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3. Grazing, Nutrient Release,
and Their lmpacts on
the Structure of
Phytoplankton Gommunities

!a!t of the problea ln d€clphering th€ causes fo!
changes 1n a1ga1 specles abundance and lroductlvity Is that
the obsewed dynahics could be generated by unlln1ted nun-
bels of  cohblnat lons of  Salns and loss€s.  Tt re la tes of
lndiv ldual  contr lbut lng proceBEe6 are of ten nuch g leater
than the reeul tant  net  ls tes and thue le lat lve ly  snsl l
changes 1n sny one process csn lead to rapld chanSes 1n pop-
ular ion abundance,  Th€ lnf luences created by helb ivo ious
zoopiankton ar€ partlculally lnporrant because the an1fia1s
exel t  se lect lve nor ta l l ty  on sone a lga1 specles and they
sln! l taoeously regenerate v l ta l  lnorganlc nutr lent€ ro
aval1eb1e pools.  Or lng to p loduct lon of  ref rsctory nater la l
and anlnal  b lonaEs ihe nutr lent€ are r€Lee8ed ln d l f ferent
proport lons than they wele consuned,  thus a1ter1n8 the
rat los of  su lp ly  rates of  nutr l€nts to tbe phytoplankton and
lnfluenclng the outcone of coopetltlon betr€en specles for

Int roduct lon

lecause of  thel r  ln f luence on Epecles cmposl t lon and
populat lon dynanlcs ln  aquat lc  comunl t les the ln teract long
among planktonlc algae and h€rblvorous zooptankton ale cen-
t ra l  to  d lscugslons of  t lophlc dynardlcs.  Tte p l lnc lpal
e lenents at  vork , re d i f ferent ia l  morts l l t les.  d l f fe lent la l
nutllent release and dlfferhg trportance of planktonic
cycl lng of  nut l lents coopared to both anblent  pools and
at lochtbonous 6uppl .1es.  Operat lng at  the specles lev€I
these factors are u l t lhate ly  responslb le fo!  the dt f fe !1ng
degle€s of  success wl th rh lch a lgal  Bpecles at ra ln doldrance
or pels is tence ln th€ p lankton.  Pa?r of  the ln t r lgue of
thls subject is that the several mechatrtsns lnvolved are
conc€ptual ]y  d ls t lnct  but  a le lnseparable 1n pracr lce.
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Because grazers do not convert al1 or even a Dalor

shale of thel! consuned pley into sustaio€d consu@r biomss'

mortalitles lflilicted by then are necessatliy couPled to

releases of nutrients ln one form or other. this nutrlent
cycutrg ls neve! Pelfect and, of coulse, nutrlerts are Pe!-
slstently lost flon the svsteG; btrt then nelthe! are the
svsters d lvorced f ron nutr ient  lnPuts.  Sonet loes !e
e;v lsase Epace or  c lse scales at  ahich the Sslns and losses
aie ln aplroxl@te balance, but lt ls lnPortant to r€nenbe!
ths l  eplsodlc Pel turbat lons punctuete the nonoEonv of  even
thes€ iMalned steady states. Fottunatelv the eqhaslB hele

ls on the alynelcs rsther than the statlcs of aquatlc sys-

tefts. The changes we s€e, be they lsrge or sma11, represent

the dlfferences anong Processes whlch are all Proceedlng
slnul taneously at  rapld la tes.  Indla idual  sPecles of  a lgae
can divld€ swlftly when nutlI€nts snd Phvslcal cordltlons
are falorsb1e. but lt 1s the dtfferences ln the aaina and
losses exp€llenced by each sPecl€8 oh1.n cau6e us to note

lts Dromlnence or absence ln the wate!.

Planktonlc productlvlty may often be llnlted bv the 6up-
p1y rates of  nutr lents,  ehlcb ln  turn are of t€n sublect  to

lapld b lot lc  cyc11n8.  Swl f t  tumover of  a18al  b loMss by
glazels and eubs€quent lelease of blotoSlcallv leactlve
;utrtents to the ltater can fuel !ap1d and 3u€tained blologl_
cal productlon. 0bv1ou6]y th€ blonass thus Produced do€s not
accunulate; the standlng cloP ls constralneal by th€ total
nass of nutllent pres€nt. Thele 1s ]lker'lse no increas€ 1n
externally hawestable ylelds for the sare reason. ilhat 1s

aff€cted ls the component struclure of the comunltv. When

all rates 6re fast, neanlna thst lndtvldual 8a1r' and losg
tems are unlfotuly lalae tn oasnltude, !t 1s th€n that IE-
balanceB 1n these rates can lead to wholesale altelatlotl6 ln
th€ blotlc fab?ic of co]llnunitleE, slDplv becaus€ dlffetences
b€tween vely rapld rales can be much greater tha$ <llfference6
b€taeen vely  Elo rates.  lhat  th ls  neans 15 that  a le1aglc
systen wlth rapld cycllng fluxes can resPond qulcklv ehen

Delcurbat lons a l ter  the ldbalances that  a lusys ex ls t .

Nutrlent Exchanae dnd Cvcllns

recguse dLssolved forEs of nltrogen and lhosPhorus 1n_
clud€ the lmdlate sources of elenents vital to P!1@ry
bloloSlcal ploductlon, substantlal efforts have been mdet-

t6ken to quantlfy fluxes beteeen dlssolved !oo13 and the
bIota.  ?ar t lcu la!  ln terest  has been focused on leact lons
1nvolvln8 the phytoPlankton, whlch are the base of the tro_
phlc pyranld ln pelaStc co@unltles. !'tost of out knowledge
about the lnteractlons and the klnetlcG of Processee In these

