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considered efficient dissolved nutrfenr regensrators sinca thay produca
particulate organic phosphorus, and recycle very litrle of eicher
filterable Form. This has besn chserved by Pomeroy (1975) and Johavwes
(1964, 1974) wvha have atressed thar hacteria are not the oaly ner
even the zajor agenta of nutrient regeneration especially in nutrient
deficlent syatens.

The production af m._._uu_. by the phytoplankton cccurs very capidly
a win} and can be axpected to occur in nutrient unmEnnn watera. In
this enviroument internally stored phosphate (as polyphosphate) ia low,
g0 that the uwunm can ha quickly absorbed, transferred to the macabolic
orgaxic P pools, and a smatl fracrion chen excreted or lesked as mdu.ﬂm.

Such rapid laskage of recently labelled L

C organic material has besn
observed by Smunders {1972} and Dunstall and Nalewajks {1975), and
consigts of both low and high molecular wefght substancey. Fopg
{1966} found that glyeolic acid was a significant

fraction of the DOC excreted by 23 species of phyroplankron. Since

glycolic acid i an icoediace produce of ph yathesis ( et al.

1968} {produced by the splicting of a diphaosphace sugax), leakage of
a somall porticn of che considayuble pool of organic phosphorus
eptery within the phoroaynthacic eyele should pot be unexpected.

._.bn

Indeed, Bassham at al. {1968) found that accoppanying leakage of
Labellsd glycolic acid cut of imclated chloroplasts was 3-phospho—

glyceric acid, dihydroxyacetons phosphate, fructose-l,&-diphosphatae
(sugar phosphate), pencose monophosphaces {muclsorides), and gevaral
other phosphate eaters. The ratio of these (but nokt s211) phosphate

campownda in the suparmacsnt to that in the chlordplast was greater in
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some cases to that of plycolic acid. Later atudles using pre-lahelled
iotact Chlorells perencidosa found a cunsiderable pertion of uwm i and
bound puhaphates in the medium after 30 minutes.

The low molecular weight compounds leaked Erom the chlovaplasts
are from the saos clisges of compowids oecurring in slgal culture
filtrates. Xrause and Stegman {1968) and Phillipe (1964) foumd
orthophospbate, nucleotides or poly nuclectides, and perhaps phoephory-
lated carbohydrates {sugar phophares) in ses warer containing algae
equilibrated with unm_. These are the same compounds that are hydrolyzed
by extracellnlar PMasss and are effectively used as sources of DIP by
algae.

Since maumm appears within 3 min after raking up auu»w in North
Gate Lake, it is apparent that metabolic FUP is derived from the pool
of perticulate phasphorus not £ar frem the phatoaynthetic pathway.
PMase hydrolyzable materdal (Tsble 5) vas in greatest concantratiom
4n the gurface strats of North Gate Lake os was the low solecular
weighet, lew CiP ratic mduu.w (Figure 10) auggesting rhar a portioa of
FUP is derived from the particulate cetabolic pool (i.¢., overlapping
C:F ratice) {Figure 11}, In addition, a porticn of the u_duwm pool uxs
reurilizable as would be predicted by the presence of sn acid Fase
vhose substrates include sugar phosphates end nucleocides (Figure NS..
The activity of this enzyme wns found to be graatest above the thermo-
cline (Figure 12}, which argues for a sestonic ordgia and a funcrional

rele in nrn-....mub.w phoaphate from excrerad FUP.

However, a major porticn of the total P pool {Figures 7 and 10},

{n Horth Gate Lake i3 £flrerable but ast zendialyrabla amd representa
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8 calloidal or a high melecular weight fraction of FUP. This form aof
FUP {i.=., CUP) has a high C:P tatic and increases with depth (surface
5.82 of total F; 2 m 32.2%; 5 @w 35.61) vhile metebolic DUP (lower
molecular weight} decreases {surface 52.91; 2 = 11.5% 5; 5 = 13.8X).
The prodocticn of m._._wﬂm by the plankton results in 8 turngver tine

for wetabolic FU 2P of 6.5 mevths on the sverage. 7Thia in mo way
represents the turnover of —.du.._.m in Neorth Gete Lake since tracer
equilibriuz was far from achievad. The data indicate that most of -
the mdu.._.m poal is refractory and does not serve as & redy source of

phoaphorus for che plankron in Noreh Gate Lake. tThus, FUP in acid bog

lakes camnot be lacluded in produceivicy foracasts from total phesphorus.

