta u n to n  Harold and F o rem ark . A com parison o f  th e  ra te s  m easured u n d er  

a r t i f ic ia l ly  m ixed (S tau n to n  Harold) and s t r a t i f ie d  (Forem ark) cond itions was 

made in 1982 w h ils t in 1983 th e  d if fe re n c e s  b e tw e e n  tw o  s ites  in S ta u n to n  

Harold w e re  in v e s tig a te d .

5.3.2 A com parison o f  th e  ra te s  o f  s ed im e n ta tio n  u n d er m ixed and s t r a t i f ie d  

conditions.

T h ere  was usually a p o s itive  c o rre la t io n  b e tw e e n  p h y to p lan k to n  s tanding  

c ro p  and biomass accum ulating  in th e  tra p s  in b o th  reservo irs  (F igure  85). In

- 2
Forem ark , f o r  exam ple, as th e  standing  c ro p  rose to  946 mg chlorophyll a. m 

on th e  5 th  April and th e n  declined  th e  s ed im e n ta tio n  r a te  fo llo w ed  th e  p a t te r n .

However, d if fe re n c e s  b e tw e e n  th e  ra te s  m easured in each re s e rv o ir  and thus  

b e tw e en  mixing cond itions  could n o t be d e te c te d .  The d if fe re n c e s  b e tw e e n  

reservo irs  a re  a re s u lt o f  d if fe re n c e s  in th e  tim in g , m agnitude  and com po n ent 

ta x a  o f  th e  p h y to p lan k to n  com m unities w hich a re  illu s tra te d  by th e  fo llow ing  

exam ples.

In  F o rem ark , th e  p h y to p la n k to n  was do m in ated  by th e  c e n tr ic  d ia to m , 

Stephanodiscus a s traea  which is much denser th a n  w a te r  due to  its  silica  

f ru s tu le . I t  re lies  upon tu rb u le n c e  to  rem ain suspended in th e  w a te r  column 

(H a ffn e r  1974). The daily r a te  o f  d ec line  o f  chlorophyll in th e  w a te r  column  

was alm ost e x a c tly  m atch ed  by th e  daily r a te  o f  increase in th e  tra p s  (39 mgm  ̂

lo s t and 38 mgm~^ gained) during  a calm p erio d  in A pril. H ow ever f o r
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F igu re  85. A c o m p a r ison  o f  t h e  r a t e  o f  p h y to p la n k to n  biomass a c c u m u la t io n  in 

s e d im e n t  t r a p s  w i t h  th e  w a t e r  co lum n s ta n d in g  c r o p  in S ta u n to n  Harold and 

F o re m a rk  d u r in g  1982. (The open  bars r e p r e s e n t  t h e  r a te s  f r o m  t y p e  B t r a p s  

and t h e  b lack  bars, th o s e  f r o m  ty p e  A t r a p s ,  i f  d i f f e r e n t ,  eg. in S e p te m b e r ,  

t y p e  B t r a p s  had h ig h e r  r a te s  th a n  t y p e  A in F o re m a rk .

P H Y T O P L A N K T O N  S T A N D I N G  C R O P  
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th e  com parable  period  in S tau n to n  Harold, th e  dom inant ta x a  was Cryptomonas, 

w hich is m o tile  and less likely to  sed im ent o u t o f  th e  w a te r  colum n. In  

a d d itio n  th is  ta x a  s u ffe rs  heavy losses by zo o p lan k to n  g razing  (Reynolds e t  

al. 1983 1984). Only 307. o f  th e  loss in s tanding  c ro p  fro m  th e  w a te r  column  

could be acco u n ted  f o r  by t h a t  accum ulated  in th e  tra p s  and i t  is m ost 

p ro b ab le  t h a t  much o f  th e  rem ain d er was u tilised  by zo o p lan k to n  g ra ze rs .

Comparisons | o f  th e  same species o f  p h y to p la n k to n  in each re s e rv o ir  showed  

t h a t  th e  p ercen tag es  o f  chlorophyll fro m  th e  w a te r  column reaching th e  

sed im ents  w e re  sim ilar. For exam ple, during  th e  dec line  o f  th e  bloom o f  

C yanobacteria  in S tau n to n  Harold in August, 1982 347. o f  th e  w a te r  column loss 

could be acco u n ted  f o r  by s ed im e n ta tio n , during  th e  dec line  o f  a sim ilar bloom  

in O c to b e r, 1982 in F orem ark , 237. o f  th e  w a te r  column biomass reached  th e  

tra p s . The d ec line  o f  bloom fo rm in g  C yanobacteria  usually re s u lte d  in th e  

m a jo r ity  o f  fila m en ts  o r colonies rising to  th e  s u rfa c e  w h e re  th e y  w e re  

s u b je c te d  to  wind and w a te r  m ovem ents. These scums o f te n  ended  up blown o n to  

th e  banks and i t  is m ost p ro b ab le  t h a t  th e s e  accum ulations acco u n ted  f o r  th e  

low p e rc e n ta g e  o f  biomass which reached  th e  tra p s .

5 .3 .3  A com parison o f  sed im en ta tio n  ra te s  m easured a t  tw o  d i f f e r e n t  s ites  in 

S ta u n to n  Harold. 1983.

The resu lts  o f  th is  in ves tig a tio n  a re  shown in F igure 86 along w ith  

f lu c tu a t io n s  in th e  standing c ro p  in th e  w a te r  column as f o r  1982. The

observed  te m p o ra l varia tio n s  a t  th e  tw o  s ites  was sim ilar and analyses (p a ired

t - t e s t )  showed th e r e  was no s ig n ific a n t d if fe r e n c e  b e tw e e n  re p lic a te  tra p s  o r

b e tw e e n  s ites .

The f lu c tu a t io n s  in th e  r a te  o f  accum ulation  o f  p h y to p la n k to n  biomass to  

th e  sedim ents was s tro n g ly  c o r re la te d  w ith  th e  varia tio n s  in th e  standing  c ro p
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F igu re  86. A co m p ar ison  o f  t h e  r a t e  o f  p h y to p la n k t o n  biomass a c c u m u la t io n  in 

s e d im e n t  t r a p s  a t  tw o  s i te s  w i t h  t h e  w a t e r  co lum n  s ta n d in g  c r o p  in S ta u n to n  

Harold d u r in g  1 983.

800-1

S l a u n l o n  H a r o l d  a l i a  1

S t a u n t o n  H a r o l d  a l t a  2 .
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as in 1982. The high ra te s  m easured in A pril/M ay, mid July and la te  August 

w e re  a t t r ib u te d  to  th e  p h y to p lan k to n  populations p re s e n t during  th e s e  periods  

w hich consisted  p red o m in an tly  o f  d iatom s (see c h a p te r  4).

5.3.4 A com parison o f  sed im e n ta tio n  ra te s  m easured using tw o  typ es  o f  tra p s .

Many w o rk ers  have n o te d  t h a t  sed im en t tra p s  w e re  e f f ic ie n t  a t  measuring th e  

' t r u e ' sed im e n ta ry  f lu x  o f  p a rtic le s  in lakes and e x p e rim e n ta l tanks  u n d er  

s ta b le  s t r a t i f ie d  conditions b u t t h a t  u n d er tu r b u le n t  conditions, th e  resu lts  

o f  th e s e  m easurem ents need to  be t r e a te d  cau tious ly  (Pennington 1974, K irchner  

1975, Reynolds 1976 1979, Lau 1979, G ardner 1980a b, Reynolds and Wiseman

1982). K irch ner (1975) observed t h a t  th e r e  w e re  no s ig n ific a n t d if fe re n c e s  

b e tw e e n  tra p s  o f  5 d i f f e r e n t  sizes w ith  a s p e c t ra tio s  ranging fro m  1:0.6 to  

1:7.8 u n d er s ta b le  cond itions. G ardner (1980b ) recom m ended tra p s  w ith  a s p e c t  

ra tio s  o f  b e tw e e n  2 and 3 f o r  use in shallow, tu r b u le n t  lakes as tra p s  w ith  a 

higher ra t io  w e re  fo u n d  to  o v e r tra p . How ever, in th e ir  e x c e lle n t rev iew  o f  

sed im en t tra p p in g  tech n iq u es , Bloesch and Burns (1980) recom m ended t h a t  tra p s  

f o r  use in tu r b u le n t  w a te r  should have an a s p e c t ra t io  o f  1:10. The tw o  t r a p  

typ e s  ( ty p e  A w ith  an a s p e c t ra t io  o f  1:10.7 and ty p e  B w ith  a ra t io  o f  1:2.8) 

w e re  dep loyed  in b o th  th e  m ixed and s t r a t i f ie d  reservo irs  to  in v e s tig a te  th is  

p rob lem .

The ra te s  o f  accum ulation  o f  p h y to p la n k to n  biomass (as mg chlorophyll a. 

m ^ d ^) in th e  tra p s  along w ith  th e  f lu c tu a t io n s  in th e  w a te r  colum n standing  

c ro p  (mg m ^) o f  S ta u n to n  Harold and Fo rem ark  during  1982 a re  shown in F igure  

85. A com parison b e tw e e n  re p lic a te s  o f  each t r a p  ty p e  and b e tw e e n  th e  tw o  t r a p  

ty p e s  was made using p a ired  t - t e s t s  on ro o t  tra n s fo rm e d  d a ta . T h ere  was fo u n d  

t o  be no s ig n ific a n t d if fe r e n c e  b e tw e e n  re p lic a te s  o f  e ith e r  t r a p  ty p e  in 

e ith e r  re s e rv o ir  o r b e tw e e n  t r a p  typ es  in F o rem ark  (excluding th e  last th r e e  

tra p p in g  periods in S e p te m b e r and O c to b e r). H owever, th e r e  was a
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significant d i f fe re n c e  ( * * )  between rates observed from  th e  tw o  t ra p  types in

Staunton Harold.