ha6 requlred Pertulb1ng the systeEs 1n 8on€ tav and neasurln8
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the results. Ihts may be thlough massive addirlon6 of nutli-
ents to 1ake6 (Einsele 1941;  Nelson and ldnoodson 1955i
schindler  1975,  1977) or  th longh the use of  b ioassays or
t lacer  techniques.  Ihe la t ter  methodology was p loneered at
the vhole lake levet by Hutchinson and Bowen (1950), Eayes
et  aI .  (1952) and Rlg ler  (1956),  f rm whose wolk and rh lo lgh
subsequent  re- l l te lpretat lons (Rig ler  1973) i t  becde very
clear that excbanges betueen dtssotved and parricutate phases
for  P,  at  least ,  occul red on rhe scale of  Dinures.  In tense
interest 1n the rapid lenoval of trace!-?or fron solution
spamed the Rlg ler  b ioassay (Rig1e!  1964,  1966,  1968) ln  an
ef for t  to  quant i fy  t tue concentrat ions of  d issolved or tho-
phosphate in 1ak€ rarer, and 1ed ultlnarely to the elabolate
Dodel  by lean (1973) of  P-exchange anong several  funcr lonal
pools.  Because the resul ts  shov that  the d issolved t racer
tuhs over  so lapid ly  p l tmar i ly  a6 a resul r  of  b lo logical
hechanisms {e.9. ,  Lean 1976i  lcan and Nalewajko 1976;
Nalewajko atrd l€an 1978) there ls a tendency to legald rhls
behavlo!  as the fundanenta l  process conr lo l I ing the concen-
t rat lon of  phosphate and pelhaps sonet lnes that  of  othe!
nutr lents.  khereas th ls  nay indeed prove to be the case,  1t
p lov ldes no ins ight  to  the f lux la tes responelb le fo!  b lo-
loglcal  product ton in  lakes and oceans,  (hat  ls  neasured tn
ihese expe!1frents is  lsotope equiL ib!1s oqly,  nor  nass f lux
assoclated l , i th  de novo synthesls  of  b lomass.  Th€ measule-
nents quant l fy  the unld l lecr1onal  novenent  of  molecules
acloss a cel1 frenbrsne, even tbough an alnost equal nunber
are novlng slnultaneously !n the opposlre dlrecrlon, rhe
lsotope technlque consequent ly  he]p6 ldencl fy  a f leeLy
exchangeable pool  of  nutr ient  that  1s assoctared wt lh 11vlns
cel1s,  and somet lnes pernl ts  Ehe s lze of  the pool  to  be
est lmared.  To ldenr l fy  processes and rate6 rhar  a le re6pon-
s lb le for  accrual  of  phytoplankton b lomass,  ner  rates of
f lux nuEt  be neasured.  Ortanl6ms Ehat  drv ld; ;nce pe!  day
nu6t  have the rn€ans ro augment  thel !  ce11ular  n l l r lent  con-
tents a!  that  la te a l  least .  lhe lssue noves therefore to
t lne scales and to nutr lent  concentrat lons for  uhlch 1t  1s
posslb le to nea6ure !ares of  ln f lux rhat  subsrant ia l tv  exceed
ef f lux f ro i r  the cel ]s .

Re6ponses to Added Subsrrate

Mechanisrs of  t ransport -nedlared nutr le t r t  uptake and
nl t r ient-contro l led cef l  growth bave been rev iewed by But ton
(1978),  Uptake of  a nutr lenr  and i ts  incorporar ion in  cet l
bionass nust be vieeed as a several srage process lnvotving
e x r e h a l  . o n c e n L r a r i o n s  o ,  L h e  n u t r i e n L  s u b s r r a r e  ( S ^ , . . ) ,  a
r r a n s p o ' c  c o n p o n e n E  ( T ) ,  a  l a b i  r e  I n r e r n a t  p o o t  ( s - : : ; ) ,  a n d
s t r u c r u r a  . e  I  l u l a !  c o n s t i r u e n r s  ( s c e t I ) .
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Revelsible forution of a substrate-transpoit conplex ls
the lntetudiate step between equlliblation of the intemal
and extemal  sutst rate lools :

s  +T lTs  iTs  iT+5  ( l ) .
p o o r  p o o  I

The lnternal pool cone8 into dynamlc equlubriun elth both
Sort 

".d 
S".tt, add sets the iate of ce11u1ar synthesis:

s  ,  i  s  , ,  (2 ) .
nrese two pools each conslst of coDponents that vary sonewhat
independent l r  o f  each othe!  (Rhee 1973,  1974),  but  th ls
Seneralized scheoe is an adequate description of events, It
nakes clear the point that lates of uptak€ of nutEient flon
solut ion do not  d l lect ly  contro l  g lowth la te.  I r then cel ls  a le
at steady state alth constant aoblent concentratlon6 such as
in a chenostat ,  rates of  uptake can 1nd€ed be calculs ted f lm
growth rates ard cel ]  quotas of  t rut r l€nts (e.s . ,  Rhee 1973,
1914,  L918),  but  whetr  ext€rns l  concentrst lons a le changtng
that  apl loach ls  unsat ls factory (e,g. ,  Butna€t€r  1978,
r979b).  The ce]1 quota,  the anount  of  nut !1ent  per  c€]1 o!
per unlt bloMss, chantes ln response to envlronnental condl-
t lons,  and 1t  1s c losely l1nked to grovth rate6 (D.oop 1968,
1973,  1914,  1977i  ruhs et  a1.  1972i  Bro! 'n  and Harr lE 1978).

Droop (1973) avotded the lBsue of  ldent l fy lng separare
ce11u1ar nutrl€nt coEpartsents when he advanced th€ cell
quota as the determlnant of nutrlent-llnlted alga] grotrrh
and l l lust rated the enpir lca l  va l ld l ty  of  the le lat lonshlp:

i r = tn ( r - kq /Q) (3 )
fo !  growth of  s lgae l1nl t€d by P,  Fe o!  v l tanln l l r .  the !
16 ce11ula! glotrth rate (per day), Ll_ lE the theolerlcel
naxlnuh !ate, q 1s che cell quota (tftiol per ce1l o! p€r unlt
blomass) and k^ ls the ft1n1da1 anount of nutllent necessary
for  c€1l  d lv ls lon.  Other  aothors have d lscounred the general
valtdlty of thls apploach by d€nonstrarlng that for other
nucr lents,  par t lcu lar ly  C,  N,  and somet lneE 51,  Eq.  3 ls  a
poor descrlptlon (Caperon and lbyet 1972; coldhan et al.
1974; Coldlian and uccalthy 1978). Th€ dlBcrepancles arlse
because ceu quotas are not only deternlnantE of gro\rth
rates, they are ploducts of then, too, and because sone nu-
trlents ar€ subject to much g!€ater varlabluty 1n the cel1
than are other8 (Goldnan and Uc€althy 1978).