Woen EUP is subtracred from total phosphorus, the prediction of produc-
tivity from total phosphorus baegioe the zatch the zecognized trophic
acatus af bog lakes (Hutchinsom 1957, Volleneeider 1968).

Fhosphorug Equilibria: Cemoariseon of uNw and u_.w Fractions
During the summers of this study (1973-15), FAP remained umdetect~

able in the laks. However, at tracer equilibrfum 6-10% of the BISZP
tracer [tatuower tine (TT) = 5-19 wio] remained filterable for time
periods exceeding by several fold that of the turnover times for both
particulate and Jisaoclved phesphate. This cen be considered the
steady-state pool of phosphate-phosaphorus that is maintained by the
plankton through a belancing of execration and uptake rates. These sgxe
low levels of squilibriwm umu were naticed by Rigler (1956) with 972
particulate P with 2.9-5.2% af the 2P remaining filtersble (IT=10 oin).
Lean (1973) Eound thet ususlly less than 4% of tha total 2P added

reaained as Filterable unw. These values agrer very well and may be
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represeatative of Canadian shiald temperate soft water lakms. Wg)jmann
and Seiller (1974} found that leas than 10X of the umv added te Jprdan
River or Lake Kiooeret water remained 1o & filterable nom_n. but tym-
aver times were much longer (TT 13 hrs and 1.80 hre, tespectively),
Peters (1975) 1looking at central European lakes, found from =77 of
the traeer in solution at tracer equilibriom {avarmge TT equalled 27
min). In Lago Hagglore durlng 1973-T4, equilibrios filterate >3 gver-
aged 44X, Thia wad wuch higher than expected and Pecers {1975} proposed
chat unlike North American lakes, a higher level of filtersbls phos—
pborus available to the 8lgae exlsts in Eurcpean lakes. However, grable
phosphorus snalyses were not performed to confirm thia hypotheszs.
Where direct comparieom of steazdy-state tracer levels with grable
phoaphorus distributisns are availsbls (Table 8), it ean be saen ghat
in the tine periods of these eaperinente (which in all cases wverp fol-
lowed for time periods several fold w.u@-nmn than that of the diggolved
phosphate turnover rime) tracer equilibrive levels wire not established

at levels equal to that of the equivalent stible cowmnterpart. Thus, the

,nnn»nu of the representative radicphesphate fractions (e.g.. FUP; FRR)

are oot equivalent to the same gtable Eraceions (Table 8}, The fracriom
vhich was our of phase to the graatest excent {which caused the remain-
iog calculaced disequilibriuz} {e the sate io all cases, the £1}parstle
fraction

An average of 34T of the total stable phosphorus in Canadig
shield lekes is filterable (Rigler 1964), but lrss than 10X of the
uum at equilibrivn 13 filterable. Thus, it appears that like Noyph
Cate Lake and seawater, & conpidersble portion of filterable phogphorus

is oot being cycled as rapidly aa uMuN% and the equilibrivm leve] of
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Table 8.

Form Part=P FRP fup FUP:FRP FUP:Parc-P Syatem Source

31 . .
an’ 75.8 8.9 15.2 1.7151 u,20:1 Horine Hatt and Hayeo (1963)
TP 84.0 12.0 4.0 0,331 0.048:1

3 1 -

:3;? 64,5 5.9 8.7 46611 0,46:1 Frestster  Rigler (1964): Lean aad
P 93.0 3.5 1.5 1,00:1 0.038:1 Rigler (1974)

3 " . .

;311: 45.0 6.0 9.0 8.27:1% 1.09:1 Freahwater Present work

o] 82,5 12,0 5.0 0.4421 0.061:1

i1

*Assunes a ninimal deeserable concentrarion of 3 pg I’c,.-l’ 1-1
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the tracer is belov that of the uou..!_”n total phoapharus; i.z., FUF 18
oot turning over os quickly as orthophosphate. Thus, the pool of
utilizehle phosphorua 1s a soall fraction of the filterable phosphorus
pook.

