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;'A*‘ PETTET e 'L'INTRODﬁCTION S AR

In'North Gate Lake, an acid-bog lake loc;ted on the northern
Michigan-Wisconsin border, U.S.A., the Algai nutrient inorganic
phosphate (FRP) is not detectable by chemical means. Organic phos-
phorus (FU?) represents 100Z of the detectable filterable phosphorus.
The ﬁvailability and cycling of this organic fraction is of consider-
able interest in regard to the primary productivity of this systenm.
Té clarify these relationships, I studiéd the cycling of nonparticulate
forms of phosphorus (see Ap#endix) found in the epilimnion of this lake.
I. "The-#ink Betweé; frimary P£§a§§£i§££§';§d‘Phosphorus
| Waters of highly stained beg lakee of the narth temperate zone
typically show a very low level of primary productivity (Ruttner 1963;
Hutchinson 1957). At thé ga;e time among natur#lly and artifically
éé?ichgd eutrophic i;Les, a high phosﬁﬁorus content 1s ordinarily
gssociated with high productivity and a large biomass of plants and
animals (Edmondson 1969). Phésphorugié;ncentration has been linked
with various indices of eutrophication of lakes in Asia, Europe and'
| North America (Peters 1975), When introduced into a lake, inorganic
phosphorus 1is rapidly taken out of solution and is transferred to
the‘entire biota (Coffin et al. 1949). However, certain Michigan bog
lakes do not follow this pattern since they contain high concentrations
éé}éhosphofus and have extremely 1§;~ié§e;;-6f primary production.

-

_ Low primary production may be caused by (1).a lack of dissolved

gleqtrolytes (cations) which are selectively removed by the surrounding
Sphagnum mat and exchanged for hydrogen ions (H3O+); this process also

reduces the pH of the water (Clymo 1964; 1967); (2) the reduction in

10 dihe e &)
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”iight penetration into the water by colloidal o?éanic matter (COM)
(Hasler et al. 1951; Stross and Hasler 1960); and (3) the control

.COM may exert on the availability of essential nutrients (Koenings
1976; Koenings and Hooper 1976). Other factors stressed by

Waters (1957) include the importance of a low pH and the

lack of alkaline earth metals which are needed to maintain a.suppiy
of bound COZ{ However, in. geologically similar lakes on the Canadian
. Shield, phosphorus is believed to be the most important factor in
lake eutrophication (Scﬁindler et ﬁl. 1971).

Since bog lakes do not fit the model of the phosphorus cycles

éf eutrophic and oligotrophic lakes presented by Hutchinson (1957),
both the supply and form of phosphorus in the lake water as well as
its availability to phytoplankton must be considered as possible
limitations to productivity. In bog lakes the input of phosphorus
from groﬁnd water or surface draiﬁage is drastically changed by the
seepage of water through the biochemically active Sphagnum mat. Also,
bbg lakes lack a érue littoral zone which in other lake types acts

as an active site of phosphate regemeration and resupply when assisted
by wind-driven currents. Finally, the protection tﬁen atforded to
such small lakes by fhe surrounding vegetation (i.e., black spruce
forést), the low surface area to volume ratio, and the ability of the
stained waters to quickly absorb sunlight all tend to reduce water
c¢irculation and thereby restrict the resupply of mineralized phosphate
from the hypolimnion. Bog lakes of this type may develop a pefmanent
chemocline and monimolimmion (Hooper 1969).

North Gate Lake has a surface area of 0.4 ha (FigureAl). It 1is

located near the Michigan-wisconsin.border and is in close
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'geographical proximity to the lakes studied in the pioneering

limnological research of C. JJ&ay and E.A. Birge (Juday and Birge 1931).
It 48 within the same watershed as Peter and Paul lakes studied by
Hasler et al. (1951). The total phosphorus content (maximum of

80-90 ug 1.1 as P04-P) in the epilimmetic waters of this unproductive
bog lake is greater than the average pﬁosphorus content of 479
neighboring Wisconsin and Michigan lakes (23 ug 1-! P-P) (Juday and
Birge 1931). This phosphorus concentration places it among lakes of
the world classified as eutrophib according to the classification
scheme of Vollenweider (1968).