Button (1978) solved the relevant equatlons for the
klnet lcs inpl lc1t  ln  Eq.  l  Act ive t ransport ,  nolec l la !
dlffus1on and product lnhlbltlon are a1l involved ro sone
extent. Grorth rates ale controlled by lares of supply of
nutrlent6 frolr the rate? only to the point at whlch lntla-
ce1lu1ar conveislon of avallable nutrlent lnto struct$al
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conponents becones the late-llr lting step. l,laxlml lates at
rhich nutlients can be transported into the cel] @y be oafly
clnes faste! than they can be utilized once th€y 8et there.
Thls reans that concentlations at ehlch growth lates becose
saturared 1111 be nuch lower than concentratlons required to
satu late the uprake Dechatr ls !  s  (LehMn et  a1.  1975;  Bdt ton

Ihose uptake EechadsEs are usually evaluated by
Uichaelis-Ienten klnetics :

u = u . s  / ( K -  + s  l ( 4 )  ,

where u ls uptake late (narlnuE u= u-) and Kq ls the hslf
satllatlon conslant fo! uptake. Ihe 

-node1 
1n !q. I lnplies

that flux lates nay devlat€ fros these siople klnetlcs under
some c l lc lDslances (Buf ton 1978).  ! !om er  aL,  ( r978)  ln
fact  de8onstr6ted eEpl l ica l1y chat  rates of  uptak€ p loceed
faster at low concentlatlons of phosphate than would be ex-
pecced by f l t t lng Eq,  4 to data obtatned at  h lgher  concen-
tratlons and e:(trapolatlng dol''rl to the Ioti valueE. Ihe
ef fecc does not  6ees to be caused by the rapld exchange
f luxes d lscussed ear l1e! ,  and 1t  nay !np1y the ex ls tence of
nore than one tlansport syst€ft ln a!8sl cells, each elth a
di f fe lent  af f ln l ty  for  a s1n81€ nutr lent .  The lapld exchange
betueen external  and lnternal  pools does sugSest ,  how€ver,
that th€re could be a flnlte concentratlon at vhlch net up-
take 1s zelo,  as ha6 occaslonal ly  been d lscovered for  ?
(Bro 'n and But ton 1979) and for  s l  (K1lhaf t  1975).  f te
tbreEhold val .ueE e111 a lno8t  cer ta ln ly  b€ 6pec1e6-specl f lc .
A cruclal ecologlcsl quesclon My thus be how anblent con-
centratlons cosPare co these valu€s.

lrore devtatlons fron slople uptake klnetlcs can coDe
from dl f fu8lon l ln l ta t lon at  1o!  nutr lent  concentrat lons
(Harvey l937bi  uunk and Rl ley 1952;  PaEclak snd Gsvls 1974i
cavls  1976),  Molecular  d l f ru8lon 1n the boundary re8lon
alound a cel ]  E laht  not  be rapld enough to Mlnta ln h lgh f lux
ls tes regardless of  rh€ af f ln l ty  of  the t ransport  systen.
Ttes€ ef fects catr  be very iopor tant  when asblent  concent la-
t lons ar€ lou,  ln  uhlch case s lable concent lat1oo t radlents
need€d to !a1nts1n lapld d l f fus lve f lux cannot  be e6tabl lshed
we11.

Al though thele are good reasons to suspect  that  € imple
and t radl t lmal  k lnet lc  analyses do not  g ive an adequate
descr lpt ion of  uptake rates at  lou concentrat lons,  the hal f
satu lat ion constant  obta ined f rof t  those analyses ls  s t i l l  o f
lntelest. Ranges of Kc have been docuEented for Eany 6pecles
snd nutrletrts (sec sudari€s by 8ea1ey 1973i l,ehnan et a1.
1975),  and they !a1se sore iDportant  quest ions.  Io !  lnstance



54 John I. Lehan

ln a l l  cases the hal f  saturac lon constdt  is  nuch greater
than the conc€ntratlons usually encountered on average ln
so1ut1on.  Does th is  nea!  that  the uptake systen is  aLways
fa! undelsaturated? If so, \rhat ls the adaptive advadlage
of PossesslnS a systen with so nuch unused capaclty? A key
constderatim 1s that the naxinun posslble late of uptak€ is
usual ly  fa !  8 leater  tban necessary to suppol t  the mslEun
posslb le la te of  cet l  d iv is lon.  I t  fo l lors that  upcake and
sto lage of  nutr lents beyond lmedlate cel lu lar  needs could
be a cofflon

NuE!1ent  Re lease

Although there are t lne6 when aobient  pools of  nut !1ents
or  th€ supply rates of  .o t r lents f loh outs lde the sysren are
adequate to account  for  ob6erved lates of  p lanktonlc Dro-
dtrc t lon (e.g. ,  Lehdan 1979),  there are orhe!  t lnes l 'hen cel is
ut luze 1nor8anlc nutr lent6 mlch fasrer  rhan the subsranc€s
are suppued froo erternal from anbien r dlssolved
poolst  both 1n lakes ( larLow and Bl .shop 1965i  canf  and 3 lazka
1975i  L€hnan l980bi  Rlchey 1979) and oceans (Eppl€y et  a1.
1973;  DuSdale 1976).  Some of  che demand nust  be ssred by
noc!1ents cyc l tng e l th ln rhe rarer  co1um. Two al re lnat lve
nechanlsns a le of ten proposed to accounr for  the lequls l te
f luxes.  some authols c1a1n thar  pbysio loglcal  death of
phytoplankton (Jassby and Coldnan 1974) and auto lys ls  a lded
by Dlcrobla l  a t tack on tuol lb lnd ce1ls accounr for  nost  of  the
recycung (C,o l t€rdan 1973),  Rares of  physlo lot lca l  dearh
anonS the phytoplankton ale very hald ro a6celtaln, horever
(K1lham and Kl1haE, th1€ volume),  60 rhel r  l f tpor tsnce ln
natute renaln8 unknom. [hen th€y occ!! and ,hatever thel!
cause,  ce]1 dea* and lys ls  re lease phosphare rapld ly  because
of  the ]ab1l .e nature of  phosphare-eEre!  bonds and the auro-
Iy t lc  enzyneE ple8ent  ln  ce11s.  The lapld ef f lux f roD ]1v1ne
cel ls  detected dur lng lsotope equt l lbr luE expel lsents proba-
b1y replesen!s dt f fus lon of  nolecules f ron h lgh concentrar lons
lns lde the ceI l  nembrane,  I t  1€ not  lnc luded here because
as sentloned earlier lt leplesents only one part of a two-vay
f lq  rhose net  va lue My be c lose to zero fo!  l lv ingc€1ls.