If as found in central Eurcpsan lakes a higher lavel af Eilterable
phosphorua nup—.u wvere cycling ss rapidly as uau»—.. then the 3y
asywptote could ba higher (Peters 1975), which may ia tura {(if proven
correct) indfcate a lower level of FUP and a higher level of FaP
io these ayareas. The greater the difference in the parcentage of
filrerublie wuw fron thar compared to filterable E.M. tho grester the
amount of noncycling phesphorus; and the more important it becomss to
deternine the saymprotic waluea of filterahle unm and uﬁm.

In Rorth Gate Like {as 1o the other atudies) mdu._.m levels vastly
exceed the emount of FROLP (Figure 9). Bowever, when looking ac the
metabolic nunmv puols of phaspbarus (Figure 28 and Table 8), it becomen
apparsct that _..wuN—. levels are ouch greater than muunm Evidence such
ag this argues that stabls u"_..v distributions de not represent Lha
nersholic cycling of phosphorus becanse uu.m fractions are dominated
by refractory compounds which mask the actual cycling. Thus, the size
of the chemically detetwined pwals of phosphorus may have little vela-

tionship to their actual ioportance in the phoaphorus cyecle.

The Abioric Formation of Collpidal Orpanic Phosphate

Olsen (1967) emphasized the importance of colloidal phosphorus
to the underatanding of phosphorus eycling. Tn short he felt that
Ysfgniffcant progress in limmological phosphate research will depend

ir8

oo a perfect differentiaticn of the liquid am distinguished from the
colloidal state." Olsen (1958, 15964) emphagizes the importance of
calloidal phoaphorus and emphanizes the contribution of sediment clays
to this fraceion. Olgen (1967) suggested that adsorpticn to colloidal
clay might account for the cbaervatione of Rigler (1966} concerning
cheaical {(i.e., FRP auslysis) over estimates of DIP, He remsoned thar
upon addirion of small arounts of orthophosphate {e.g., DIP) adsorption
would take place egpecially £f the colioide.were in an oxidired stare.

Evidence exisra that FRP does oot equal free DIP in patural waters.
Io addition, it i5 apparent thet the acid hydrolysis of FUP is not the
reasom for this discrepancy. However, the adaozrption of phosphate to
organic colloids may well account for this snomaly.

The evidenca for thia hypothesis 1s &8 fallovs. Rigler (1968),
working with anion exchange resins obaerved thar while uwuum was repaved
efffetantly (96X} by the resin, FEP (427) was nat. He nored that

FBP was inftially caken up by the reais Like DI?P, buc wirh rime it

increased in rhe efFlyent along with FUP. However, uau»m vas still
removed from solution. The explanacion was that large organic molecules
wonld react with the resin axhausting the axchange capaciey at which
tine the organics plus atcached FRF vould appear in the sffluent.
However, ununw. it wvas thought, could etill penectate the pores of the
resin and be removed from sslurion.

Eoenings and Hooper (1976) demonstrated that che organic colloids
of Horth Cate Lake ware tco large co penetrate the appsrent “pores” of
tha resin and would likely coat the outside of the resin bead. This is
supparted by the cbaervations of Elisssen et al. (1965) vho Found that

the organic cellolds in the water ccated the resin particles and
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teduced the ber aof h nites, This presents anocher

explanation of continued removal of =ﬂu~m by cthe resaln. The active
sites of the organic colloid oay be still active which would in addition
to the resin remove onunm froo the lake water as was shown with the

KAD-2 repin experizents in thiz study.

Jones and Sp {19563) d rated that fon exchange resins

could not remove all the phosphate From natural ses water (33 remavall
while phosphate resoved frowm artificial sea water equalled 98I. In
addiedion, chey coacluded (as did Chamberlain and wrruann 1973; Kuenzler
et al. 1%63; Murphy and Riley 1962; Edwards et al. 1965 and Stricklend
and Solorizanc 196é) char it wae difffcclt to be coufident that any
increane in FRP was the result of the acid hydrolysis of crgandc
phospherus, so ther the dissociarion of fnorganic complexdés of phosphate
ahould be considered as nr.m pasaible canse of the effecta obsezved
(Enenings and Hooper 1976).