The organic phosphorus fraction (FUP) represents hearly 557 of
the total phosphorﬁs in North Gate Lake and 1007 of the filterable
phosphorus. Thus, the production of this fraction and its use by the
biota is pivotal to the.understanding of the impact of phosphorus
availability-upoﬁ the primgry production of bog lakes. Little is known
of the availability of FUP to photosynthetic organisms and of its
rate of turnover (recycling) in natural lake water. Data on the
physiological availability of the FUP pool in these lakes is of
importance to the understanding of phosphorus dynamics not only in
this lake but also in other freshwater and marine systems (Vollenweider

1968).

II. Nutrient Cycling

. Phosphorus concentrations in natural bodies of water-are often
linked to the productivity of the phytoplankton (Rigler 1964). Atkins
(1923) and Harvey (1940) asserted that phosphorus supply was the

limiting factor in the growth of algae or phytoplankton. Dissolved




dnorganic phosphate (DIF) was long assumed to be the only form of
phosphorus assimilated by the plankton. Its importance to growth was
goon recognized because phosphorﬁs is concentrated from the water by

7. l1x 108) than any element

plankton to a greater extent (1 x 10
required for growth (Vallentyne 1974; Armstrong 1965). It h;s also
been noted that on many occasions the amount of inorganic phosphate
did not decrease with an increase in the phytoplankton population and
on some occa;ions actually increased (Juday and Birge 1931; Rigler
1964). Through fertilization experiments it has been found that
virtually all of the nutrients added to the epilimnion disappear within
a few days (Phillips 1964). Waters (1957) and Koenings and Hooper
(1973), however, qoted that the phosphorus content of the epilimnion
1pcreased upon addition of lime. 1In addition, it has been shown .that
the stofes of soluble phosp;ate measured in the open water trophogenic
zones of lakes and oceans are inadequate to provide the phosphate
requirements of the phytoplankton for any extended period of time
(Hutchinson 1941; Juday et al. 1928; Redfield et al.'1937); These
lake studies were refined by the radiophosphate (32P) experiments of
Rigler (1956), Hayes et al. (1952) and Coffin et al. (1949) which
demonstrated the natural flux of phosphorus within the epilimnion.
Thus, from several sources of evidence if bécame apparent that
the phosphate content of the open water is not a static entity but 1is
in constant contact with zones of nutrient resupply and removal.
Such 2 dynamic model of the phosphorus cycle focused attention upon

mechanisms responsible for the regeneration of the phosphate phosphorus

pool within the trophogenic zones of lakes -and cceans.




!echanisms of resupply or removal of imorganic phosphate have

_-zpreviously been identified as being (1) ‘the exchange with the littoral

_..zone of lakes (Hutchinson and Bowen 1950; Hayes et al. 1952; Rigler
--1956; Chamberlain 1968; Confer 1972), (2) regeneration from the hypo-
..1imnion and its sediments (Mortimer 1941; 1942; Harrison et al. 1972;
. .Fitzgerald 1970), (3) bacterial regeneration {Watt apd Hayes 1963;
- Grill and Richards 1964; Hayes and Phillips 1958), (4) algal aptolysis
~ _(Harvey 1963; Golterman 1973), and (5) zoopia:n’;kr.ng fecal materdal
.{Ketchum 1962; Corner 1973; Rigler 1964; Pomerpy £f al1. 1963).

‘These studies indicate the phosphate.zxists in a state of
-dynamic equilibrium between the particulate and dissolwved states.
-i:l'his was .shown Sy Rigler (1956) who found a turpover time {(the time
-4t takes for the phosphorus in the dissolved phase to replace dtself)

..of 5 min for a bog lake and that the range of emuvalent turpover times
in the summer plankton of a ﬁriety of lakes wmas From less than 1 min
to 7.5 min. In marine waters Watt and Hayes (19%3) Zommdd a turnover
time of 1.5 days for dissolved phosphate. Recently, Sabetich (1975)
.summarized the turnover times of several compartments of :mari:ne and
-freshwater systems. From this summary it is apparent that :ptms;zhar\e-

-phosphorus is not only concentrated, but is also zerycled xapidly

-through the water and its biota.

- III. Filterable Unreactive Phosphorus (FUP)

It became apparent during the analysis of :phns:ptms 4n lskes
.zand oceans that a sizable pool of filterable phomphomis exists atvich
:requires4acid digestion before it (FUP) Teacts as dnorganic phosphate.