An a l ternat ive source fo!  rhe nur !1ents 1s reeenelar1on
f r o n  t h e  a l g a e  i n d l r e c L l y  t h r o u s h  r h e  S r a z i n S . c t i ; j r l e s  o f
herblvorous zooplankton. Excletlon and breakdoh of lncoG
plete ly  d lgested remalns of  ese6red a lgal  cet ls  l lberate
rut i lents that  are very react ive b lo loelcal ly ,  and vhlch are
aval lable not  only  to the prey of  the herblvore€,  but  atso to
thel !  conPet l tors.  To iuugtrate rhe ef fect  rhat  nurr lent
release from zooplankton can have on n!!!ient cyctes ln aqu-
ctc syste6,  i t  is  usefu l  to  rev ler  f i rs t  what  1s knoLn sbout
the rnechanlsns and rates of feedlnS and netabotlsn.
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Feedina b} Zooplatrkton

Enpilical lnvesttgations have sho@ that Srazers can
lnfluence the composition and abundance of algat comnttle€
(Clshing 1963;  I taney 1973;  Ker foot  and Devot t ,  th ls  volune) ,
par t icu la l ly  af ter  the spl lng b loo4.  Also docuuented is  th€
fact that glazels ale very selectlve abort the types of pa!t-
l.cles they lngest (naney .1937a; Amold 1971i Ntval atrd Nlval
1973; Beraan and Richnan 1974; Richnan et al. 1977; cilbert
atrd Bosdan, thls voluDe), Sone of the selectlon my be d1c-
tated by the oechanical plopertles of rhe fllterlns appalatug
(N1val  and Nlval  1976;  loyd 1976i  Bar low and Montel ro 1979),
but thele nay also be a hlgh degree of chefosen8atlon and
decls lon-Mktng tnvol led ( I r ledmam atro Str lck ler  1975;
Poulet  and f larsot  1978;  Donaghay and SEa1l  1979;  St l iek le! ,
thls voluoei Koehl, this volur). Tte favorlt€ plocedures
foE Eeaslrlng feedinA lates le]y elther on d1lect quantlflca-
t lon of  changes ln aburdance of  th€ food par t lc les (e.9. ,
Reeve 1963i  Coughla 1969i  Frost  1972),  or  on lncorpolat1on
by the anlns ls  of  a rsdloact lve l /  label led food (e,9, ,
Rlg ler  19611;  Ce11er 1975).  Ear ly  workers BuSSested that
f l l ter - feedlng zoopla* ton $ere cosplete ly  aut@t1c!  1n the
sense that each antlu1 would ahays f11te! 6 constsnt volune
of  eate!  (F leElng 1939;  l iadey 1942).  Srudles by Ryrher
(1954) and l tg lsha11 snd orr  (1955),  horeve! ,  soon Mde l t
c le6!  thst  at  h lgh concentrat lons of  food par t lc ]€s the rate
of lnge8tlon leve]s off to 6one naxlnlo value. Sub€equent
wolk showed that the obselvatlon held for both fl€1d and
Ia loratory populat lons (Rlg ler  l96 lb i  Reeve 1963i  lurns 1966;
Pa?son6 €t  aI .  1967).  Several  d l f ferent  forEulat long w€re
advanced to descrlbe the eDplrlcsl results Mtheo.atlcally,
but the cholce of whlch eq$t1on an autho! used to rep?ese.t
hls data appears to have be€n colplet€ly sublectlve, In th€
hope of flndlnS a dlngle 'bestl equatlon, ltrl]ln, Stewalt
and Fu8l l8 te!  (1975) used r rost 'B (1972) extenslve data on
feeding rateE of  CalanuB pacl f lcuE to t ly  to  d1Br1ngu16h the
best  enpl t lca l  tuode]  by stat l6 t lca l  neans.  Ttey found that
the data fit the three dlfferent nodels thev examl.ned a1no6t
equal ly  le l1.

SoEe authors hav€ taken a less empl!1ca1 approach to the
lssue and have t r led to lust l fy  g laz lng sodels f rom ba8lc
aEsurnpt lons abo! t  feedlng behavlo! .  Cushln8 (1959,  1968) and
Croaley (1973) der lved fo lhulat lonE for  graz lnS zooplankton
fron the sah€ con€tructs that  Hol l lng (1959) used to e iect  a
scbeE for pledatlon rat€s anong anlnals h 8eneral. An
alrernative apploach advanced by Lan and rrost (1976) and
LehEan (1976) t realed Srazhg as an opt iDizat lon p locess for
ch€ grazer  1n qhlch ef for t  i6  expended to gathe!  food,  dd
nutr l t lonal  lerard reEul ts  f ron l ts  d igest lon.  F ost  (1975)
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sho'ed that the feeding behavlor of Calanus is consist€nt
rith the optlolzatiof, hypothesis but not wlth the other
oodels co@only ln u6e. Paffenhiifer (thls volu@) provldes
lqortant caveats to thl8 approach partlcularly relevant to
cotupar lsons of  species that  d l f fer  ln  abl l i ty  to  s tore l lp ldB
add vax e6ters. Tlese 1lt€ histoly con8ldelatlons pl.us ale-
tailed clnenaAlaphic luialyses of feedlng behaalo! no{ ln hed
(str1ckler, this volom) open the way to nole reattstlc r€!-
sions o! theae eally rodels.