Westland and Beisclair (1976) found thar river water salted with
DIP and extracted by fom exchange did not result In 1802 recovery of
the salted DIF upon elation. They steributed the lesaea to the brown
adsorbed marerial rhat was irTeversibly bound to the resin. Substances
such as lignins have many polar sites capable of binding to che resis,
Again Blanchar and Riego (1975} suggest that colloidal phosphates that
pans through a 0.45 U penbrane react with scid molybdate and are
reported as DIP. Hovever, DIF salted and non-salted river water analyzed
by 1oa exchanpe resulcad in only 742 recovery of FEP while diatflled
water standards tesulted in a rvecovery of 272,

Sfmilar cesults were obtained by Roenings and Hooper (1976) wha

showed that fon exchange extraction of phosphats atandards resulred in
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dn 997 removal, while samplea containing FRP complexed to COH was

removed at 82% and 67% depending on cootact time of the FRP with the
oxddized complex. 1f the potential complexing COM-iron colloid was
removed by in situ dialysis, 93T of FBP was recavered as DI?. Thus, 1t
was reasoned that COM i3 directly responaible for the ponrecovery of FRP
e DIP, and that the FRP chemical mechod messures both bound snd Eree
orthophosphate. Foenings and Hooper {1976) demonstrated the actual
Formation of this colloidal complex chrough che use of both radicisatopes
and seable chemistry in vatural lake watex.

Abloeic coaplexing may be responsible for the undersstinacien of
free DIP compared to FEP measuremsnts {Rigler 15968}, _u_._-..ﬁmnn and Rigler
(2974) also reported that the biota may be responsible for a filterable
32, cuponent that dses mot react as orthophosphate. Thle indicates
thae both colloid formation through interacrionm of phasphate with COM

and iron (DIP + FAF¥}, apd the formation of mduum may interfere with

uuuum uptake kinetles, Howewer, abloeie Eixarion does not accur rapidly
enough to afEect short-term tracer studies [the time dependeat phenomenon
found by Roenings and Fooper (1976} and Fried and Dean (1955)]. However,
afcer enough time for equilibratiecn with the lake solids (particulate
and colloidall, the newly formed mdunm.»u utilized such less rapidly
than uuwmm (Pigure 28).

Bridence of the time deperdent formaticn of eolleidal —.d.uwv in situ
15 available from oy tracer studies. m.wuum lsvels squalled 5-10% of
rotel uum at tracer equilibriuwm afrer 1-2 r!... but increass to 15-20%

um after 5-7 days. Colloidal m.wun—. formation will be greater

of total 2
when phosphate levels are low, 1In such systens conplexed phosphate may

be a significant fractfon of FRP, but in phoaphate-rich syscems che
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influencze of ¢ollefidal=bound phosphate may be inaignificant.

The significance of colloid bound phosphorus

While experimental evidenta could account for the discrepancy
tetween FRP and DIF, the more important question remaing teo be answerad:
can the biota use this complexed phosphate? - In a standardized bicassy
procedure Walton and Lee {1972) suggest no difference in the usage of
FRP and orthophosphate by aLgee. However, a high leval of DIP was used
and this led the authors to eonclude char theae results might anot apply

to low E.n:u,nn systems. This is supported by Fried and Dean (1955}
who found that the more phoaphate added ¢o an lon exchange aystem the
lemn of the total present was adscrbed. Thus, at m level of FRP
sufficient to saturate colloidal exchange sites, an  fnsignificant
fraction of the FEP may exist complexed re the colload. At under-
satorating levels of FRP a higher level of the phosphate may exist 1o a
coiieidal form.

When Eunm i3 added to & saturaced system, {t remains ms unuwm.
but when aHuN_. 1z added to an unsaturated syscem, a aignificane fraceion
over time forms cnllofdal FRP. In a saturated systea simulated by
Foenings and Hoopsr (1976), COM reduced the formaciom of va_..ﬂn phosphate,
however, in an unsaturated system (such as iz this study) colloidal
teactive phoaphate dominsces che inorganic phosphorua fraction. This
cauges HWuum cycling to deviate from that obtained with Unwmv.