‘Thic fraction was designated soluble unreactive phrosphozus (SUP) by




..Strickland and Parsons (1972) bﬁt_is often designated as dissolved

.-organic phosphorus (DOP). Seasonal and diel peaks were observed in
’FUP in fresh and marine waters (Overbeck 1962;,Soede£ et al. 1971; Watt
.-and Hayés 1963; Harris 1957; Harvey 1963; Reichardt 1971; Minear 1972)
~which indicated recycling (i.e., utilization and regeneration).
-.Hutchinson and Bowen (1950) found that the phytoplankton quickly took

32P (inorganic) rapidly and excreted the tracer in a less

-~up DI
..assimilatable (organic) form. They considered the radiophosphorus
to be in equilibrium with sestonic phosphorus, the less assimilatable
- (organic) form and ionic phosphate. | |
| In unpolluted marine systems (Johannes 1964; Redfield et al.
. 1937; Watt and Hayes 1963; Harvey 1963; Armstrong 1965) and in fresh-
( T ~water systems (Juday and Birge 1931; Hutchinson 1941; Rigler 1964;
Tucker 1957;'0verbeck 1962), the\FUf fraction often dominates. the. .
-gteady state distribution of the total phosphorus. In the trophogenic
: ‘ ;uaters, FUP almost always exceeds filterable reactive phosphorus (FRP)
% (FRP is used as a measure of inorganic phosphate) and can exceéd the
% -phosphorus found in particulate form (Tucker 1957; Redfield et al.
'1937; Juday and Birge 1931). Particulate phosphorus and FUP often
decrease with increasing depth in the tropholytic zone as FRP increases
-(Hutchinson 1957; Redfield et al. 1937). Thus, FUP production was
-wery early attributed to the phytoplankton (Redfield et al. 1937;
~”ﬁarvey 1963; Holm-Hansen 1966§ Blanchard 1975). A description of the
typical relationship between FRP, FUP, and particulate phosphorus

(Part. P) in the sea is provided by Holm—Hanseh.et al. (1966). 1t

-was found that both Part. P and FUP were highest in the epilimnion

-and decreased in importance with depth. FRP, however, showed the
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reverse trend, i.e., increasing in importaﬁce with depth and with a
minimum concentration in the épilimpion. Of considerable interest is
the fact that these authors found that dissolved organic carbon aﬁd
particulate carbon followed the same trend as did their phosphorus
counterparts. However, Rigler (1964) showed that the absolute amounts
of FUP in natural waters varied with the procedures used to separate .
the particulate organic fraction from the FUP'fraction but that FUP
always exceeded inorganic phosphorus. The observations of Kuenzler
and Ketchum (1962) and Rigier (1968) indicate that the chémical

- procedure used to estimate inorganic phosphate overestimates the
abundance of this fraction 10 to 100 times. Thus, fdr example,
instead of an c.>bserved' ratio of filterable org'atiic to inorganic phosphorus
of 4.6:1, it may be closer to 500:1 (Rigler 1966).

Stable chemical analyses have suggested the importance of
pﬁytoplankton in the production of FUP and the potential importance
‘of this fractiop in the phosphorus cycle. Major emphasis has been
placed on algal decomposition by bacteria and/or auﬁolysis in the
process of prodqction of FUP (Grill and Richards 1964; Watt and Hayes
1963; Hayes and Phillips 1958; Phillips 1964; éolterman 1973).
However, Johannés (1964) showed that neither dead nor living bacteria
constitute significant sources of FUP in the sea add found thaf
animals release FUP and FRP at lower rates when dead than when alive.

- He aléo found that when marine bacteria assimilate FUP, they regenerate
very little FRP, but diatoms on the other hand can excrete FUP before
they reach a stationar& phase of growth, i.e., still in a completely

viable state. Johannes attributed the difference in his results




compared to those of other workers to the methods others used in
killing algae (chloroform, heat, ultraviolet light).
étudies on the rate of mineralization of algae in the dark