Beyond the Datter of feedinS late8 on a slngle food type
and thelr roatheDatlcsl replesentatlon 1.s the lssu€ of sel€c-
tlvlty e*hlblted by zooplankton ehen they are lresented $1th
th€ arrsy of posslble food sp€cles ln natur€. }lafly author8
(e,9. ,  0 'Ne111 1969;  Bloor0f le ld et  a l .  1973;  Park e i  a1.
1974i Vsnilerploeg and Scavla 1979) have pioposed that Bluple
coefflclent6 6pp11ed to each food solrce can lepresent both
the Dechanlcal blases of the food-galherlns sechanlsn (pss-
siTe €electlon! lfl the €ense of Frost 1977), and tbe hore
actke select lon/re ject lon process based pelhaps on taste
(Poulet  and I tarsot  1978).  The approach lE baslcal1y Eound,
bot the mdels osed to replesent the behavlo! are lnconplete
for a aarlety of leasons. Ilrst, the antrsls ce change
th€1! .electlvlty ln !€spon6e to th€ flutlltlonal quallty and
aburdance of avallable p!ey. I.lllson (1973) and Rlchnan et
al. (1977), fo! lnstance, showed that Bore copelods chanSe
thelr Eel€ctlvlty ln reBponse to changeg 1n the ava11ab1e
lar t lc le  spectruE.  SorDet lc8 the p!€v louB feedlng h ls tory of
the anlmals ls lnportant, too (Donashay and snall 1979).
Furthehore, lllx1nal feedlng rates are dependent on the food
spec1e8. To soDe €r<tent th13 ls because the vol@e lntest€d
plays a role In regulstlnS feedlnt rates (Mcliahon and Rl8l.er
1965i  C€1ler  1975) and because d l f ferent  rood specles have
dlstlactly dlfferent calbon (o! nutrl.ent) to voluhe rarlos.
ALEo, there are conslderable dtfference6 arong food specle6
1n the deglee to whlch they are cohpresged 1ns1de the gut
(Gei le !  1975),  Conbln ln8 tbese factors s l th  th€ potent la l
hand11n8 and l.nterf€rence problerle plesent€d by soo€ a18a€
the search for lnvallsnt coefflclents of 'rfeedlng efflclencyrt
on dlffer€nt food types Beeos urjustlfied.

Once food ls lngeeted by a zooplankter, only a flactlon
of  I t  ls  aa8l l l la ted;  the rest  ls  egesred.  F3t€s of  ass lh l -
fa t lon and egeEt lon e1I I  ln f luence nor  lust  Becondary p loduc-
t1otr  1n s1tu,  but  la tes of  nutr lent  cyc l lng as weu.  St long
experlDetrtal €upport exists fo! the c1alD rhar dlgestlon
efflclencies ale speclflc to lndlvtdual food typ€s (r€f€vre
1942;  larshal l  ,nd Olr  r955i  Amold l97l i  Por t€!  1973i
Korstad 1980). Rates and efflclenctes of asglEllatim uy
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sonetlres be identlcal fo! taxonooically dls8lnllar organlsns
I lke Scenedegnus,  a green a lga!  and Aster tonel la ,  a dtatoo,
but very different fo! &ore s1n1la! olgantsffi l1ke the Eleen
algae scenedesnus, Stlchococcus, and Stalrastrun (conputed
fror data of cerle! 1975 and l€opelt r977b). Sone authors
have repolted lnstances of "superfllous ieedlng"
(BekleEishev 1962) at hlsh food abundsces, Tllsc 16, luch
sore Eterial i3 lnaested thar the ari@la can posslbly
assiEilate. conover (1966a) and Iftpert (1977b) have di6-
clal@d the of superfluous feedlng arcn8 helbl-
volous zoopla.kton, but one should not conclude that assini-
Istlon efficiency ls lndependent of food concencratlon.
Schlndler (1968) deftonstrated that the ratlo of asslnllated
energy to lngested energy decreases by apploxlmately 6 facto!
of 2 rhen !gp!!lj!q q!g!C ls fed on plosreBslvely rcle concen-
t rBted d lets .  In  othe!  eords,  when food 1s very abundant  ed
plocessing rates are lapld,  d lgest lon 1s 1€33 cohplete than
vhen food ls  ra!e,  Thls cor lesponds to C€l1€rrs (1975)
observatlons about v6rlable gut passaae tln€s. At loq food
abundances lnAested oat€r1al My be retalned fo! rore than an
hour lnslde the gut of Daphnra Igl:I, but ,hen erternal con-
centrat lons are h lgh,  food 1s egested r l th ln ten n lnutes,
Othe! workere sfiDl1ar1y ftnd dlfferences ln a661n11at1on
ef f lc lencles e lch d l f ferent  feedlng rate8 (Caudy 1974;  Comer

l , lost  exper iments Buggest  that  ]a lge d l f ferences !n
as6tn l la t lon ef f lc lency as a funct lon of  food concent lat lons
are unukely.  Dl f ferences of  a factor  of  2 (schlndler  1968)
or  less (Lanpert  1977b) are prabably the fu l l  ran8e that
occu!  ln  natura l  populat lods,  f te  p lc ture 1s a t t t t le  d1f-
ferent {hen conslderi.S the face of naterlals that are lnges-
ted but not asslollated by che anlnals. The fact chat
Schlndl€r  ( I968)  repor ted assld lat lon ef f lc lencies betreen
902 and a ]lttle nore than 402 meana that b€tveen 102 and 602
of the lntested naterlal may be returned to the water una6-
s lE11a!ed.  Reaalded h th ls  eay th€ var labl l l ty  of  the eges-
t€d por t lon 1s nuch greater  than the var1ab1l1ty of  the
asslEl la ted poi t lon an a re lat lve basls .  The nutr lent€
4ssoclated wl th th ls  eSested narer le l  ar€ e l rhe!  le leased to
tno?ganlc pools lmediately or ale subsequently renlner:l1zed
by r1c lobla l  deconposers.  Anorher  consequence of  lnef f lc lent
feedlng was desc!1bed by Lahpert (1978) lho showed rhat unln-
gested cel]s that are broken or dauaged d!r1n8 fllterlng
actlvlties of the anlftal may leak dlssolved organlc carbon to
th€ e6ter; it catr be assuhed that nutllents tlke P and N ale
te leased as wel1.  orher  lnvest l8ators hsve leached the ssm
conclus lon (e.8. ,  Cushhg 1955;  Cooover I966bi  Vsr t lD 1970;
0 'Connels et  a l .  1976i  Bowers and Crossnlck le 1978).  Abong
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camtvorols cyclopold (Brandl and lemando r975a, I975b) and
calanold (Andelson 1970i  Borer6 and Warren 1978i  Ker foot
1978i Landry 1978) copepods, vhich leave partlally eaten prey
and fraSoetrts after an attack, lelease rates @y be even
higher. These varlols fhxes assoclated rtth idp€rfect
feedlng efficiencles can be ltupoltant to nutrtent recyclitrg
ac tlhes, Thei! nagnitudes must be added to tho6e of nut!1-
ents that  are excreted or  se lect tve ly  egested.  I t  fo l lovs
rhat the nutrient ratlos ln the eSested Eaterial nay be
substant laUy d l f ferent  f lon the la t los that  are lngested.