In North Qate Lake the formatfon of COM-irom bound phosphace

Increaged the curnaver tize of the orthophosphate from 5-10 min to

%~ 3.5 bre, and alsc reduced the of phasph available te the

plankton. anuwm at tracer equilibriuc avexaged close to 152 of total
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3z .
P at the gurface, and 3,51 at 2 m, while ﬂnum_. 4t tracar aquilibrium
averaged close to 65-70F of 7P gt both depths. Thus, vhile 85-97,5%

of the uﬂunm was absorbed by the sesten, only 30-352 of the -_.m.uum

waes absorbed {Pigure 26, Table 7}. Jacheom and Schindler (1975) foupd
that lesa than 5% of the toral uum was associated wich sediment humic
acid-iron assnciations, but they believed aven at this level nrnn. this
binding had considerable ecological signiffcance, It was betieved vo
lower the availability of phasphate to aquatic algze.

Finglly, FUP formation may provide a 4 ph un -

¢ ¥ P

that ran react with the COM-fron complex. Hesse (1973) fouod that
phytic acid vescte with the game minerals as phesphate which reduces
the action of the hydrolytic enzyme phytase. Simkfa {(1264) reports
that organic phoaphorna esters soch as adencaine tripbwopiizre apd
glycerophosphaee {in addirien to pyrophoaphate) can react with caledium
in the same meoner es orthophosphate. Chondroitinsulphate did

oot produce this action, so Lt was cosocluded that pelysaccharides are
ron vespunaibls for this vesction. This phenommenon is reminiscent
af Shapire's (1957) results of yellow organic matter adsarbing to
iron eolleide, reducing irom precipitation. The importance of
couplex formation of metals with phosphate estars and Fyrophoaphate
is that these potentigl companents of the FUP pool may, like

phytic acid, b lens ptable to the action of hydrolyeic

ehzymes auch as FMage, This would reduce the availabiiicy of

the phosphorus in the FUP to rhe sestom.

Ablotie coeplex formarion in natyral waters invelving either
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oxidized clay of COM-iron collofds, decreases che cycling rares

of boch inorgantc and orgenic phosphorus. Since cowplex formardon

is a time dependent process, the results from both short term Eumm

kinetic and mdumm utilizarion experiments may not.teflect the actual

cycling of stable phosphorus.

The diffugicn layer gradient and its urtance to phosphorus matabolism

The movement of inorganic phosphorus out of and inte che sestom
cccurs very rapidly io North Gate Eaka. Two forms of phosphorus are
fovolved in the transfer. The ffrat fs DIP which is removed from the
soluble phase at races approaching 15X B.E..lh. At the same time phoa—
_uwn_mﬁu s being returned to the soluble phase from the particulace pool.
Thus, excretion is a very importent process in malntaining adequace
inorganic phosphorus in the dissolved phase. During darkness the phyto-
plankton ebsorbed phosphate to a greater extent than during the day when
FEF wag relesased (Figure 25). Appareckly, the photesynchetic reactions
are accowpanled by a cuch more rapild leskage of phosphate due to 2 more
rapid turmnaver of cellular phosphorus. 1Io pelagic nutrient peor syatems
such & reacrion may actually induce changes in detecrable FRP concen=
trations on a diel basia (Figure 25).

The second form of phosphorus tramsferrad from the particulate
phase to the agueous phase is FUP. The FUP pocl <cneists of lov molecu-
lar veight coopounds of recent metabolic origin leaked by che plagkteon,
and lagger moleculae weighe compounds of colloidal size, A portion of
rhe amnw pool can be utilized by che sestco as m sourge of phosphorus
bue >75% is refractory (Figure 20). 1Im sddition, a aec productien of

FUP vas observed in the phytoplankron atrata in che light but a nec
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Figure 29. Phosphorus metabolisw within the microenvironment of
a phytoplankcon or bacterial cell. FUF = filterable unreactive
phogphorus, PMase = Fhosphomonoesterase, FDase = Phosphodlesterass,

ANase « Ribonuclease, DIP = dimsoclved inorganic phosphate.
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reutilization occurred in the dark. Thus, the FUP pool fs partially
cantrolled by the coopeting wetabolic reactions of production and
selective urilizarion.

The questlion now becomes why do culls when Enced with an already
nutrient deficfeat intra- and extracellulsr atatus excrete gr Form
refractory FUP? The model (Figure 29) of the micrephosphorus cycle of
8 nutrient deficient eell 1B an atteopt to erplain the presenca of mio
differentially utili{zgble pools of FUP, and ths presemce of particulate
and soluble enzyme activity.