(with bacteria present) (Grill and Richards 1964; Goldberg et al. 1951)
suggest that significant decomposition does not take place until 2-3
| weeks ;fter light is excluded. A critical look at the data presented
indicates that silicé levels reached pre-darkness levels on day 13.
During this time silica was taken out of solution, indicating growth
of the diatom culture. In addition, FRP levels dropped during this
period while Part. P levels increased. It wasn't until day 14 that
all the data (in particular an increase in FRP) indicated that the
diatoms were undergoing decompositién. Goldberg et al. (1951) suggested
-that these results might be explained by the obserﬁation that the
diatom frustule does not open until the decay process is nearly com-
plete. At any rate, during the experimental period (414 days), FUP
~levels were never more than 507 of the levels at the stétt of the
experiment when the diatom cultures were in the 1igﬁt. Thus, fo say
that FUP pools are mainly the result of autolysis and especially
bacterial decomposition (Watt and Hayes 1963; Rigler 1956) does not
fit all observations., Further evidence for this conclusion comes from
the work of Golterman (1975) who observed that after a few hours of
autolysis, 507, and after a few days,.7d-802 of the particulate
phoéphorus returned into solution aéAﬁiﬁegéliQed'?hosphate. In
a&éition; Watt and Hayes (1963) cite ihe work of Matsue who

found that up.to 98Z of the organic cell phosphorus of Skeletonema

is released to the water as orthophosphate within 23 hours.

- R AT P —




- .Johannes (1964) observed.secretion of FUP by algal cultures in

a nonstationary growth phase. Thi§ was also reéorted by Kuenzler

and Retchum 1962; Kuenzlerzl967;. Antia et al..‘l963; Strickland and
Solorizano 1966. Ketchum and Corwin (1965) point out that the
filterable organic phosphorus appearing in their study may have come
from excretion by phytbplankton. Strickland and Solorizano (1966)
found that appreciable quantities of hydrolyzable ester material were
excreted after algae had used up all the inorgaﬁic phosphate in the
.medium; Kuenzler (1970) noted that a significént amount of FUP was
excreted in cultures of several species of healthy marine alg;e during
aug after phoophate depletion. Aaronson (1971) reporteéd the production
of FUP from viable cells of a cultured phytoflagellate. Thus, there
is abundant evidence that a variety of algae can produce FUP without
autolysis or bacterial decomposition. Autolysis and bactérial
regeneration are important in nutrient regeneration and pérhaps also

in FUP production, however, these processes cannot now be considered

the sole factors responsible for the production of FUP.

-IV. Enzymes Acting on FUP
Dissolved or membrane-bound enzymes in contact with the open

water can degrade‘FUP into an organic moeity and inorganic phosphate.
These phnsphomonog;terases (PMase) have been detected in both the
marine and freshwater systems. Estimates of the stability of
enzymes are: 807 retained activity after 20 days (Berman 1970); a
half-life of 7 hours (Reichardt 1971); half-life of 3 days at 18° C
(Reichardt et al. 1967). Extracellular PMases have been shown to
~exist'in sea éater'(Stficki;nd aﬁa Soioriéaﬁo l§66§ &éngéch-ét al;

1972) and in frcchwater (Berman 1970; Berman et al. 1972; Reichardt
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1971; Reichardt et al. 1967). Specific sources of this enzyme are N

Euglena gracilus (Price 1962), the benthic gamarid amphopod Lembos

intermedius (Johannes 1964), the crustacean paphnia magna (Rigler 1961),
the bacterium E. coli (Garen and Levinthal'1960), several species of
pﬁytoplankton (Kuenzler 1970; Kuenzler and Perras 1965; Aaronson 1971;
Fitzgerald ;nd Nelson 1966), and the ciliate protozoan Tetrahymena
geleii (Elliott and Hunter 1951). Hooper and Elliott (1953) showed
fhatAthis beunthic ciliate can release iﬂorganic phosphate from organic
phosphorus compounds. Thus, cellular enzymes produced by aquatic
organisms may be ecologically important as a source of new inorganic
phosphate for growth of algae once the phosphate in the water is low

or exhausted.

V. Organophosphorus Utilization

- The ability of the phytoplankton or algae to use the phosphorus
of organiébphoéphorus compounds has been established. Chu (1946)
clearly demonstrated the ability of three diatoms in axenic zulture

to use the phésphate in phytic acid as a source of phosphorus for

growth. Harvey (1953) found that a culture of Nitzechia closterium

could use 10-12 ug of the phosphorus from phytic acid and 8.5 ug of
1§o:ganic phosphate during a 3-hr incubation period. He also found
utilization of gl&cerophosphorus by this species but noted that this
ability may have been due to the presence of extracellular hydrolytic
enzymés present in phosphorus-deficient cells. Phosphorus-replete
cells did nét use this compound. Fogg and Miller (1958), Provasoli
(1958), and Kuenzler (1970) concluded that several phosphate esters

could bc utilizéd as readily as inorganic phocphate by several species

TR A Y
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of phytoplankton with or without bacteria present. Compouﬁds,utilized
include glycerophosphate, phytic aéid, yeast ﬁucleic acid, adenosene
monophosphate, adenyiic acid, cytidylic acid, hexose-l, 6-diphosphate,
riboflavin monophosphate, glucose-6-phosphate (Johannes 1964;