The d if fe r e n c e  in accum ulation  ra te s  m easured using tra p s  o f  varying a s p e c t

ra tio s  was n o t s ig n ific a n t u n d er s t r a t i f ie d  cond itions  (F igure , May to  August

in Forem ark) w h ils t u n d er tu r b u le n t  cond itions  (spring and autum n in Forem ark

and th ro u g h o u t m ost o f  th e  March to  O c to b e r p erio d  in S tau n to n  Harold) th e s e

m easurem ents w e re  s ig n ific a n tly  d i f f e r e n t  depending upon t r a p  ty p e . Type A

tra p s  w e re  giving s ig n ific a n tly  h igher e s tim a te s  o f  accum ulation  ra te s  th an

ty p e  B tra p s  e x c e p t f o r  th e  m easurem ents made during  S e p te m b e r and O c to b e r in

F orem ark  which a re  unexplained and r a th e r  su sp ec t. I t  would th e r e fo r e  seem

t h a t  e ith e r  ty p e  A tra p s  w e re  o v e rtra p p in g  o r t h a t  ty p e  B w e re  u n d e rtra p p in g

un d er tu r b u le n t  con d itio n s . This p rob lem  was n o t re so lv ed b u t i t  was believed

_ 1
t h a t  th e  flow s due to  a r t i f ic ia l  mixing did n o t exceed  15 cms in S tau n to n  

Harold (and th is  was th e  value G ardner (1980b ) to o k  to  be th e  u p p er lim it f o r  

tra p s  o f  asp ec t ra tio s  b e tw e e n  2 and 3). I t  is th e r e fo r e  m ost p ro b ab le  t h a t  

th e  ty p e  B tra p s  w e re  giving a m ore a c c u ra te  e s tim a te  o f  th e  r a te  o f  

accum ulation  o f  p h y to p la n k to n  biomass. How ever, th e  p rob lem  o f  which t r a p  ty p e  

was giving th e  m ost a c c u ra te  e s tim a te  o f  th e  't r u e ' r a te  was considered  n o t to  

be as im p o rta n t  as m easuring th e  d if fe re n c e s  b e tw e e n  reservo irs  and b e tw e e n  

periods when d i f f e r e n t  p h y to p lan k to n  assemblages w e re  p re s e n t. The re su lts  

fro m  th is  s tu d y  w e re  n o t conclusive in resolving th e  q u estion  o f  w h e th e r  

sed im e n ta tio n  ra te s  w e re  low ered  by m ixing.
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CHAPTER 6. GENERAL CONCLUSIONS.

6.1 PHYSICAL AND CHEMICAL PARAMETERS.

The m e te ro lo g ica l conditions e xp erien c ed  by th e  reservo irs  is ty p ic a l o f  

th e  Midlands and was n o t s u b je c te d  to  any m a jo r e x tre m e s  during  1981, 1982 and 

1983.

The p e r fo r a te d -p ip e  system  was fou n d  to  be v e ry  e f f e c t iv e  a t  d e s tra t ify in g  

S ta u n to n  Harold (S e p te m b e r, 1981) and p re v e n tio n  o f  s t r a t i f ic a t io n  (1982 and

1983). T e m p e ra tu re  and dissolved oxygen p ro file s , w a te r  colum n s ta b ility  and 

chem ical p a ra m e te rs  revealed  t h a t  th is  m ethod  o f  a r t i f ic ia l  mixing was 

e f f e c t iv e  and th a t ,  w ith  fe w  exc ep tio n s , th e s e  p a ra m e te rs  showed even d e p th  

d is tr ib u tio n s  when com pared  to  th e  ‘c o n tr o l’ re s e rv o ir  in all th r e e  years.

Comparisons o f  lig h t a tte n u a tio n  in th e  PAR reg ion and a t  b lue, g reen  and 

red  w avelengths showed reasonable a g re e m e n t w ith  published, ca lcu la ted  values 

and w e re  ty p ic a l o f  lowland, enrich ed  rese rvo irs . The changes in lig h t  

a tte n u a tio n  and secchi d e p th  w e re  inversely  re la te d  to  p h y to p lan k to n  biomass. 

The re la tio n sh ip  b e tw e e n  Zeu  and eMIN and Zeu  and Secchi d e p th  w e re  estab lished  

and w e re  close to  published values.

A r t if ic ia l d e s t r a t if ic a t io n  in S e p te m b e r, 1981 e lim in a ted  chem ical 

s t r a t i f ic a t io n  in only th r e e  days and all p a ra m e te rs  showed an even d e p th  

d is tr ib u t io n , a lthough increased in many cases, a f t e r  mixing.

A r t if ic ia l mixing in 1982 and 1983 did n o t s to p  th e  re lease o r re -s o lu tio n  

o f  o r th o -p h o s p h a te , n i t r a te ,  ammonia, iron and manganese fro m  th e  sedim ents o r  

s e d im e n t/w a te r  in te r fa c e . This has re s u lte d  fro m  anaerob ic  cond itions  which  

e x is t in th e  low er layers even during  m ixing. These chem ical ions once
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re leased  in to  th e  w a te r  a re  th e n  m ixed th ro u g h o u t th e  whole w a te r  column. I t  

was m ost p ro b ab le  t h a t  th e  ra te s  o f  re lease  w e re  enhanced by increased  

te m p e ra tu re s  in th e  low er layers. More re se arc h  in to  n u tr ie n t  recycling  and 

re lease  u n d er a r t i f ic ia l ly  m ixed conditions is needed to  c o n firm  th e  evidence  

p u t  fo rw a rd  h ere .

In  th e  s t r a t i f ie d  re s e rv o ir, chem ical p a ra m e te rs  behaved as e x p e c te d  w ith  

th e  e x c e p tio n  o f  o r th o -p h o s p h a te  and c o n d u c tiv ity . These showed d e p th  

d is tr ib u tio n s  which w e re  o p p o s ite  to  tho se  e x p e c te d . This is believed to  be 

due to  w a te r  pumped fro m  th e  River Dove, flo w in g  along th e  to p  o f  th e  

m e ta lim n e tic  layer and rem aining in th e  epilim nion.

Both reservo irs  w e re  c lassified  as e u tro p h ic  accord ing  to  OECD ( 1982), 

c a te g o rie s  using th e  'open boundary system ' w ith  S ta u n to n  Harold ten d in g  

to w a rd s  h y p e rtro p h y . The d a ta  fro m  th is  s tu d y  has been added to  th e  

estab lish ed  log /log  re la tio n sh ip  b e tw e e n  maximum w in te r  o r th o -p h o s p h a te  and 

maximum sum mer chlorophyll which was f i r s t  p u t fo rw a rd  by Lund (1970). The 

d a ta  fro m  th e s e  reservo irs  showed t h a t  th e  linear re la tio n sh ip  found by Lund 

and o th e r  w o rk ers  only holds up to  100 mgm"3 o r th o -p h o s p h a te , as above th is  

th e r e  was no f u r th e r  increase in chlorophyll p e r  u n it  increase in phosphate.

The n i t r a t e  d a ta  how ever f i t j  in to  th e  lin ear re la tio n sh ip  p u t fo rw a rd  by Lund 

(1970) b u t  is c loser to  th e  regression eq u a tio n  published by S c o tt  (1975).

The h igher levels o f  n i t r a te  found  in S ta u n to n  Harold w e re  th o u g h t to  be  

due to  th e  la rg e r c a tc h m e n t area and thus g r e a te r  in flo w . H igher phosphate  

c o n c e n tra tio n s  in Forem ark  a re  believed to  have been due to  th e  r a te  o f  re lease  

as a re s u lt  o f  a la rg e r anoxic sed im ent s u rfa c e . Silica levels which w e re  high 

in S ta u n to n  Harold a re  believed to  have been a re s u lt  o f  th e  increased  

recyc lin g  fro m  th e  silica 'pool' and in p u t fro m  th e  c a tc h m e n t.
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N it r a te  and o rth o -p h o s p h a te  c o n c e n tra tio n s  w e re  found  to  d ro p  to  lim itin g  

levels on fe w  occasions. Silica d ro p p ed  below  0.5 m g l" \  th e  level w hich Lund 

(1950) fou n d  to  be lim itin g  f o r  Asterionella, on many occasions in b o th  

reservo irs  and was assumed to  be lim itin g  f u r t h e r  d ia to m  g ro w th .

The b o a t survey resu lts  revealed  t h a t  p h y to p lan k to n  d is tr ib u tio n s  w e re  

a f f e c te d  p red o m in an tly  by w in d -in d u ce d  tu rb u le n c e  and t h a t  w a te r  column  

s ta b ility , a lthough  im p o rta n t in some cases, plays a less im p o rta n t  ro le . 

S t r a t i f ic a t io n  o f  p h y to p lan k to n  populations occu red  on several occasions in 

S ta u n to n  Harold w h ils t i t  was being a r t i f ic ia l ly  m ixed. The surveys c a rr ie d  

o u t d uring  th e s e  periods o f  s t r a t i f ic a t io n  showed t h a t  m o tile  or buoyant 

species w e re  able to  m aintain  th e ir  p r e fe r r e d  d e p th  d is tr ib u t io n  o r t h a t  caused  

by w in d -in d u ce d  tu rb u le n c e , away fro m  th e  p e r fo r a te d  p ipe. How ever, in close  

p ro x im ity  to  th e  p ipe th e y  w e re  n o t able to  do th is  and w e re  evenly d is tr ib u te d  

w ith  d e p th . This is o f  im p o rtan c e  in w a te r  m anagem ent as th e  p h y to p lan k to n  

species which c r e a te  th e  m ost problem s in th e  t r e a tm e n t  process a re  

C yanobacteria . I f  th e  re s e rv o ir  is m ixed so t h a t  th e  anoxic hypolim nion, w ith  

all th e  associated chem ical problem s, does n o t fo rm  and th e  nuisance  

p h y to p lan k to n  species a re  s t r a t i f ie d  th e n  i t  would be possible to  d raw  w a te r  

o f f  fro m  below  th e  maximum p h y to p lan k to n  biomass. The w a te r  will be o f  good  

q u a lity , chem ically and w ith  low p h y to p lan k to n  num bers.