A cell hae a micro-diffusion layer surrcunding it which can decar-
ming irs ability to cocpete far nutrients with other calls (Hulber:
1970). Schmacher and Whitford (1965) showed that the upraka of lp
was three times faster In the premance of a current which reduced the
size of the diffusicon layer. Whitford (1960) determined the thiclkness
of this laper to be approximntely 0.25 mm, The diffusion of nutrients
ioto z2nd out of this layer was dependent on the curreat speed, water
temperature, and the sire of the molecule. Larger organic molecules
diffuse ouch slower chan sozll lnorganic nutrients. It iw within this
layer that the cell exerts its msximm effect by bath extracting and
excreting inorganic and organic moleculss. ‘duu reaccions and the con-
centrations of reacrants and products within this Hnnuﬁn.bqpuuu!nun is
uvoder the control of the cell. For exsmple, che excretion of dissclved
organic carbon will fncrease the viscesity of this micro zone which may
redoce the sinking rate of the organism. This fncreased wigcosisy will
also decrease the rate of diffusion affecting the Tate of exchange of
outriencs, metabolites and other compounds between the cell and the

water. This 15 especially valfd for large organic molecules [e.g.,
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enzynes} which diffuse ouch slowet thao smaller inorganic molecules
(e.g., DIP).

Halamy apd Horecker (1964) found that several hydrolytic enzymes
important to cellular metabolisn are lacated io 8 coopartment between

the cell vall acd the cell membrane of E£. coli Lncluding FMase, Thie

enzyme functiomed to moke available che phosphate of pheapb era
when the inorgenic phosphate of the oediun was exhsusted. During such
a reactian the liberaced phosphste did nor squilibrate with the external
phosphate pool, but was selectivaly removed [rom solution. The factor
liniting the uptake was the diffusion of inmorganic phospbate through
the compartment {i.e., diffuaivn layer) containipg FMase.

Periplasmic enzrymes snd biading proteins (e.g., phosphate binding
protein) used in substrate transport include over 2§ macromolecules
including ‘the enzymes DNase, BMase, 2nd alkaline FMase (Heppel 1371).
Hydrolytic periplasmic and truely extracellular enzywes in bactecia are
considered to be analopous to the lysasonal enzymes of mamealizn cells,
but instead of an internal locacion sre compartmentalized om the cell's
cuter macbrane and fn the aicrs-diffusion layer.

These pane enzymes arte known to be extrzcellular in algzl cells
a8 well {a.g,, Huenzler 1970, Aaronsom 1971, Euenzler and Perras 1945,
Berman 1970), and have been found 1o splatfon in the open water and
interstitial water of the Sphagoum mat in North Gate Lake. Asid Fase
{a marker enzyze for the location of mammalian lysosomes) was found by
Lieo and Enutson (1973) fnChlamydomonas refiohsrdii to be actached to
bath sides of the cell’s outer memhrane. It is chia enzyme along with
alkaline FMage that I{ncreases in sccivity io algae during outrient

defieient conditions. Ome would expect the lake water to dilute the
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extracellular enzyme concentratiom, and the enzyme praducta to the polmt
where they would be useless, e.g., far below the X of the enzyme. Soch
is the caze for the acid Pllase io Narth Gate Lake where the X j5 fro2

-1

23 o B40 pM PNPP or 4 minimum of 2.2 mg L = of orgasic PO,=F. The

4

subatrate canceatration $o the lake 15 "7 up u.l_. mcbuv. However, the
d4ffusion layer provides a cechenira for preventing enzyoe, and esryme
product andfor substrate dilvcion by maintaining these molecules at the
cell surfsee. Thus, the rele of extracellular enzymes bscomes one of
digestion of ineracallulat organic phosphorus compaunds, and the resorp—
vion (recapture) of the produccs {Heppel 1971}, and the mupply of phos-
phate from external sources as well as iotermal scurces wien phosphate
becomea deficient in lake water.

Incressed prodaction of FUP has gensrally been obaerved in vizble
cells of slgae and bacterla when phosphate becomes limicing {e.8+»
Kuenzler 1970, Johaanes 1964). This £m also the time when PMase active
ity intresses suggescing & possible correlation of purpose. That is
that the hydrolytic enzyme may be acting oo excreted FUP. A functigmal
relaticnship has been escablighed betueen external and internal phos-
phorus poals and the activity of PMase {nalgae and bacteris {Rkee 1973,
Fitzgerald and Helson 1366, Harold 1963). Tha intsrnal polyphosphate
pool dacreaces following nutrient depleticn from the medius. Once the
Internal an well as the external pool is reduesd to & ninfoum value, the
cell produces PMase. It stands to veagon that the functica of the
newly produced enzyoe would be to provide imorganic phosphate for the
eell.