Kuenzler 1965), deoxyribonucleic'acid, phosphoserine and phosphoryl

chéline (Perry 1976). Anacystis nidulans used glycerol-2-phosphate,
pyrophosphate, glucose-6-phosphate, fructose~6-phosphate, fructose-l,

6-diphosphate and 3-phosphoglyceric acid. 1In addiﬁion, Aphanizomenon

sp. used the phosphorus of phytin (Reichardt 1971). Thus, esterified
forms of phosphorus of a variety of compounds and arising from
dégradatiou by a variety of hydrﬁlytic enzymes can be used by algae
as a phosphorus source.

In cultu?e experiments organic phosphorus (FU32P) of recent
metabolic origin has been demonstrated to be partially available to

.the phytoplankton. Utilization by algae of the FU32

P produced by
algae in stationary phase varied from 4 to 97% depending on the
species tested (Kuenzler 1970). Johannes (1964), however, found only

40%Z reutilization by algae and Watt and Hayes (1963) found that

in a 7 day period bacteria could reutilize only 23%Z of the FU32

concentrated from sea water. Yet Johamnes (1964) also reported that

32

bacteria could use up to 927 of the FU P producéd by a benthic

amphipod. '

Kuenzler (1965; 1970) showed that -the -ability of va?ious algae
to use the phosphorus in organic linkages was related to the abilitj
of the various species of plankton to produce an active phosphatase.
The algal species tested varied in this ability and thus reassimilated

different amounts of FUP from culture experiments. However, the
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presence of external PMase was necessary since cleavage of inorganic
o phdsphéte'froﬁ the organic ;oeity tékes.placé in the media with
subsequent absorption of the phosphate with the carbon skeleton
remaining in the media.
It is of interest to note that the production of éMase often
- incgeases when phytoplankton, bacteria, and fungi reach the lag
’ phaée of growth in cultuge and when phosphate becomes deficient. Uﬁon
addition of phoéphate to?fhe culture, enzyme activity falls to the
. 4nitial value (Kuenzler 1970; Kuenzler and Perras 1965;.Price‘1962;
. Torriani 1960; Blum 1965). Fitzgerald and Nelson (1966) found that
';yhen green algae, blue-green algae, and diatoms are grown with surplus
. - phosphate and with low levels of phosphate, that they store ortho-
. ..phosphate in proportion to that present in the medium, but the PMase
#ctivity is inversely relatgd to the amount of stbred phosphate. This
_was later confirmed by Rhee (1973) who further found that surplus
'phbsphate was quantitatively equivalent to the pool of stored poly-
) ;hosphate which in turn was inversely related to the activity of an
alkaline PMase. Thus, the enzyme was produced when the cells became
- DIP deficient, and the presence of excess DIP repressed the de novo .
synthesis of this enzyme. The ecological significance of this .
.phenomenon is that some algae, bacteria, and fungi, when faced with
nutrient-deficient conditions, produce a hydrolytic enzyme that is
external to the cell membrane. Quantitatively, this production may
_constitute up to 6% of total cell protein. This enzyme enables the
cell to obtain needed phosphaté froﬁ FﬁP compounds in the media

.(Kuenzler 1970). The ability to form the external enzyme is not

universal among élgée (Ruenzler 1970) so this phenomenon may offer
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a competitive advantage to the species capable of producing a

PMase.

51. Filterabie Organic Phosphorus
| Identification of organic compounds making up FUP has been
iimited, however, cecmpounds ha§e been identified from both laboratory
algal cultures and from naturally existing FU?. FUP isolated from
algal cultures has been identified by thin layer chromatographyA and
consisted of orthophosphate (DIP), and two sugar phosphates; three
remaining spots were not identified (Krause and Stegman 1968).
fhillips (1964) with paper chromatography tentatively identified si#
compounds which included: three nucleotides ér polynucleotides and
three phosphorylated carbohydrates. Kuenzler (1967; 1970) found
seven to nine substances with papér chromatography. Strickland and

Solorizano (1966) report that considerable dissolved ester-hydrolyzable

'~ material was produced by Dunaliella tertiolecta in culture experiments.