6.2 PHYTOPLANKTON GROWTH AND PERIODICITY.

A com parison o f  th e  mean and maximum biomass levels in S ta u n to n  Harold  

d uring  years when a r t i f ic ia l  mixing to o k  p lace revealed  t h a t  in one year (1983 ) 

th e  biomass was increased w h ils t in a n o th e r (1982) i t  was red u ced  re la t iv e  to  

th e  n a tu ra lly  m ixed year (1981 ). In  Forem ark , th e  biomass levels w e re  lo w er  

th a n  those  in S ta u n to n  Harold b u t th e  mean values showed t h a t  th e  h ig h est 

biomass was achieved in th e  n a tu ra lly  m ixed y ear (1981 ) w ith  slighly lo w er
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values in 1982 and 1983.

P h yto p lan k to n  biomass was evenly d is tr ib u te d  w ith  d e p th  during a r t i f ic ia l  

mixing e x c e p t f o r  periods when w a te r  column s ta b ility  was increased a n d /o r  

m o tile  species w e re  p re s e n t. In  Forem ark , th e  biomass rem ained s t r a t i f ie d  

th ro u g h o u t m ost o f  th e  summers in all th r e e  years.

The v e r t ic a l and tem p o ra l d is tr ib u t io n  o f  s e le c te d  ta x a  fro m  b o th  

rese rvo irs  during 1981 showed t h a t  th e  changes in w a te r  column s ta b ility  and 

th e  Zmix:Zeu  r a t io  w e re  im p o rta n t  in d e te rm in in g  th e  abundance o f  th e  d i f f e r e n t  

species. The v e r t ic a l d is tr ib u t io n  p a tte rn s  w e re  fou n d  to  be re la te d  to  e ith e r  

th e  th e rm a l/d e n s ity  s t r u c tu r e  o f  th e  w a te r  column a n d /o r  th e  presence  o f  m o tile  

species.

A bout 60 species o f  p h y to p lan k to n  w e re  re c o rd e d  fro m  th e  reservo irs  during  

th e  p r o je c t  b u t o f  th e s e , only te n  o r so becam e dom inant and c o n tr ib u te d  

s ig n ific a n tly  to  th e  to ta l  biomass. The im p o rta n t  ta x a  and th e  general p a t te r n  

o f  p e r io d ic ity  observed in b o th  reservo irs  was typ ic a l o f  te m p e ra te , e u tro p h ic  

lakes (Hutchinson 1967, Reynolds 1980 1984a). Diatoms, o f te n  accom panied by 

C ryptom onads com prised th e  vernal biomass peak and a f t e r  th e ir  dem ise, 

Pandorina/Sphaerocystis  and numerous small C hlorophytes becam e abundant during  

early  sum m er. Filam entous C yanobacteria  and Microcystis, w hich usually made up 

th e  la rg e s t biomass peaks during th e  annual cycle  ap p eared  in early  to  mid 

sum m er and increased slowly. Cryptom onads w e re  common th ro u g h o u t th e  cycle  and 

o f te n  increased when no o th e r  species w e re  dom inant.

Analyses o f  th e  responses o f  individual species showed t h a t  c e r ta in  species  

had h igher ra te s  o f  increase u n d er a r t i f ic ia l ly  mixed cond itions, w h ils t o th e rs  

responded  by having fa s te r  ra te s  o f  increase un d er s ta b le  cond itions  and o th e rs  

ap p e are d  u n a f fe c te d . Diatoms and th e  small C hlorophytes w e re  fav o u red
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by decreases in w a te r  column s ta b ility  and increases in Zm /x;Zeu w h ils t  

Pandorina/Sphaerocystis  and filam en to u s  C yanobacteria  showed h igher ra te s  o f  

increase  un d er s ta b le  conditions w ith  low ZmixiZeu  ra tio s . The ra te s  o f  

increase  o f  Microcystis  ap p eared  to  be u n a f fe c te d  by e ith e r  changes in 

s ta b ility  o r Zmix:Zeu. The response o f  Cryptom onads and Ankyra  was n o t as 

a p p a re n t as f o r  many o th e r  species and th is  is th o u g h t to  be due p a r t ly  to  high 

loss ra te s  fro m  zo o p lan k to n  g razing.

The species and assemblages could be c lassified  accord ing  to  th e ir  

responses to  changes in w a te r  column s ta b ility . Group 1 which w e re  fav o u red  by 

m ixing and low Zm /x;Zeu ra tio s  included d iatom s and small C hlorophytes. Group 

2 included Pandorina/Sphaerocystis  and th e  fila m en to u s  C yanobacteria , which  

w e re  fav o u red  s ta b le  s t r a t i f ie d  conditions and Group 3 app eared  to  be 

u n a f fe c te d  by changes in w a te r  column s ta b ility . M /crocyst/s  was th e  only 

a p p a re n t m em ber o f  th is  group.

I t  was observed t h a t  th e s e  groups (which showed d i f f e r e n t  repsonses to  

m ixing) could also be d istinguished by size classes. This enabled th e  

succession to  be expla ined by th e  r  and k se le c tio n  hypothesis (Som m er (1981) 

and Reynolds (1983 1984a b)). The species s e le c te d  f o r  by decreased  s ta b ility  

(g rou p  1) w e re  r  s tra te g is ts  which w e re  small, o f t e n  un ice llu lar and had fa s t  

g ro w th  ra te s  w h ils t th e  k s tra te g is ts  w e re  th o se  fro m  group 3 {Microcystis) 

w e re  la rg e , had slow g ro w th  ra te s  and a p p eared  to  be re a ltiv e ly  to le r a n t  to  

en v iro n m en ta l v a ria b ility . The general p a t te r n  o f  p e r io d ic ity  progressed fro m  

r  s e le c te d  species in th e  spring to  increasingly m ore k s e le c te d  species in 

la te  sum m er.

P h y to p lan k to n  species which had th e  same ra te s  o f  g ro w th , abundances and 

losses w e re  c lassified  in to  9 d i f f e r e n t  assemblages (Reynolds 1980) depending  

upon th e ir  responses to  changes in w a te r  column s ta b ility  and n u tr ie n ts . A
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general sequence o f  assemblages fro m  d iatom s in th e  spring th ro u g h  g reen  algae 

in early  summer to  C yanobacteria  in la te  sum m er was fou n d  to  be re p e a te d  in 

F o rem ark  in all th r e e  years and in S tau n to n  Harold in 1981 and 1982.

M ajor changes in th e  seasonal p e r io d ic ity  o f  p h y to p lan k to n  assemblages w e re  

n o t a p p a re n t as a re s u lt  o f  a r t i f ic ia l  mixing in 1982. However in S tau n to n  

Harold during 1983, an assemblage consisting o f  small c e n tr ic  d iatom s and small 

C hlorophytes was m ore num erous th an  in previous years and becam e dom inant in 

July and S e p te m b e r. This response is believed to  be due to  increased n u tr ie n t  

ava ilab ility  and increased Zmix:Zeu  ra tio s  which a re  m ore ’re p re s e n ta t iv e ’ o f  

early  sum mer when th ese  species usually occu r.

The response o f  th e  p h y to p lan k to n  assemblages to  env ironm enta l variables  

was found  to  be p re d ic ta b le  and th e  num ber o f  fa c to rs  which app eared  to  be 

im p o rta n t  in 'd riv in g ' th e  succession w e re  fe w . 'P e r tu rb a tio n s ', e ith e r  

increases o r decreases, in w a te r  column s ta b ility  w e re  found  to  a l te r  th e  

p h y to p lan k to n  succession. A d i f f e r e n t  assemblage (group 1, r  s tra te g is ts  in 

S ta u n to n  Harold during 1982 and 1983) was s e le c te d  f o r  as a re s u lt  o f  th ese  

'p e r tu r b a t io n s '.  'Reversions' th e n  o ccu red  as th e  w a te r  colum n s ta b ility  

re tu rn e d  to  th e  original levels and th e  previous assemblage con tin u ed  along th e  

norm al sequence.

These typ es  o f  responses w e re  p re d ic te d  using a m a tr ix  sim ilar to  th a t  

d escrib ed  by Reynolds (1980 1984b) which has n u tr ie n t  c o n c e n tra tio n s  along one 

axis and w a te r  column s ta b ility  along th e  o th e r .
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Rates o f  d en s ity  decrease  showed t h a t  species fa v o u re d  by mixing (e.g. 

small c e n tr ic s ) decreased  when th e  w a te r  colum n becam e s ta b le  w h ils t th e  

response was o p p o s ite  f o r  tho se  species s e le c te d  f o r  by s ta b le  cond itions  (e.g. 

Pandorina).