The point 1s lnportant because oetabollc excletlon of N
and P fron zooplankton has often been eEtlmated fron fteasured
respl rat l .on rate6 (e,9, ,  conover and Corner  1968;  Satooi  and
Poreloy 1965:  canf  and 3 lazka 1974;  D€vol  1979),  TI le  pub-
Ushed O:P and O:N rat ios ar€ subject  to  conslderabl€ var i -
ab11l ty ,  {h lch oay le f lect  the nut l l t lona1 condl t lon of  the
an1Ml8 ( l ' layzaud 1973;  Ikeda 1977).  r3Epert  ( I97s)  showed
that nuch of the calbon a6s1n1lated by !4[!!!g plrlgl 1s
hetabollzed alnost lnEdlately, thls because the oetabollc
deMnds of herblvolous zooplankton are oet lalse1y by the
l lmdlare use of  ner ly  dtgested food,  la tber  than by cata-
bo11so of  body const l tuents (Lanpert  1977a).  Radlot racer
t€chn1que6 conf l rn that  not lon (Pete ls  and R1g1er 1973;
Pete ls  1975).  Thls  f teans thst  the nutr lent  content  of  exc le-
ted Mterlal @y not bear any slnple lelatlon to the €leDen-
tal cmposltion of th€ anlual tlssle.

Ketchum (1962) f1!Bt  ldent l f led the posslb le s lgnl . f l -
cat rce of  d l f f€rent1a1 excret lon of  N and P by zooplankton ln
re lat lon to the coEgosl t lon of  thel !  food.  But ler  et  a1.
(1969) selz€d on that luportsnce and doc(oenred rhe trecha-
nlsns lesponslb le for  d l f ferent la l  nut !1enr  !€1esse.  l l€y
f1!6t  111ust !ated that  the N:P lat lo  of  the fecal  te l le te of
!919!!9 always excee.led the ratlo of the anlM]sr dlet by
292 ro 1OZ. Tt€n, lecalllng the work of ltarshall and Olr
(1955) snd Corner  et  a] .  (1957) rhey Ghoeed that  Calanus
extracts N and P f roE l ts  food L{ th dr f rer ing er f i i i i i iTes.
Nltrogen wa8 leBB readlly asetFllated rhan was phosphorus and
thus the fecal  pel le ts  le fLecced rhe d l f fe lences ln  d18es-
t lon.  The N:P rat lo  of  so luble excreted nate!1al ,  ho{eve?!
eas lol{er than the N:P of the d1et. Fecal Dellets shk
st lftly) leoovlnS thel! enclosed nutllents froo lmedlate
consrnptlon! but the exclet€d products are soluble and
dhect ly  aval lable to aIgae,

In llght of these observatlons the no6t secure nethod
fot d€temlrlng nutllent rel€ase flon zooplankton ls to
oeasure the nutrlents dlrectly, lt€r€ sle plobl€ns elth
1nt€rpret lng th€ lesul ts ,  nonetheless.  Measured concent la-
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tions lepresent a balance beteeen rates of nurrlent rentne!-
allzatlon by the zooplankton and the sixulraneous optake of
the nutrletrts by phytoplankton. !i!st renovlng rhe alaae
fron the rater is not sarlsfactory, because anftEls r-ithour
iood behave differently froo well-fed ones (Conove! and
€omer 1968; TakalBshl and Ikeda 1975; Msyzaud 1976; Ikeda
1977i  LsnlPert  1978).  s ls l lar ly ,  concent lac lng rhe zooplank-
ton to obtain unanltglous Eeaauresents of nurrlent excretlon
can ftean that food supplles may be lapidly exhaust€d, the
anlhals nay be daMged, or thelr physlology, lncludlng the
rates and foms of  excreted substances,  l lay chanBe (Mu11h,
Perry, RenSer and Evans 1975). As as exasple, Johanne6 and
Eebb (1955) hdlcated that release of orgsnlc N was substan-
tial fo! natural plankton, snd othels rorkln8 slrh concen-
trat€d natlral collectlon6 have sooetiDes found the saDe
(Le Borgn€ 1973).  come! and Neee1l  (1967),  on the other
hand, reported that Calanus helgolandlcus conslsrently !e-
Ieased about 752 of Lta N as aMonta. and that release of
olganlc N was only substantlal when the anlEals were clovded.
In gener6l, the nost cautlous studles denonstrate rhat nost
of  the N ls  re lees€d to lhe pater  as NHs (e.a. ,  Eut ler  €t  11.
1969; Jared 1969i Jacobs€n and Coolta 1976i Cardne! and
Scavla 198r), but a fileasureabl€ flsctlon, usually less rhan
251,  conslsts  of  other  compounds (e.g.  Uayzaud I973i  Usyzaud
and Dat lot  1973).  A s ln lar  d lsscreement  €x1sts ove!  the
relatlve lates of relea€€ of 1no!8ao1c and orSanlc F. AI-
though concentrated net plankton uy reLease aB nuch as half
of the P 1n orSanic form (Poheloy et aI. 1963; satonl and
?oneroy 1965i  LeBorgne 1973),  ca lefu l  laboratory s tudles
wlth undaMsed anlnals flnd that sost of the release 1n
short - te l r  asseys ls  PO4 (Rr81e!  1961a;  But ler  et  a1.  1969i
Pete ls  and Lean I973i  Ferrante 1976).

what thi6 oeans ls chsr mat of the N and P released by
zooplanklon 1s !n preclsely the chenleal forns nost. 1mned1-
at€1y u8ef l l  to  phytoplankton,  NH! and POr.  Ef for ts  to
quant l fy  the8e re lease rates 1n nature a le thue compl lcated
by the neceB€ary presence of  aLgae 1n the water .  In  facr  the
presence of algae probably has lntroduced blases ln nost
traditlonal fteasureoents of nutrient legenersrlon 1n slru
(cf. LehMn 1980b) but the probleos can b€ overcome and
rate6 csn b€ heasured for lntact asseDblages (Lehman 1980a,
r 9 8 0 b ) .