These are the same class of low molecular weight substances that have
~been shown to be utilized by algae as a source of phosphorus through

. extracellular hydrolytic enzymes. In addition to these low molecular
véight comp&unds, Aaronson (1971) presented evidence supporting the
existence of a dissolved nucleic a;id-like material in algal culture
media. )

Herbes et al. (1975) indicates ;He presence of phytic acid in natural

lake water. This appéared at highest concentrations during the spring
ané declined tﬁrough the early summer. The seasonal pattern suggests

that this form of FUP may be of allochthonous origin. Minear (1972)

.identified nucleic acid as a form of FUP and estimated that it

AR |
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contained 40-607 of the high moiecular weight material. The high
" molecular weight fraction made up only 5-147 of natural lake FUP. So
' of natural lake FUP, nucleic acid equalled 1.28-2.03% of total phos-
thorus or a maximum of from 3.1 to 6.5% of natural lake water FUP.

These results must be evaluated by takihg inﬁo.account the concen-

" tration procedure;used. The procedures gave erratic results, perhaps
were ﬁot specific for recovery of FUP. There may have been further
" loss by "extensive" hydrolysis of FUP in Minear's Sephadex columns.

The latter poinﬁ seems to be especially important to consider in
'light of Lean's work (1973) with phosphorus kinetics derived solely
from Sephadex studies. Koenings and Hooper (1973) identified nucleo-
mtides and polyphosphates in a small acid bog lake. However, the

amount of FUP accounted for was usually lesé than 507 of the FUP found.
- '~ Further characterization of natural FUP has been done with
bacterial eﬁzymes. The addition of bacterial PMase to a sample of
'éatér containing nétural FUP'results in a slow and incomplete
-degradation of FUP at least as compafea to PMase action on phosphate
esters such as glucose-6-phosphate. Kuenzler et al. (1963) found

that only 17Z% of natural "bound" FUP was released and Berman (1969;

1970) found that only 40-60% of the total initial phosphorus present

inAunfiltered lake water was released as DIP within 4.5 days. These
‘results included the enzyme-catalyzed release of DIP from orgenic
ﬁhosphorus compoﬁnds in the dead plankt0n, not just nafural FUP
_éompounds. The expefiménts of Berman should be regarded with caution
4n light of the experiments of Jones (1963) that demonstrated that the
addition of chloroform to unfiltered lake wﬁter resulted in the

;éieasé of DIP from particulate organic material. The rate of release
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in Berman's experiments was only 2.6-8% bf the rate with p-nitrophenyl
.phosphate (PNPP) .as a substrate: Jones (1972) found tha; release of
DIP from naturally occurring phosphorus compounds was 15-100 times
slower than that for PNPP. Rigler (1961) foun& that Ottawa River water
PMase c;ui& hydrolyze glycerophosphate,‘but that naturally occurring
organic phosphorus compounds were unaffected. Strickland and Solorizano
(1966) failed to find appreciable FUP in open sea water that was

enzyme hydrolyzable, but found a small quantity in near—shore.ocean
water. Herbes et al. (1975) found no FUP hydrolyzable by PMase

in two iakes, and found that only 97 of natural lake FUP was utilized
by the biota of the lake in seven days. Perry (1976) concluded that
the pool of FUP in the North Pacific was not turning over, and Rigler
(1964) found no evidence for a seasonal cycle of FUP in several ncrth
temperate lakes. Kuenzler et al. (1963) reported tﬁat a bulk of the
"bound" phosphorus in sea water was not directly assimilatable by a
diatom or rapidly hydrolyzed extracellularly. Berman and Moses (1972)
found free dissolved phosphatases in filtered samples of fish-pond
water, however, neither these enzymes nor added phosphatases released
significant amounts of DI1P from the FUP.