F u r th e r  in tens ive  s h o rt  and long t im e  scale s tud ies  o f  th e  responses o f  

individual species, as w ell as assemblages, to  changes in w a te r  column 

s ta b ility  a re  needed so as to  increase th e  p re d ic t iv e  pow er o f  th e  generalised  

hypotheses o f  Reynolds (1980 1984a) and Harris (1983 ). I  also believe th a t  a 

la rge  s te p  will be made in u n d ers tan d in g  th e  ecology o f  p h y to p lan k to n  when th e  

vast am ounts o f  research  on p h y to p lan k to n  physiology and ecology t h a t  has been  

c a rr ie d  o u t o ver th e  last fe w  decades a re  jo in e d  and review ed  to g e th e r  along 

th e  lines o f  Harris (1978), Kilham and Kilham (1980), Richardson e t  al. (1983), 

Reynolds (1980 , 1984a).

6.3 PHYTOPLANKTON PHOTOSYNTHESIS AND SEDIMENTATION.

In v es tig a tio n s  in to  th e  e f f e c t s  o f  changes in w a te r  column s ta b ility  on 

p h y to p la n k to n  photosynthesis  and losses due to  sed im e n ta tio n  w e re  c a rr ie d  o u t  

in b o th  re servo irs  in 1982 and 1983.

The m easurem ent o f  photsyn thes is  was used f i r s t ly  to  in v e s tig a te  th e  

physiological a d a p ta tio n s , i f  any, o f  m ixed and s t r a t i f ie d  p h y to p lan k to n  

com m unities  and secondly to  deduce w h e th e r  p ro d u c tiv ity  was low ered  in mixed  

w a te r  columns as p re d ic te d  by th e  models o f  Tailing (1957a) and S te e l (1973).
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The photosynthesis  d e p th  p ro file s  w e re  ty p ic a l o f  those  re c o rd e d  fro m  o th e r  

te m p e r a te  lakes. P h o to in h ib ition  was re c o rd e d  on several occasions b u t was 

observed  to  be ab sen t when th e  populations w e re  w ell m ixed.

Photosynthesis  versus irrad ia n ce  curves (P vs. I)  fro m  double e xp erim e n ts  

c a rr ie d  o u t in 1983 showed f ir s t ly  t h a t  s t r a t f ie d  populations w e re  lig h t-s h a d e  

a d a p te d  and secondly t h a t  populations in m ixed w a te r  columns (e x c e p t when th e  

p h y to p lan k to n  w e re  s t r a t i f ie d )  w e re  being tra n s p o r te d  th ro u g h  a continuously  

changing lig h t g ra d ie n t and w e re  to le r a n t  o f  th e  varia tio n s  in irrad ia n ce  

r a th e r  th a n  shade a d a p te d .

An in v es tig a tio n  in to  th e  e f f e c t s  o f  th is  to le ra n c e  o f  p ro d u c tiv ity  

revea led  t h a t  populations which w e re  m ixed had s ig n ific a n tly  low er d e p th  

in te g ra te d  p h o to s y n th e tic  ra te s  p e r u n it  w a te r  volume (TA) and p e r u n it  

biomass (EP) th a n  s t r a t i f ie d  populations. An assim ilation num ber, which  

in c o rp o ra te d  in c id e n t irrad ia n ce  ilo )  and d e p th  d if fe re n c e s  in lig h t and 

biomass was ca lc u la te d  fro m  th e  slope o f  regression lines b e tw e e n  LP and lo .

The s t r a t i f ie d  populations had g r e a te r  assim ilation ra te s  a t  h igher irrad iances  

and an assim ilation num ber o f  79 m g O ^ m g C h l.a '^ E 'L '^  The m ixed populations  

had a n eg a tive  assim ilation num ber o f -3 0 .4  mgO m gChI.a"' E” 'm  , how ever, 

w hich in d ic a ted  t h a t  th e s e  p h y to p lan k to n  had low er assim ilataion ra te s  and 

becam e less, r a th e r  th an  m ore e f f ic ie n t  a t  h igher irrad ian ces.

T h ere  app eared  to  be th r e e  explanations why th e  m ixed p h y to p lan k to n  

com m unities  had low ered  assim ilation ra te s . The f i r s t  was by se lec tio n  o f  

species which a re  fav o u red  by mixing and t h e r e fo r e  n a tu ra lly  a d a p te d  to  w id e  

v aria tio n s  in irrad ia n ce . Diatoms a re  such a group which w e re  abu n d an t in th e  

m ixed com m unities. Secondly small C hlorophytes which w e re  also common in th e s e  

com m unities  have been shown t o  e x c re te  excess p h o to s yn th a tes  and p h o to re s p ire  

w hich would have allowed th em  c o n tro l o ver th e ir  assim ilation r a te .  Th ird ly ,
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some species could re g u la te  th e ir  photosynthesis  th ro u g h  cell m o tility .  

Cryptom onads and C yanobacteria  w e re  observed in th ese  m ixed com m unities and 

w e re  shown to  be capable o f  re g u la tin g  th e ir  v e r t ic a l position  w ith  re s p e c t to  

u n d e rw a te r  irrad ia n ce .

F u r th e r  investigations  in th is  a rea  a re  essential to  c o n firm  th e s e  find ings  

and s tu d y  th e  mechanisms involved in c o n tro llin g  assim ilation.

Several problem s in th e  e x p e rim e n ta l m ethod  w e re  in v es tig a ted  during  th e  

photosynthesis  e xp erim e n ts . These included th e  use o f  d i f f e r e n t  b o t t le  sizes 

and th e  lack o f  s u rfa c e  in h ib itio n . Ta ilings 'm odel (1 957a) was n o t used to  

c a lc u la te  th e  daily and seasonal p ro d u c tiv ity  o f  th e  m ixed and s t r a t i f ie d  

reservo irs  as a re s u lt.

The losses o f  p h y to p lan k to n  due to  sed im e n ta tio n  w e re  com pared in th e  mixed  

and s t r a t i f ie d  reservo irs  b u t no d if fe re n c e s  in th e  ra te s  un d er m ixed and 

s t r a t i f ie d  cond itions  w e re  d istingu ished . The te m p o ra l v a ria tio n  in th e  

catch es  o f  biomass fro m  th e  tra p s  was re la te d  to  th e  m agnitude  and com ponent 

p h y to p lan k to n  ta x a  in th e  w a te r  column. The loss o f  biomass fro m  th e  w a te r  

colum n when d iatom s w e re  dom inant was alm ost e x a c tly  m atch ed  by t h a t  a rriv in g  

in th e  tra p s  w h ils t during  periods when C yanobacteria  w e re  dom inant, only 20 to  

307, o f  th e  w a te r  column biomass reached  th e  tra p s . There  was fou n d  to  be no 

s ig n ific a n t d if fe r e n c e  b e tw e e n  th e  ra te s  o f  accum ulation  o f  biomass a t  tw o  

s ites  in S tau n to n  Harold.

A com parison was made using tw o  d i f f e r e n t  typ es  o f  t r a p . T h ere  was no 

s ig n ific a n t d if fe r e n c e  b e tw e e n  ra te s  m easured by th e  tw o  typ e s  in Forem ark  b u t  

in S ta u n to n  Harold th e r e  was a d if fe r e n c e  which was believed to  be due to  th e  

e ff ic ie n c ie s  o f  th e  d i f f e r e n t  typ es  u n d er cond itions  o f  increased tu rb u le n c e . 

The use o f  sed im en ta tio n  tra p s  in tu r b u le n t  w a te r  has been advised against by
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several w o rkers  f o r  th e s e  reasons. The resu lts  have been t r e a te d  w ith  cau tio n  

and f u r t h e r  w o rk  is needed in assessing th e  e ff ic ie n c ie s  o f  such tra p s  in 

tu r b u le n t  and s t r a t i f ie d  w a te r  un d er c o n tro lle d  conditions b e fo re  any 

conclusions a re  made a b o u t th e  e f f e c t  o f  mixing has upon sed im e n ta tio n  ra te s .

6.4 THE EFFECTS OF MIXING ON PHYTOPLANKTON ASSIMILATION, GROWTH AND 

PERIODICITY.

W id e  varia tio n s  in th e  responses o f  d i f f e r e n t  p h y to p lan k to n  species to  

f lu c tu a t io n s  in env ironm enta l variab les, such as s ta b ility , n u tr ie n ts , lig h t 

and te m p e ra tu re , a re  responsible f o r  p h y to p lan k to n  p e r io d ic ity . The seasonal 

p a t te rn s  o f  biomass changes and species com position  a re  re p e a te d  annually o ver 

a w id e  geographical range o f  lakes (Hutchinson 1967) because th e  driving  

mechanisms o f  seasonal p e r io d ic ity  a re  th e  same fro m  lake to  lake and a re  fe w  

in num ber. I t  is now genera lly  a c c e p te d  t h a t  varia tio n s  in w a te r  column 

s ta b ility  and n u tr ie n t  ava ilab ility  o f  w a te r  a re  th e  dom inant variab les.

In  th is  research  i t  was fou n d  t h a t  assim ilation ra te s  w e re  low er in 

com m unities which w e re  m ixed th ro u g h o u t th e  w a te r  column. However some species  

had h igher g ro w th  ra te s  w h ils t o th e rs  had low er ra te s  as a re s u lt  o f  mixing.

The mean and maximum biomass levels w e re  low er in one y ear ( 1982) o f  mixing  

w h ils t h igher in a n o th e r (1983) when com pared to  a n a tu ra lly  m ixed year (1981). 

T h e re  appears to  be a paradox h e re  in t h a t  during  1983, assim ilation ra te s  w e re  

lo w ered  b u t  biomass levels w e re  increased. I  th in k  t h a t  th e  loss ra te s  fro m  

th e  m ixed w a te r  column w e re  low er th an  fro m  th e  s t r a t i f ie d  column which would  

a c c o u n t f o r  th e  d is p a rity  b e tw e e n  assim ilation ra te s  and biomass. Losses due  

t o  sed im e n ta tio n  cannot be ru led  o u t as a possible cause and investigations  

in to  th e  sed im e n ta tio n  ra te s  o f  individual species would be w o rth w h ile .