When faced wicth sutrient deficlent conditions {carben, nitragen or

phosphorus), Euglena gracilus, Pgeudomonos aeruginosa, and Eacherichia
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geli degrade a porrion of the cellular protoplasm. This progtessive

degradation represents a mechanism for providing the cell with breask-
down products for utilization in continued mafntenance of basic meca-
bolic proteasss (Bertini et al. 1965; Maruyama and Hiz{umo 1965, 1566;
Hatori et al. 1966; and MacKalvie et al. 1968)}. The sxtemal diffvsion
barrier creates a comparcment adjacent to the externel surface of the
plasma menbrane in which the concentratien of 2 metabolite may be dif-
ferent from either the intra~ or excracellular pool asd from which
partial recapture or rautiliratijon may oceur (Robbie and Wileom 1959).

In a sisilar oanner algae and bacterisl cells in » phosphorus
daficient enviromsent {as in North Gate Lzke) may use extermal PMases to
degrade excreted organic phosphorus esters Amd.vuk,uv (Figur=s 20} and
absorb the liberated inergenic phosphate. Over tizme a portion of the
organic phasphate may be loat from the diffusicn layer and ap-a~r as
Ew» (Pigure 2%). m.avn would have to ppss through the enzyme layer to
becone free in the watear colusm sccounting for the cefractory oature of
a considerable portion of the free FUF pool (Figure 20). Thus, che
appearance of FUF during phosphorus deficient conditiome represents a
net losa feon the microdiffusion layer due ¢o either the insbilicy of
the enzymes to degrade it, or simple inefficiency, This icss cvar time
is also a scarce of the compiderable pool of free enrymes found inm Nerch
Gate Laka.

In phosphorus poor wavers, che plankton have very litecle phosphorua
gstored 25 polyphosphate. It i@ this pool of internal sell phosphorus
that receives absorbed phosphate {Ehee 1973), If this pool is small then
the phosphorus absorbed will be rapidly transferrad from ir (pool A) to

the organic phosphamua feaction (pool B) e.g., RNMA (Figure 29), 1t is
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from this pool that short term FUE firsc arises (Figure 1B). Such

8 rapid produckion of FUP would not ba expected to take place in
autrient sufficient waters mince the absorbed phosphace anw—.v

would have to equilibrace with a vory large pool of stored poly-
phoaphate before heing excreted ay an organic compound. Extra-

cellulat leakage of FUP may follow carben excrseion ainee couparaciva
studies of extracellnlar productian by plankton sarples iodicace that
such ralesse 1a higher in olitotraphic (phosphate poor) than in eutrophic
(rhosphate rich) {Saund 1977).

Ly o4

Several other important predierions can be made from this mods).
Faor example, 1f you heve sufficient polyphosphate phoaphorus, the PHage
would be expectad to be considerably reduced, the uptaks kKinetics wauld

be 11 » and the uptake rate of Unuuw weuld follew photasynthesis,

There would be a diel diffsrence 3n uptake rate with a high rate in
the day time falifng to & minizum at night. In additicn, since thia
would be a phosphorua auffictent aysten, a diel difference in FRP
tofcentration would nst be axpected. In contrast, a phosphorus defy-
clent mystem vonld have a considerable pool of active Prase, waponencial
uptzke kinetics, and very little diel difference 1o uptake races. How~
ever, the FEP might well be expected to chapge o0 a diel bagis with g
winimm at night.

Einally, the relacive {mpartance of tha procass of algal sutolysis
(1.e., death apd decay) coupared to excretion by viable cells In the
production of FIIP pay in part ba detarmined by the oatrient status aof
the systex atudfed. In & nutrient deficiems aystem che zooplankton
graze heavily on the phytoplarkcon zo that astual algsl sutolysis is
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unicportane (Lean 1975). However, in a nurrient sufficiednt systess the
aslgae way noc be as digestible by the zeoplaukten or say @imply bloox
and die. Io chis case Che coorribucfen of death snd decay to the
production of FUP may bhe very significant (Minear 1975). Thus, ia
outrient aufficient aystems zocplanktom grazing, plackton excreticn
are less important, whereas bacterial ection and algal autolysis are
more important in putrient regemeratiom compared to mutrient deficdent

aystexs where the cppoeite holda true.