From the evidence justipresented, it can be concluded that most
of the natural FUP in lake waters is not hydrolyzed by PMases. Compounds
identified as part of thé FU32P isolated from algal culture experiments
can be hydrolyzed by PMases, and since these same compounds can be
used as sources of phosphorus b& algae, most naturally occurring FUP
pools may not be present as ﬁhe same compounds tentatively.identified
as algal excretion prodﬁcts in culture experiments. However, this

conclusion may be premature since it is not known if natural FUP

T
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compounds are in an enzyme-hydrolyzable form. This is important since

organic phosphorus compounds complexed with metal ions are not

susceptible to enzymatic degradationm. : T T

VII. Abiotic Organic Phosphate Formation

. Abiotic fbrmation of fiiterable (colloidai$ oréanic'phosphorus
i;:thought to occur in natural lake waters (Colterman 1973). This
é#ﬁ'be méasured either as FRP or FUP dependiﬁg upon the form of
;hésphorus held on a humic-iron complex. Chamberlain and Shapiro
k1973) suggest that such complexes may be ;esponsible for the
ﬁ}screpéﬁcies found between e;timatés of ﬁIP and FRP. Lehmusluoto and
R;hanén (1972) réport>Sephadex separation- of twn fractionms. of humic
pgterial and that the higher weight material contains iron and phos-
;hofus. The forﬁation of a.célloidal cémplex between iron and organic
;;tte? and phosphate was demonstfated in natural lake water by
#oenings and Hooper (1976). This finding is of significance since
;;c;nt studies on the form of FUP in natural lake waters have found a
low molecular weight fraction and a high molecular weight fraction(ﬂerbes
et al. 1975; Minear 1972; Lean 1973). A‘COM-metal-phOSphate complex
would go far to explain differences between both the chemical analysis
and algal utilization of DIP and FRP. Colloidal complex formation
could also account for the slow enzyme hydrolysis rate of natural FUP
compared to the rate of hydrolysié ofAexogenous phosphate esters,

e.g., PNPP, recently added to filtered lake water. It may also account
for the existence of FUP esters in qatural lake waters that are

hydrolyzable by high concentrations of bacterial PMase yet are not

attacked by low levels of natural dissclved enzymes, 1.&., changes

T VTR
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caused by assay conditions. Thus, specific pﬁosphorus esters may be
protected from decomposition by virtue of metal-organic acid complexg—
tion, e.g., phytic aci{d is known to form complexes like phosphate and
these salts are resistant to phytase (Hesse 1973). 1Im addition, |
Scharpf (1973) reports that organic phosphates, 1ike inorganic phos-
phates, have the ability to form complexes, chelates, and insoluble
salts with many metal ions. Thus, recently prdducgd FU32P from algal
cultures may be more utilizable by algae than naturai lake water FU31P
since the latter may exist entirely in a complexed form.

‘ Of particular importance to this study is that bog lakes contain
very high levels of colloid;l organic acids which are associated with |
hiéh levels of dissolved iron (Shapiro 1966; Hutchinson 1957;  Juday
et al. 1938; Koenings and Hooper 1976) and possess higher levels of
dissolved organic phosphorus (Juday and Birge 1931). Organic phosphorus
in peats and humus is believed to be highly resistant to microbial
degradation (Hesse 1973). This may be due to complex formation, but

little is known about the matter.
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~ SECTION I

Ihe Chemical and Biological Limnology of North Gate Lake

#.etar 1 Pormation and Characteristics of Bog Lakes

" - A bog lake ecosystem is intermediate between typical terrestrial‘
and lake systems in many respects. Bog lékeé are surrounded by
vegetation which causes the partial filling in of the old lake basin,
8o that the lake sediments both profundal and littoral are always found
below the peat layers of the bog.

During the process of filling, the lake which is normally supplied
with minefal nutrients from precipitation and surrounding soils is
slowly cut off from the latter supply by selective filling with organic
sediments. This is especially‘rapid néérer the lake edges, Whére
conditions of higher productivity prevail. Continued autochthonous
deposition of organic matter impeées the flow of water, and isolgtes
;he central parts of the open lake area from the supply of mineral
nﬁtrients. Deposition of organic matter continues but there is little
mineralization. This leads to a depletion of mineral nutrients and a
~ resulting decrease in productivity. However, the concentration of
~organic matter is high because the rate of decomposition is only about
1/3 that of other ecosystems (Malmer 1975).