207



How ever, I  believe th a t  g razing  may be th e  m ost im p o rta n t  o f  th e  o th e r  loss 

processes (grazing , w ashout, d e a th  and decom position ) and investigations  o f  th e  

losses due to  g razin g  a re  necessary. The changes in com position  and d en s ity  o f  

zo o p lan k to n  species as a re s u lt  o f  a r t i f ic ia l  mixing have been poorly  s tu d ied  

b u t T o e tz  e t  al. (1972) re p o r te d  t h a t  th e  s tanding  c ro p  o f  zoo p lan kto n  was 

red u ced  by mixing in 2 o u t o f  3 s tud ies . This decrease  would red u ce  th e  

g razin g  p ressure  (especially o f  th e  m ore 'p a la ta b le ' species which in these  

reservo irs  a re  th e  small d iatom s and C hlorophytes which becam e m ore p ro m in e n t  

as a re s u lt o f  mixing !) and re s u lt in increased p h y to p lan k to n  biomass.

The generalised  hypotheses o f  p e r io d ic ity  p u t  fo rw a rd  by Reynolds (1980  

1984a) allowed th e  p re d ic tio n  o f  sequences w ith  some d eg re e  o f  c e r ta in ty  a t  th e  

assemblage level. I t  is now necessary to  q u a n tify  th e  axes o f  Reynolds' (1980  

1984a) m a tr ix  which would allow b e t t e r  p re d ic tio n s  to  be made. O th er  

c o n tro llin g  fa c to rs  should be included and th e  responses o f  individual species  

r a th e r  than  tho se  o f  assemblages in c o rp o ra te d . Finally, th e  p h o to s y n th e tic  

a d a p ta tio n s  and assim ilation ra te s  o f  mixed and s t r a t i f ie d  f ie ld  populations in 

re la t io n  to  g ro w th  ra te s  and losses c e rta in ly  re q u ires  m ore a t te n t io n .
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GLOSSARY OF SYMBOLS.

Amax. 

b

C h i . a 

d Q / d z

9

10

I  ' o

I k

kn

N
0

PAR

Pmax.

IP

Q .
i n

Qo u t

Rate of  gross photosynthes is  per u n i t  water  

volume

Value o f  A at  l i g h t  s a t u r a t i o n

Constant used to c a l c u l a t e  ePAR from eMIN.

ePAR = beMIN ( T a i l i n g  1957)

C h lo r o p h y l l  a.

Densi ty  g r a d i e n t  over a s p e c i f i e d  depth i n t e r v a l

G r a v i t a t i o n a l  a c c e l e r a t i o n

I r r a d i a n c e  (PAR) a t  the water  s u r fa c e .

I r r a d i a n c e  (PAR) immedia te ly  below the water  

s u r f a c e .

I r r a d i a n c e  (PAR) i n d i c a t i n g  the onset  of  l i g h t

s a t u r a t i o n  of  photosynthes is .

Net r a t e  of  popu la t io n  d e n s i t y  change

Number of  c e l l s  in  the water  column at  t ime  

Number of  c e l l s  in  the water  column a t  t ime

The Brunt -Vasa la  frequency

P h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n .  400-700nm.  

S p e c i f i c  r a t e  of  gross photosynthes is  per u n i t  

biomass

Value f o r  P at  l i g h t  s a t u r a t i o n  (= the  

p h o to s y n th e t ic  c a p a c i t y ) .

I n t e g r a l  gross photosynthes is  per u n i t  biomass 

Annual volume o f  water  pumped i n t o  the r e s e r v o i r  

Annual volume of  water  pumped out of  the  

r e s e r v o i r



t

y

z

Zeu

Zmix

eMIN

ePAR

e t o t a l

es

Q

EA

EB

EBmax

P

Time

Volume of  r e s e r v o i r  

Depth

Euphotic depth (d e f in ed  as the depth a t  which PAR 

i s  reduced to 17. of  t h a t  p e n e t r a t i n g  the

s u r f a c e ) .

Mixed depth (d e f in ed  as the depth to  the  top of  

the th e rm o c l in e )

V e r t i c a l  a t t e n u a t i o n  c o e f f i c i e n t

Minimum va lu e  of  e over PAR spectrum

V e r t i c a l  a t t e n u a t i o n  c o e f f i c i e n t  of  PAR

T o t a l  v e r t i c a l  a t t e n u a t i o n  c o e f f i c i e n t .  e q , ew,

eg, and ep are a l l  components of  e t o t a l  due,

r e s p e c t i v e l y ,  to n o n - a lg a l  m a t e r i a l ,  the water

i t s e l f ,  g i l v i n  (o r  y e l lo w )  substances and

p a r t i c u l a t e  n o n - a lg a l  m a t e r i a l .

S p e c i f i c  increment  in  the v e r t i c a l  a t t e n u a t i o n  

c o e f f i c i e n t  per u n i t  of  c h l o r o p h y l l  a.

Dens ity of  water  a t  4°^

Hourly r a t e  of  gross ph otosynthes is  per u n i t  area  

P opula t io n  d e n s i t y  per u n i t  area as c h l o r o p h y l l  a 

T h e o r e t i c a l  maximum va lu e  f o r  EB 

True growth r a t e
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A P P E N D I X  _L_

I n t r o d u c t i o n .

The d i s t r i b u t i o n  o f  p h y to p la n k to n  p o p u la t io n s  was 

re v ie w e d  by R ic k e r  ( 1 9 3 7 ) .  He suggested  t h r e e  typ e s  o f  

d i s t r i b u t i o n ;  a random, a bunched and a spaced d i s t r i b u t i o n .  

C a s s ie  (1 9 6 3 )  found t h a t  o v e r - d i s p e r s i o n ,  o r  a bunched  

p a t t e r n  was th e  most commonly found form  o f  s p a t i a l  

d i s t i b u t i o n .  When p h y to p la n k to n  d i s t r i b u t i o n s  do not

a p p ro x im a te  to  a random p a t t e r n ,  th e  c o n f id e n c e  l i m i t s  o f  an 

a l g a l  count can not be a p p l ie d  w i t h  any d eg re e  o f  c o n f id e n c e .  

O v e r - d is p e r s io n  has th e  g e n e r a l  e f f e c t  on sam pling  programs  

t h a t  a l a r g e  number o f  samples need to  be t a k e n .  In  th e s e  

c a s e s , th e  c a l c u l a t i o n  o f  p h y to p la n k to n  d e n s i t i e s  and 

d i s t r i b u t i o n ,  u s in g  m ic ro s c o p ic  c o u n ts ,  i s  not a lways  

p r a c t i c a b l e  and is  o f t e n  t e d io u s .  T h e r e f o r e  a b a la n c e  needs 

to  be found between a c c u rac y  and th e  e f f o r t  in v o lv e d  in  

d ed u c in g  d e n s i t i e s  and d i s t r i b u t i o n s .  T h is  b a la n c e  depends  

u l t i m a t e l y  on th e  q u e s t io n s  b e ing  asked .

Problems e n c o u n te red  in  a l g a l  c o u n t in g  a re  s i m i l a r  to  

th o s e  o f  s a m p lin g . The a ccuracy  o f  a count is  p r o p o r t i o n a l  

to  th e  t o t a l  s i z e  o f  th e  count and th e  p r e c is i o n  v a r ie s  

i n v e r s e l y  as th e  square  r o o t  o f  th e  number c o u n te d .  So to  

o b t a in  t w ic e  th e  a c c u r a c y ,  f o u r  t im e s  th e  number must be 

counted  (Lund, K i p l i n g  and LeCren 1 9 5 8 ) .

In  most e c o l o g i c a l  s tu d ie s  o f  p h y to p la n k to n  an e r r o r  o f  

+ /  -  207. is  a ccep ted  w h ich  g iv e s  th e  957. c o n f id e n c e  l i m i t s



o f  a count o f  100 organism s (Lund. K i p l i n g  and LeC ren , 1 9 5 8 ) .  

In  t h i s  study a t  l e a s t  100 c e l l s  o r  f i l a m e n t s  o f  th e  dom inant  

a lg a e  were  counted to  ensu re  t h i s  l e v e l  o f  a c c u r a c y .  The 

e f f o r t  in v o lv e d  in  a t t a i n i n g  t h i s  d e g re e  o f  a ccuracy  f o r  th e  

r a r e r  s p e c ie s  was c o n s id e re d  to  be to o  h ig h .

P r e l i m i n a r y  t e s t s  o f  two d i f f e r e n t  c o u n t in g  chambers were  

made in  e a r l y  s p r in g ,  1981 to  f i n d  th e  most s u i t a b l e  method  

o f  c o u n t in g  both  n e t  and nano - p l a n k t o n  d u r in g  t h i s  r e s e a r c h .

N et p la n k to n  a re  u s u a l ly  counted  in  s e d im e n ta t io n  tubes  

u s in g  th e  i n v e r t e d  m icroscope  method o f  U te rm o h l (1 9 3 1 )  

w h i l s t  i t  has been recommended t h a t  n a n o p la n k to n ,  o r  tho s e  

too  s m a l l  to  be counted by th e  U te rm o h l te c h n iq u e  should be 

counted  in  a d i f f e r e n t  ty p e  o f  chamber (Lund 1 9 5 9 ) .  I t  has 

been found t h a t  th e  d i s t r i b u t i o n  o f  s m a l l  p h y to p la n k to n  

w i t h i n  a "Lund chamber" c l o s e l y  a p p ro x im a te s  a Poisson  

d i s t r i b u t i o n  (Lund, K i p l i n g  and LeCren 1 9 5 8 ) .  So i t  is  

f e a s i b l e  to  count th e  p h y to p la n k to n  in  a number o f  random 

f i e l d s  and m u l t i p l y  by a c o n v e rs io n  f a c t o r  to  c a l c u l a t e  th e  

number o f  c e l l s  o r  c o lo n ie s  per m l.