Phosphorus Flow in Noxth Gate Lake

A prelininsry medel of phosphorus flow im the surface of Horth
Gacte Lake has besen developed (Figure 30). Of particular impartance ave
the poal size differences vepresenting the disequilibrium that was found
to accur between umw and i, fractions. For this reason only spproximate

valuea for tates of tranef

omqrnr.ir nnnunu.nlnnnun-hvn
assigned. The widch of the lime represents the importance of the
inter-cozpartoant tranefer whareas the size of the compartmeat 1e in
relation to the frsctiom of sach pool ar spparent equilibrivam.

The nost imporrsmc transfer between comparments takes place beCween
the UHuNm pool snd che m-nnlumm compartment. This rate is messured la
nisutes {e.g. 10I n.»ulu.u with a calevlared turnover time of 4-5 min
depending oa the depth sampled. Simca the {nternal peol of stored
polyphoaphate i3 low in thess phosphate deficfent warers, absorbed
uwunm is iomedistely transferred to organic linkagea, and a very small
poredon (2-31 of tatal unmw is very quickly lesked back inta solution
sz FI%P (Eraction 1), A postion of this product is imbedtately
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Figure 30, The cycling of phosphorus by the seston in Horth Gate
Lake. Circled aveas are proporgional to the anount of phosphorus
in each Eraction at tracer equilibriim. Arrows iodicate the

magot rude of phosphorus flov.
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resbeorbed at a rare almost equivalent to its preduction. This eag
also be nessured in minutes. However, the major source of ﬂ._unm

(which 13 92111 a mirpr fraction of -du~uv comas from long ters

~
2D.. s BXETELioD meBsured in weaks with a turnover time as long as 6.5 =ontha
] 3 .
3U m o {fraction 2). Aguin a Portion (10-25% depending on the depth) can be
=]
]
[T m 5 reused (fraction 3) within ainures. Ic fa obvicus that given an avail-
—Q

ahle organic gubserata the plaokton cin uge it as & source of phosphate

Juat as effecrivaly as DIP,

Howaver, u..q.__nm Dever approaches equilibrium with the larger udukm

0,0211 min"J’T €. 04667 min~t
PART 32p

H0.094 uin"J’T-o.osuz atn”?

O p132p

pool (up to a 10=fold difference). Thus, cyeling _..c_unv represents g

small portion (B} of the FU''P pool. It 4a this migar fractien thar

interaces with the uunnuu._.m compartoent. The najor fraction of the

-d.u_.ms 1a of eglicidal sfze and is very refractory. Ics turnever

Figure 30,

tifte can be measured in wonths, Perbapa as long as one yaar.

An undetectabie poal of m.wuu.m vas found ia the ewhorie zone, and
any sdded DI% 1a slovly bound by a COM-iron colloid to form FR 2,

There appears to he corpatiticn batween the meston and the colloidgl

A
B
0«
1?
TD-OOJ? min
P e

[+ % s.r fraction far orthophosphate. Through mass actien, frea bnumm 18 com~
-
3u “ z\ verted to bound FR P, This bound FROZP can arill be used by the
] ~
'8 __ |||||| V.D-\ plankton (aigas and bacterta) aa @ scurce of inorganie phosphace, buc
[Epp—

inatead of a turuover tioe of minutea as with unuhm. the turnover time

locresses to nearly 3.5 hra, However, aven though che muumu is oot free,

Sﬂgagnuﬂ; A
DI31

ic i9 wtill responsiva to the acid nolybdate test, and 1s only partially
available to the plankten. Up to 860X of ;un—u is removed by

binding from the atilizgble ponl of orthophosphate. Thus, onehalf to

twe thirds of the torgl tolybdate response is nae biclogfcally available
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Soluble Bmactive Phoophorua (SRP)
(8crickland and Parsons 1972)

1. Soluble Unreactive Phoaphorue (SUP)
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and

2, Diosolved Organic Fhosphorus (DOP)
{Kuenzler 1970)
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