Ttsht  Blot lc  Couplhs
of  Released Nutr lentE

Tbe ne!, analyses show that nutrlent tumove! by zoo-
plankton can b€ latge conpared to all othe! soulces and that
it alone can supply mst of the algal deMnds fo? N and P.



Deeplte these potentlally rapid rares of nutllenr lenineral-
1zatloq, howeve!. the aobi€nt corcentrations of dis6olved
nutrlents u6uafly renain very 1oft during the seasons of
h ighest  product iv i ty  (see l lccarrhy and Al taber ,  th ls  voluse) .
The reason 1s tlEt released nutrients do not accmulare in
the water, they ale srlftly reDoved by the algae and used co
enhance thel r  s lowth.  cyc l lng f luxes lo tensl fy  and less a l -
ga1 bloMss 1s needed to nalntain a given level of p.oducrlv-
l ty ;  nee b ioMss ls  Senerat€d just  as quick ly  as che o1d b1o-
Ess la  consuned o!  lysed and the $ut l ients a le regenerated,
Despl te fow average concentrat lons of  d issolved nut !1ents,
a lgal  p loduct lon ls  fueted by ra l ld  b lot lc  cyc l ln t  of  P and N
where the enphasls this tls€ 1s on ner flla€s, not the Cro-
ray fluxes that isolope equlllbrium experlnents shov. Tllele
are basically two nechantsns by vhlch thls can happen. On
the one t'and, uptake lates at 1or concenrrarlons of P My be
ouch 8leater than rould b€ expected by extrapolatlng doen
fron h lgh concentrat lons,  a poss1b1l l ty  tbat  has at leady b€en
dlscussed.  Thl€ not lon ls  countered Eotuewhat t  however,  by
che possib le ex is tence of  threshold concentrat lons necessary
fo!  poslc lve net  uptske (€.9.  Broen snd lut ton 1979).  On the
other hand, the Echese night be analogous to the one that
l4ccar thy and Goldman (1979) envtsaSe,  s l th  a lgae encounter lnS
very heterogeneous olclo€nvlrotrnents, sose of ehlch are se-
verely enrlched olth nutrlentE ovlng to lenlnerallzatton e-
vents.  I f  nutr ients are rapld ly  sequestered by the ce118 1n
lhese eplsodlc and d i6 lo lnt  patches and then subsequent ly
used for  Alor th,  the 1ar8e uptake and luxury storate capacl -
t les of  a lga1 cel ls  that  rere d lscuBsed ear l ler  can be seen
to have great  s lgnl f lcanc€.  Th16 Echefre 1n contraet  to  the
Iast  one re l le8 on concavl ty  of  the uptake funct lon or  a
lhreshotd value fo!  uplake.  otherr tse the convex asyhptot lc
behavlo! of a 6lmp1e Michaelts-yenten nodel qould guarantee
that  constant  1ow lEvels of  nut !1ent6 oould a l1ow nore net
accunulst lon than would sporddlc satu lat lng pulses,  81v€n
the sahe total lEss of nutrlents (scavla and Letuian, unpub-
I lshed).  Because zooplankton are dontnant  agents of  nut !1-
ent  reLea6e at  sone t lmes and Dlace6.  th ls  sch€me nel l ts
at tent lon (e.9. ,  Turp ln and Harr lson 1979) despl te arguhents
a8alosc ! t  (Jackson 1980).

lxpel lnents shor  that  a18ae can ere lo i t  nutr lenc patcbes
produeed by lndlv tdual  zooplankters (Lehnan and Scavia 1982a,
1982b).  Evaluat lng the eco1o8lcal  s lgnl f lcance of  such b i -
croscale patchlness of  nut !1ents 1n natu le 1s a new chal-
Ien8e.  Eopl !1cal  approaches are needed because present  the-
oret lca l  nodels a le unsat ls facto ly .  I t  is  lnapprop!1are to
calculate encounters betreen alAae and anlnraLs strlcrly fion
swlming veloc l t i€6,  as st r lck ler  (1982) show6 so c1ear1y.
Furthernore, algae 1n nature can exhlblt extraordinarlly
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rapid tranElent lates of nutrlent trprake, such faster €ven
than those of rhe laboratory cultures uged by LebEan and
Scavla io thet! expellnents (L€h'!an and Sandgr€n 1982;
ficcalthy and Altabet, th16 volune). Ilnally, strlct lnrer-
pretatlon of the lsotope exchange nethod for assesslng rurn-
over of PO'r in nature presunes, as descrlbed esllier, that
1nf1ux and efflux fron c€U6 are in clo6e balance durlnE u-
per tu lbed condi t lons.

If enpilical. apploaches do shor that sDall scale Datchl-
ness of nutlients 1s a recurrlnA fearule of natulal colnunl-
c le6,  1t3 lspor tance 1s l1kely  ro be explessed 1n t€fns of
sP€c1es lnte lact lons,  rathe!  than comunl ty  producr lv l ty  per
3e (Lehnan, in press). An exaople of thls nay be the dlscov-
ery (D,  Scavla,  unpubl lshed) rhar  a lgae grovn ln a parchy
nutrlent re8lne can nalntaltr flxed groerh rates Flth on
avelage less lisltlng nutllent per cell than rhey need in
unl fom re8trc6.