Methods and R e s u l t s .

The two d i f f e r e n t  chambers b e in g  t e s t e d  were  W ild  

s e d im e n ta t io n  tub es  (10  ml c a p a c i t y )  and Lund chambers (Lund 

1 9 5 9 ) .  S e v e r a l  e x p e r im e n ts  were  c a r r i e d  out to  f i n d  w hich  

chamber and method was th e  most s u i t a b l e .



Experiment 1. Sub-sampling .

The number o f  c e l l s  o f  Monodus sp. were  counted  from  5 

sub-sam ples  u s ing  a Lund chamber.

Sample: S tau n to n  H a r o ld ,  s u r fa c e ,  1 6 / 3 / 8 1 .

T re a tm e n t :  Each subsample o f  10 mis c o n c e n t ra te d  by

s e d im e n ta t io n ,  120 random f i e l d s  c o u n ted .

T o t a l  counts from  120 f i e l d s : -  

1 04

95 x2 = 3 . 7 ,  v=4.

1 14 

1 20 

102

Agreement w i t h  th e  Poisson d i s t r i b u t i o n  was a c c e p te d  a t  

th e  95% l e v e l  ( * )  and so th e  method o f  sub^sam pling  was found  

to  g iv e  samples w hich agreed  w i t h  th e  Poisson d i s t r i b u t i o n .

E x p er im en t  2 . N an o p lank ton  d e n s i t i e s  e s t im a te d  u s in g  W ild  

s e d im e n ta t io n  tubes  and Lund cham bers .

Sample: S taun to n  H a r o ld ,  s u r fa c e ,  9 / 3 / 8 1 .

T re a tm e n t :  ( 1 )  W ild  s e d im e n ta t io n  tu b e ,  8 mis s ed im e n te d , 50

random f i e l d s  cou n ted .

( 2 )  Lund chamber, 10 mis c o n c e n t r a te d  by 

c e n t r i f u g a t i o n ,  100 f i e l d s  c o u n ted .



A c t u a l  counts  

W ild  tub e  Lund chamber

Rhodomonas sp. 137 5

Monodus sp. 7 47 126

S m all  c e n t r i c  d ia tom s 27 5

Lund chamber counts  were  found to  be s i g n i f i c a n t l y  lo w e r  

than  W ild  tu b e s .  T h is  r e s u l t  was r e p l i c a t e d  many t im es  and 

th e  same r e s u l t  was found when c o u n t in g  n e t  p h y to p la n k to n .

Ex p er im en t  3 .  Methods o f  c o n c e n t r a t in g  samples f o r  Lund 

chamber c o u n ts .

Sample: S taun to n  H a r o ld ,  s u r fa c e ,  1 6 / 3 / 8 1 .

T re a tm e n t :  ( 1 )  10 mis c o n c e n t r a te d  by s e d im e n ta t io n .

(2 )  10 mis c o n c e n t r a te d  by c e n t r i f u g a t i o n .

C oun tin g  method: Lund chamber.

Monodus sp. count ( c e l l s / m l )

T re a tm e n t  1 

2785  

3022  

2730  

3175  

2723

T re a tm e n t  2 

1783 

2618  

2117  

1838 

1560

mean = 2887 

S .E . = 9 0 .3

mean = 1 98 3 .2  

S .E .  = 1 81 .8

t  = 4. 452,  V = 8



Samples c o n c e n t ra te d  by s e d im e n ta t io n  gave s i g n i f i c a n t l y  

h ig h e r  counts  o f  Monodus sp. ( * * ,  t  t e s t ) .  T h is  was found to  

be due to  th e  b ra ke  on th e  c e n t r i f u g e  w hich  r e s u l t e d  in  

p h y to p la n k to n  c e l l s  b e in g  resuspended when th e  c e n t r i f u g e  was 

s lo w in g  down.

The low Lund chamber counts  found in  e x p e r im e n t  2 were  

p o s s ib ly  due to  th e  p r e - t r e a t m e n t  o f  th e  sam ple , w hich was 

c o n c e n t r a te d  by c e n t r i f u g a t i o n .  C o n c e n t r a t io n  o f  samples f o r  

counts  was a lw ays by s e d im e n ta t io n .

E x p er im en t  4 . Random d i s t r i b u t i o n  o f  n an o p la n k to n  in  W ild  

tubes  and Lund cham bers .

W ild  t u b e s .

Sample; S taun to n  H a r o ld ,  s u r fa c e ,  2 3 / 3 / 8 1 .

T re a tm e n t :  8 mis sed im ented  in  W ild  tu b e ,  Rhodomonas s p . c e l l s  

counted in  100 random f i e l d s .

A c tu a l  counts  

195 

170

168 = 5 . 7 4 ,  V = 4

182 

153

Agreement w i t h  th e  Poisson s e r ie s  was acc ep ted  a t  th e  957. 

p r o b a b i l i t y  l e v e l  ( * )  and i t  was t h e r e f o r e  p o s s ib le  t h a t



the d i s t r i b u t i o n  of  R hodom onas  c e l l s  was random w i t h i n  the

Wild tube .

Lund cham bers .

Sample: S taun to n  H a r o ld ,  s u r fa c e ,  1 6 / 3 / 8 1 .

T re a tm e n t :  10 mis c o n c e n t r a te d  by s e d im e n ta t io n ,  Monodus sp.

c e l l s  counted in  70 random f i e l d s .

A c t u a l  counts  

100  

124

98 = 5 . 1 4 ,  V = 4

114 

98

Agreement w i th  th e  Po isson s e r ie s  was a ccep ted  a t  th e  95% 

l e v e l  ( * )  and i t  was p o s s ib le  t h a t  th e  d i s t r i b u t i o n  o f  

Monodus c e l l s  was random w i t h i n  th e  Lund chamber.

I t  was d ec id e d  from  th e s e  e x p e r im e n ts  t h a t  W ild  tubes

w ere  more s u i t a b l e  f o r  c o u n t in g  th a n  Lund chambers,

e s p e c i a l l y  as th e  p h y to p la n k to n  biomass was dom inated  f o r  th e  

m a j o r i t y  o f  th e  t im e  by n e t  p h y to p la n k to n .  I t  was a ls o

p o s s ib le  to  count n an o p la n k to n  in  th e  tubes  s in c e  th e

d i s t r i b u t i o n  o f  s m a l l  c e l l s  was found not to  d e v i a t e  from  the  

P oisson  d i s t r i b u t i o n .  T h is  was done by c o u n t in g  c e l l s  or  

c o lo n ie s  in  a number o f  random f i e l d s  u s in g  a x20 o b j e c t i v e .



because i t  was fo u n d , on a l l  b u t  a few o c c a s io n s ,  t h a t  

t r a n s e c t  counts d id  not d i f f e r  s i g n i f i c a n t l y  from those  

c o v e r in g  th e  com plete  a rea  w i t h  d e v i a t i o n s  o n ly  a t  low  

d e n s i t i e s .

The m a jo r  d is tu r b a n c e s  to  th e  randon d i s t r i b u t i o n  o f  

c e l l s  or c o lo n ie s  in  th e  W ild  tub es  was found to  be caused by 

th e  w a l ls  o f  th e  chamber. S e v e r a l  com ple te  t r a n s e c t s  across  

th e  d ia m e te r  o f  th e  chamber overcame t h i s  p ro b lem .

D i s c u s s io n .

As a r e s u l t  o f  th e s e  e x p e r im e n ts  th e  f o l l o w i n g  c o u n t in g  

method was used th ro u g h o u t  th e  r e s e a r c h :

W ild  s e d im e n ta t io n  tubes  (10m l c a p a c i t y )  were used f o r  

c o u n t in g  both  n e t  and nano - p l a n k t o n .

Net p h y to p la n k to n  were  counted a t  x14Q m a g n i f i c a t i o n  in  a 

number o f  com plete  t r a n s e c t s  across  th e  d ia m e te r  o f  th e  tu b e ,  

th e  tu b e  b e in g  r o t a t e d  between each t r a n s e c t .

N anop lankton  were  counted a t  x280 m a g n i f i c a t i o n  in  a 

number o f  random f i e l d s .  The d i s t r i b u t i o n  o f  n an o p la n k to n  

w i t h i n  th e  W ild  tubes  was checked a t  r e g u l a r ,  u s u a l ly  

m o n th ly ,  i n t e r v a l s .

Taxanomic i d e n t i f i c a t i o n s  was made a t  e i t h e r  xTOO or  

x1400 m a g n i f i c a t i o n .
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APPENDIX 3.

PHYTOPLANKTON SPECIES RECORDED FROM STAUNTON HAROLD AND FOREMARK RESERVOIRS. 

1980 TO 1983. (Following th e  c lass ifica tion  given in Round, 1981).

CYANOCHLORONTA (= Cyanophyta).

Chroococcales:

Merismopedia sp.

Microcystis  aeruginosa  K litz .  emend. Elenkin 

Gomphosphaeria  sp.

Nostocales:

Anabaena circinalis Rabenh. ex. Born. e t .  Flah.

A. f los -aquae  Breb. ex. Born, e t  Flah.

Aphanizomenon f los-aquae  Ralfs ex. Born e t .  Flah.

Oscillatoria limnetica  Lemm.

Oscillatoria ? limosa

CRYPTOPHYTA.

Cryptomonadales;

Cryptom onas erosa  Ehrenb.

C. marsonii Skuja  

C. o va ta  Ehrenb.

C. ? r e f l e x a / r o s t r a t a

Rhodomonas minuta  Skuja var. nannoplanktica  Skuja

CHLOROPHYTA.

Volvocales:

Chlamydomonas spp.

Eudorina elegans Ehrenb.

Pandorina morum  Bory



Phacotus sp.

Chlorellales:

Actinastrum  sp.

Ankistrodesmus acicularis  (A. Braun) Korshikov

A. ? angustus  Bernard

A. fa lca tu s  (Corda) Ralfs

A. sub cap ita tus  Korshikov

Chodatella ? quadriseta  Lemmermann

Coelastrum m icroporum  Naegeli

Crucigenia f e n e s t r a t a  Schimdle

C. ? te t ra p e d ia  (K irchner) W . & G. S. W e s t

Dictyosphaerium pulchellum  Wood

Oocystis borge i  Snow

Quadrigula sp.

Scenedesmus acuminatus  (Lagerh.) Chodat  

S. quadricauda  (Turp.) Bréb.

Selenastrum  ? minutum  (Naegeli) Col. 

Chlorococcales:

Ankyra ancora  (Smith) F o t t  

A. ju d ay i  (Smith) F o t t  

Coelastrum m icroporum  Naegeli 

Oocystis borgei  Snow 

Pediastrum boryanum  (Turp.) Meneghin  

P. duplex  Meyen

Sphaerocystis  s c h ro e te r i  Chodat  

T e tra e d ro n  sp.

T e tra s t ru m  sp.

Oesmidiales:

Closterium aciculare  T. W e s t  

Cosmarium ? depressum  (Nag.) Lund



Staurastrum  spp.

PRASINOPHYTA.

Prasinocladales:

Platymonas  sp.

EUGLENOPHYTA.

Euglenales:

Euglena spp.

Trachelomonas  sp.

DINOPHYTA.

Gymonodiniales:

Gymnodinium helveticum  var. achroum  Skuja. 

Peridiniales:

Ceratium  hirudinella 0. F. Mull.

Glenodinium sp.

Peridinium cinctum  (Mull.) Ehrenb.

XANTHOPHYTA.

Mischococcales:

Monodus sub te rran e u s  Boye P e tersen  

Arachnochloris  sp.

CHRYSOPHYTA.

Chromulinales:

Chrysococcus  sp.

Ochromonadales:

Mallamonas akrokomos  R u t tn e r  

M. 7 caudata  Iw a n o f f



BACILLARRIOPHYTA.

Melosirales:

Melosira g ranu la ta  (Ehrenb.) Ralfs

M. italica  (Ehrenb.) K utz . subsp. s ub arc t ica  Mull.

Thalassiosirales:

? Cyclotella g lom erata  Bachmann

Stephanodiscus a s traea  (Ehrenb.) Grun. (= S. ro tu la  (Kutz.)  Hendey) 

S. hantzschii  Grun.

S. hantzschii  var. parva  (Grunow in Cl. & Moll) S to e rm e r  & Hakansson. 

Fragilariales;

Asterionella -Formosa Hass.

Diatoma e longatum  Agardh.

Fragilaria crotonensis  K it to n  

Synedra act in as tro id es  Lemm.

S. acus K u tz .

? Synedra ulna (N itzsch.) Ehrenb.

Tabellariales:

Tabellaria F e n e s tra ta  (Lyngb.) Kutz .

Naviculales:

Gyrosigma sp.

Navicula viridula  Kutz.

Nitzschiales:

Nitzschia acicularis  W. Smith  

Nitzschia ? sigmoidea



APPENDIX 4.

PHYTOPLANKTON IDENTIFICATION AND COUNTING PROBLEMS.

C erta in  p h y to p lan k to n  ta x a  caused problems during this  research  which w e re  

avoided by clumping groups t o g e th e r  e i th e r  during  counting  o r  f o r  th e  purposes  

o f  analysis.

More than  one species o f  a num ber o f  genera  o f  p h y to p lan k to n  w e re  re c o rd e d  

b e tw e e n  1981 and 1983 in b o th  reservo irs . The individual species w e re  clumped  

t o g e t h e r  f o r  th e  purposes o f  analysis as in many cases th e y  o ccu red  a t  t h e  same 

t im e . In  o th e r  cases i t  was n o t  possible t o  s p l i t  t h e  species during counting.

The genera  a f f e c t e d  in th is  way w e re  Anabaena (2 spp.), Ank/strodesmus (a t  

least 4 spp.), Ankyra  (2 spp.), Chlamydamonas (2 spp), Crucigenia  (2 spp.). 

Cryptom onas  (3 spp.), Mallamonas (2 spp.), Melosira (2 spp.), Pediastrum  (2 

spp.), Scenedesmus  (a t  least 2 spp.) and small c e n t r ic  diatoms.

Several ta x a  c r e a te d  special problems and a re  descr ibed  in m ore d e ta i l  

below:

(1 ) Several years ago, Severn T r e n t  W a t e r  A u th o r i ty  re c o rd e d  a small 

Xanthophycean p h y to p la n k te r  (2 -4  pm) which occured  in high densities  

in early  spring. This was id e n t i f ie d  as Monodus s u b te r ra n e u s  by t h e  

F re s h w a te r  Biological Association. This species is v e ry  small and was 

d i f f i c u l t  t o  count and during  th is  s tudy  a n o th e r  small Xanthophyceaen  

genera  was re c o rd e d .  This was id e n t i f ie d  as Arachnochloris sp.

A c c u ra te  estim ations  o f  th e  individual genera  w e re  n o t  possible as t h e  

groups w e re  found t o  occur a t  th e  same t im e  and to o  much t im e  was 

involved in s ep era t in g  t h e  genera  during counting . They have been  

re c o rd e d  and analysed t o g e t h e r  as Monodus.



(2) Id e n t i f ic a t io n  and counting  problem s w e re  e n c o u n te re d  w i th  small 

c e n t r ic  d iatom s ( 3 - 1 2um). They w e re  s e p e ra te d  by size categories  

during counting  b u t  th e y  have been clumped t o g e th e r  f o r  t h e  purposes  

o f  analysis. Scanning e le c tr o n  microscopy revealed  t h a t  t h e r e  w e re  

t h r e e  species. Stephanodiscus hantzschii  and S. hantzschii  var. parva  

have been c o n f irm e d  (Haw orth  pers . comm.). The th i r d  was a species  

which resem bled Cyclotella g lom erata  and was observed as small chains.

(3) C ryptom onas  was t h e  t h i r d  g roup  which caused problem s. These 

w e re  s e p e ra te d  in to  t h r e e  groups, mainly divided by size, during  

counting . They have been clumped t o g e t h e r  f o r  analyses. These 

species have been id e n t i f ie d  and c o n f irm e d  (Sommer pers. comm.) as 

C ryptom onas erosa, ( th e  com m onest fo rm )  and C. marssonii. The last  

species has only been t e n t a t iv e ly  id e n t i f ie d  and was very  similar t o  

b o th  C. re f le x a  and C. ro s tra  ta .

(4) A n oth er  group which caused problem s was t h e  colonial green  

genera . Both Pandorina morum  and Sphaerocystis  s c h ro e te r i  w e re  

id e n t i f ie d  f ro m  b o th  reservo irs . They b o th  occured  a t  t h e  same t im e  

during early  summer. Pandorina cells lose t h e i r  f lage lla  p r io r  t o

cell division and th e  cells te n d  t o  becom e m ore spherical and less 

well packed w ith in  th e  colony (Sm ith  1953). These colonies, o f t e n  

w ith  d a u g h te r  colonies w e re  found  t o  be almost ident ica l t o  dividing  

Sphaerocystis  colonies and unless each was id e n t i f ie d  s e p e ra te ly  a t  a 

higher m ag nif ica tio n  th e y  could n o t  be distinguished. T h e r e fo r e  th e y  

have been grouped t o g e t h e r  f o r  t h e  th e  purposes o f  counting  and 

analyses. The num ber o f  cells in each colony w e re  co u n ted .

(5) I t  was n o t  possible t o  d i r e c t ly  c o u n t  t h e  num ber o f  cells o f  tw o  

colonial species e n c o u n te re d  during  th e  research . These w e re



Aphanizomenon  and Microcystis. The average num ber o f  cells p e r  

Aphanizomenon  f i la m e n t  w e re  e s t im a te d  by measuring t h e  length  o f  

t h i r t y  random  f i lam en ts  (x140 m ag n if ica tio n ) ,  counting  th e  num ber o f  

cells p e r  u n it  length  (ie 50 um) (x7Q0 m agnifica tion ) o f  5 -1 0  

f i la m en ts ,  th e n  calcu lating  th e  average cell length  and f inally  

m ultipying t h e  average f i la m e n t  length  by t h e  average cell length .  

The numbers o f  Microcystis  cells w e re  e s t im a te d  by s e p e ra r t in g  th e  

colonies in to  t h r e e  a r b i t r a r y  size classes (x 1 40 m agnifica tion ) and 

counting  t h e  num ber o f  cells in 2 -5  randomly picked colonies o f  each  

class (x280 m agnif ica tion ) .
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A P P E N D I X  6

S U M M A R I E S  OF  P H O T O : l Y N T H E S I S  D A T A  F R O M  S T A U N T O N  H A R O L D  A N D  F O R E M A R K .

S T A U n T C N  n « i R C L C  : h C T C s y n t h e s i s  S U N M A P  Y

D A T E X  C, i P  Z E U 1 0 1 ' 0 AM A X c y a x I  li P =  T E M P l A C A L C P . MA X y  I X  £ c

P c C C P C E O /  s T  ? a I .