Nutr lent  le lease f roh rhe zooplankton l .s  t1€d u1r1Mrely
lo lheir ieedlng rates. SoDe of the outllents asslhllated by
the helblvores and used for g?oeth and reproductlon contllb-
ute to f luxes through h lgher  t rophlc 1eve16,  but  nost  of  th€
assiml lated nut !1ents are returned ro solut lon one ray o!
other  dut lng the season.  Act lv l t les of  the g lazers csuse
select lve nor ta l l ty  on the one hand,  and ferr1 l1zat lon on rhe
other .  The ef fect6 of  the anl lE ls  on rates of  cospet l t lve
displacerent  of  atAal  specles by ln f luenclng d l f ferent ls l
trovth rates are pocentlally nuch 8r€ater than those csused
by Srazlng los6es a lone.  Nutr lents re leased to rhe water  as
a consequ€nce of the actlvlties of th€ anlnals sre aval]able
to a l l  th€ a18ae,  not  lust  to  the preferred pt€y of  the
8razers.  Thls neans th6t  herb ivores can be depresslnt  the
abundances of  sone a lgs1 specles throuab select lve graz lng,
and enhanclng product lv l ty  of  others by nutr lent  re lease.

Uoreover.  the ef fects of  nut? lent  re lease can be ex-
pressed dt f ferent ls l ly  th lough the comunlcy.  t  have a l -
resdy Dent toned rhe d l f ferent la l  fa t€s st  whlch N and P a le
1n8ested,  eaested and excleted,  There sre bound to be d l f -
ferences among othe!  nutr lencE.  too.  Ah e lenent  l1ke 51 1B
cel ta ln to be ref ractory to d lg€st lon by zooplankton and thu8
1t {1U be eelectlvely €gested, Hhen ete6red naterlal 1s
concent lated 1n fecal  pel le ts  aG ln copepods l t  1s pract lca l -
ly  a6Anred swl f t  t ransl t  f rom the euphot lc  zon€.  Recycl ln8
by zooplankton ls thus blased agalnst 51 ln the sane vay
that ther€ are dlfferences 1n the ratlos ar rhlch N and P
aie cyc led.  Thls hay lead to progresslve b lases 1n 6u991y
rat€s that can affect comunity structure through nechanl6ss
dtscussed by (ilham and K11hatr (thls volune). It is the
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interp lay of  these cyc l ing rates Ni th , l lochthonous nutr ient
inputs and d i f ferent ia l  uol taLl t ies that  shapes the comlni -

Depending on the lelat:ive rates and nagnltudes of ntL-
trients supplied fron autochthonous and allochthonous sources
the p lankton 3re subjected to a stect ruD of  resource avai la-
b i l i t ies.  In  Lake Washlngton,  for  instance,  N and P were
sul l l led to the epi l lmlon f lon exte lnal  sources ln  rat los of
26t1 to 36:7 by atons dur lng the sumer ronths,  1970 to 1977
(Leluan 1980b),  In  Septenber,  1977,  herb ivolou5 zooplankton
in chat  lake regenerated N and P at  about  15: l  by atossi
s lmul taneous neasurenents of  nutr ient  uptake suggested that
the lake phytollankton lesoved added nutrients ln the ratio
10:1.  Because oagni tudes of  nut l ient  supply f rom the rater-
shed,  f lo f r  eddy d i f fus ion,  and f ion hte lnal  cvc l lng change
seasonal ly ,  the ieal ized la tes of  supply to the lhytoplaokton
change a lso,  as do thei r  l lopor t lons.  lhen only a s ingle
algal  species 1s p!e6ent ,  la t ios of  N:P Feasured in a lsa l
(ptake and ln zooplankton regeneratlon ntay be ldentlcal,
rhether  the a lgae are nutr lent  def1c1€nt  or  not  (Lebnan
I980a,  table 4)  but  the presence of  hany specles 1n nalu la l
assenblages,  each e l tb d i f ferent  opt tnal  nutr ient  suPply
rat los (Rhee and Cothas 1980) c leates an opportunl ty  for
dt f ferent la1 g lowlh and comunl ty  change.

Processes responslb le for  b lot lc  cyc l lng of  nutr lents 1n
the wate!  co lunn deEerve lncreased €t tent lon ln  l lght  of
d lscover les that  external  sourc€s of  nutr lencs a le somet lmea
lnsuf f lc lent  to  expla ln obs€rved ra les of  b lo loglcal  produc-
t lon 1n ]akes and oceans.  The chlef  d l f f lcu l t les 61ow1nt
ra l ld  and conpl€te analyses of  the systems are pr lmar l ly
technical  ones that  a!1se because f luxes as8oclat€d n i th t ro-
ducclon and wl th LoEs€s are ln t loate ly  connected.

Only the out l l t re  of  the focal  process€s in  nutr ient  cy-
c11n8 1s knoln at  present  wl th Srest  aEsufance,  but  that  out-
llne provldes a gutde fo! future work. A detailed kinetlc
descr lpt lon of  nutr ient  uptake by ass€nb1a8es of  natura l
phytoplankton at concentratlons 61lghtly above amblent 16 one
v1ta1 need. So are neEsurements of nutrlent release 1n 61tu
by the zooplankton,  1nc1ud1ns not  lu6t  j lvenl le  and adul t
crustaceans but  rot i fers and l rotozoa as we11.  Par t icutar ly
ihpor tant  are ef fects of  age-st ructure,  s ize and specles
conposi t ion on the f lua rates ant lc lpated through season8,
and fron year to year. The contrlbutions of the hlcrozoo-
plankton have been poorly studled ln lroportion to thelr
1lke1y inportance. Needed, too, are renewed evaLuatlons of
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nechanlsns and deteminanrs of s€1ect1ve tlazlng by herblv-
orous zooplankton. That llne of lnqulry \1111 plobably prove
centtal to a desciiption of events ln the op€n wat€r, be-
cause that singularly behavioral plocess pot€ntlalty tiDirs
the standlBg c!o! of phytoplankton and thus thelr overaU
nutlient uptake capacity! and also 1t r€presears rhe flrsr
et€p ln a sequence by shich nutllents are r€olne.al1zed back
to blologlcally-leactive itlssotv€d foro by helblvoles,

The lssle rests no longer on ldentlfylng th€se pathway6,
asserting thelr general lmportance, but rathe! on

deternhlng the ragnlrudes of nurllent and btortc fluxes ln
nature and lntegrating rhen lnto a coherent, lnternally con-
slstent, and dynabic exposlrlon of the slrucrure and produc-
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