8 2 0 4 2 7 5 2 0  2 8 . 9  5 . 9 3 2 1 5 1 2  3 1 2 2 1 1 C . 9 2 7 5  1 1 . 0  1 0 . 3 6 5 5 Y E S s
3 2 0 6 3 0 2 5 6  2 5 . '  4 . 1 2 0  2 5 1252 1 0  5 1 0 . 6 1 4 2  2 1 . 1  1 6 . 3 2 9 1 Y E S s
3 2 0 7 C O 5 0  1 1 . 7 4 . 9 2 1 8 6 9 0 5 2 3 u 8 .  - 3 5 3  6 . 5  1 5 . 3 4  1 1 N O M
6 2 0 7 2 0 1 7  4  1 1 . 0  3 . 9 1 3 7  3 5 6 8 : - c  6.3 2 1 7  1 1 . 3  1 3 . 3 1 9 2 N C M
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APPENDIX 7.

THE EFFECTIVENESS OF THE DESTRATIFICATION SYSTEM IN STAUNTON HAROLD RESERVOIR 

MEASURED DURING SEPTEMBER. 1981.

Thermal s t r a t i f ic a t io n  was n o t p e rs is te n t  in S taunton  Harold during 1981 

due t o  early summer storms. However th e  reservo ir  became chemically s t r a t i f i e d  

and dissolved oxygen in th e  lower layers decreased th ro u g h o u t  th e  summer to  

less than 107. sa tu ra t ion  (below 12 m) by la te  August. The d e s t r a t i f ic a t io n  

system was te s te d  betw een  S e p te m b er  8 th  and 1 1th  (68 hours running) t o  evaluate  

its ' e f fe c t iv e n e s s  th rou g h o u t th e  main basin o f  th e  reservo ir  and also va lida te  

th e  use o f  th e  valve to w e r  as th e  regular sampling site.

Depth profi les  o f  te m p e ra tu re ,  dissolved oxygen and chlorophyll a w e re  

reco rd ed  a t  th e  valve to w e r  p r io r  t o  switching on and tw ic e  daily until 

S ep tem b er 11th  (see section 3.2.1.2, page 42). T em p e ra tu re  and dissolved 

oxygen w e re  m onitored daily a t  4 sites in th e  main basin:

VT

The te m p e r a tu r e  p ro fi les  f ro m  all 4 sites and th e  valve to w e r  p r io r  to  

switch on and a t  d i f f e r e n t  t im e  intervals  during th e  e xp er im e n t  are  shown in 

Figure 1. I t  can be seen t h a t  th e  d e s t r a t i f ic a t io n  equ ipm ent was e f f e c t i v e



F igu re  1. The d e p t h  p ro f i le s  o f  t e m p e r a t u r e  a t  t h e  va lve t o w e r  and 4 s i te s  in 

t h e  main basin o f  S ta u n to n  Harold r e s e rv o i r  d u r in g  a d e s t r a t i f i c a t i o n  

e x p e r im e n t  ( 8 th  and 11 th  S e p te m b e r ,  1981). N o te  th a n  unless t h e  t e m p e r a t u r e  a t  

any d e p t h  d i f f e r s  by less th a n  0 .25 °c  ( th e  a c c u ra c y  o f  t h e  m e te r )  th e n  t h e  

p r o f i l e  shown is t h a t  f r o m  t h e  va lve t o w e r .  P r o f i le  4 ( + 66 hours) shows only 

t h e  p r o f i l e  f r o m  t h e  valve t o w e r .
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and w ith in  3 days o f  o p era t io n ,  a t e m p e r a t u r e  d i f f e r e n c e  o f  2 .5 °c  vvas 

e lim inated . The valve to w e r  was shown t o  be r e p r e s e n ta t iv e  o f  t h e  o th e r  4 

sites s i tu a te d  in t h e  main basin.

The dissolved oxygen p ro f i les  a re  shown in Figures 2 and 3. The p ro f i le s  

showed t h a t  t h e  s tro n g  s t r a t i f i c a t io n  re c o rd e d  0.5 hours p r io r  t o  t h e  

e x p e r im e n t  was progressively e lim inated  and t h e  4 th  p ro f i le  (valve t o w e r  only),

66 hours a f t e r  sw itch  on. showed t h a t  t h e  dissolved oxygen was evenly  

d is t r ib u te d  w i th  d e p th .  The resu lts  again reveal t h a t  t h e  valve t o w e r  was 

re p r e s e n ta t iv e  o f  th e  o th e r  4 sites in t h e  main basin.

The resu lts  o f  th e  68 hour d e s t r a t i f ic a t io n  e x p e r im e n t  showed t h a t  f i r s t ly ,  

th e  p e r f o r a t e d - p i p e  system was capable o f  mixing th e  main body o f  t h e  re s e rv o ir  

and secondly, t h e  valve t o w e r  was r e p r e s e n ta t iv e  o f  th e  o th e r  4 s ites  which  

va lida ted  its  use as th e  regu lar  sampling s ite .



F ig u re  2. The d e p t h  p r o f i l e s  o f  d is s o lv e d  o x y g e n  a t  t h e  va lve  t o w e r  and  4

s i te s  in t h e  m ain  bas in  o f  S t a u n t o n  H a ro ld  r e s e r v o i r  d u r i n g  a d e s t r a t i f i c a t i o n

e x p e r i m e n t  ( 8 t h  a n d  1 1 t h  S e p t e m b e r ,  1 9 8 1 ) .
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F igu re  3. The d e p th  p r o f i le s  o f  d isso lved oxygen a t  th e  va lve t o w e r  and u 

s i te s  in t h e  main basin o f  S ta u n to n  Harold r e s e rv o i r  d u r in g  a d e s t r a t i f i c a t i o n  

e x p e r im e n t  ( 8 th  and 1 1 th  S e p te m b e r .  1981). P r o f i le  4 ( + 66 hours) shows only 

t h e  p r o f i l e  f r o m  th e  va lve t o w e r .

D i s s o l v e d  o x y g e n  (% s a t u r a t i o n )
50

4 -

1 0 -

E

Cl

0)
Q

7 0  90

16-

+ 66  hr  s 1 1 / 9 / 8  1



® B e l o w  d e t e c t a b l e  l i mi t s

APPENDIX 8.

F igu re  1. The te m p o ra l  changes in t h e  c o n c e n t r a t io n  o f  o r t h o - p h o s p h a t e  and 

i ro n  in S ta u n to n  Harold b e tw e e n  June and S e p te m b e r ,  1 982. (Mean values f o r  6 

d e p th s ) .
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i ABSTRACT.

THE EFFECTS OF ARTIFICIAL MIXING ON PHYTOPLANKTON GROWTH AND PERIODICITY. 

BY S. J. BRIERLEY.

Continuous, low in te n s ity  mixing using a p e r f o r a t e d  pipe system p re v e n te d  a 
lowland, e u t ro p h ic  rese rvo ir  -  S ta u n to n  Harold -  f r o m  s t r a t i f y in g  in 1982 and 
1983. Environm ental variables w e re  measured and r e la te d  t o  t h e  responses o f  
individual p h y to p lan k to n  species and assemblages. These responses w e re  
com pared  t o  those  f r o m  S tau n to n  Harold during a year when natu ra l mixing 
o c c u rre d  (1981) and Forem ark  -  a nearby, e u t ro p h ic  re se rvo ir  -  which was 
allowed t o  s t r a t i f y  in all t h r e e  years. Diatoms and small Chlorophytes had 
higher g ro w th  r a te s  un d er mixed condit ions w h ils t  colonial Chlorophytes and 
f i lam en to us  C yanobacteria  w e re  fav o u red  by s ta b le  w a t e r  columns. S t r a t i f ic a t io n  
o f  p h y to p lan k to n  com munities did o ccu r during mixed years when w a t e r  column 
s ta b i l i ty  was high a n d /o r  m o t ile  species w e re  p re s e n t .  N u t r ie n t  availability  
and t h e  s ta b i l i ty  o f  t h e  w a t e r  column w e re  found  t o  be t h e  dom inant f a c to r s  
a f f e c t i n g  t h e  seasonal changes in assemblages. A r t i f ic ia l  mixing and a 
lowering in t h e  s ta b i l i ty  o f  t h e  w a t e r  column in S ta u n to n  Harold during 1982 
and 1983 did n o t  have m a jo r  e f f e c t s  upon t h e  p e r io d ic i ty  b u t  t h e  p e r tu rb a t io n s  
caused by changes in s ta b i l i ty  could be explained using a m a tr ix  whose axes 
w e re  th e s e  dom inant f a c to r s .

I t  was also shown t h a t  populations o f  p h y to p lan k to n  which|were mixed  
th r o u g h o u t  t h e  w a te r  column w e re  able t o  t o l e r a t e  w ide  ranges o f  u n d e rw a te r  
ir rad ian ce  w h ils t  s t r a t i f i e d  populations becam e J ig h t -s h a d e  a d a p te d . This 
d i f f e r e n c e  in th e  p h o to s y n th e t ic  physiologies led t o  t h e  mixed populations  
having a lower assimilation num ber and assimilation r a te s  a t  h igher in tensties .
The s t r a t i f i e d  populations had a h igher assimilation num ber and assimilation  

ra te s  a t  h igher irrad iances.

Phyto p lan kto n  sed im e n ta t io n  was measured in b o th  reservo irs  b u t  no 
d i f fe r e n c e s  w e re  fou n d  u n d er s t r a t i f i e d  and mixed conditions.

Although p h y to p lan k to n  assimilation was low ered  by mixing, t h e  mean t o t a l  
biomass was lower in one y ea r  o f  continuous mixing (1982) and h igher in a n o th e r  
(1983) when com pared t o  t h e  mean biomass in t h e  n a tu ra lly  mixed year and those  
in Forem ark .