Isolation of the drainage into the bog Allbws only é surfiéial
flow of water. Aithough this flow may be rapid (}0.04‘cm sec_l),~it
is limited to the upper 25 cm through the horizon of living Sphagnum
(Boelter 1970). The water level and especially the supply‘of mineral
nutrients is dependent directly or indirectly on precipitation sincé
nutrients (multivalent cations) are stripped from the surface flow of

water by cation exchange reactions from living Sghagnum plants (Clymo

18

e e e T




19

1967). This reaction along with the fact that'a.great many metallic
cations are fixed on the humus colloids (Malmér 1963; Koenings ;nd
Hooper 1976), reduces the sum of cations below that of the sum of

A anions. The low pH (4-5) reduces the formation of bicarbonate ions,
thus the only significant anions are often chloride and sulfate. These
reactions account for the low c§nductivities observed in such lake
systems. 1

Fertilization experiments of the bog mat indicate that plant-
available phosphorus limits producgivity. Thus the internal recycling
‘of the minerals betwe;n greén parts and storage organs may be important
for the maingéﬁance”of'plant'growéh (Malmer i§?5). The bog mat shows
a paradox of a very low productivity coupléd with a high totai amount
of nutrients. This suggests a shortage of plaﬁtravailable nutrients
which must arise because of a slow remineraliza;ion process.

The phorﬁhorus of the Sphagnum beds'surrounding the open lake
water is concentrated in the surface layers. This concentratipn zone
1s seen for only one other element, iron. Studies by Stewart and
Robertson (1970) on the depth distributibn of elements in peat support
these observations. Thus, iron and phosphorus conceéntrations are
highest in the surface layer of Sphagnum and this is the only strata
l;kely to be involved in the lakeward migration of mat interstitial
water. Such flow or bulk movement arises from rainfall. Thus, the

Sphagnum mat is the principal source (besides direct rainfall on the

open water) of phosphorus for the lake.




20

Chemical Cycles and Biological Communities

Methods

Study Area

North Gate Lake is a small, highly stained (tea color) meromictic

lake locaped within sectof 37 of T45N, R42W, Gogebic County in the -
Upper Peninsula of Michigan (Figure 1). The lake is one of numerous
bog lakes on a 2,225 ha reserve owned by The Uﬁiversity of Notre Dame.
The open water is surrounded by a Sphagnum~-dominated mat which extends

into a biack spruce (Picea mariana) forest. Additional mat vegetation

consists of Carex, Chamaedaphne,_Vaccinium, Eriophorum, and Drosera.

The lake has a surface area of appzoxlmatelj 0.4 ha, dimensions of -
approximately 50 m long by 40 m wide and a maximum depth of 8 m. North
Gate Lake lacks a true littoral zone. The bottom falls to 6 m at the
edge of the Sphanum mat. Two-thirds of the lake bottom is enclosed by
the 7 m contour and only a small area exceeds 8 ﬁ in dgpth (Figure 1).
From physical and chemical properties, the lake can be split into four
zones. From O m to 1.0-1.5 m represents the euphotic zone with a
Secchi disk depth of appfoximately 1 m., The ﬁherchline or mefalimnion
is at 2 ﬁ. Below this to approximately 6.5 m_is the hypolimnion wiih
6.5 m being the beginning of the permanent zone of nonmixing or monimo-

1imnion which extends to 8 m.

Stable Chemistry

Routine chemical analyses were taken during the summer of 1974 to
determine background limnological characteristics of the open water

and surrounding Sphagnum mat. In 1973 a study lasting 30 days was
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Figure 1. Map of North Gate Lake and surrounding vegetation.
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conducted comparing the open water at 3 m from the edge of the mat with
the open water at the center of the lake. _Sampies of conductivity, pH, .
alkalinity, dissolved oxygen, hydrogen sulphide were taken every day

at 6 depths (1 m intervals). Those data showed that the chemistries at
the two stations were very similar and more importantly that changes
occurring at one station were mirrored by the changés at the second
station. Thus, the center station was chosen for data collection in
1974-1975 and results from this one station will be considered to be
representative of the 6pen lake water as a whole.

Mat interstitial water and the mat-open wa;er interface were
sampled at ten sites through the use of lysimeters installed in 1973.
Samples from thé lysimeters can be considered to be from "undisturbed"
sites since they had a full year to equilibrate with the surrounding
interstitial waters before use. These iysimeters were constructed
entirely éf plasti¢ and glass.

Physical-chemical determinations were made every four days at the’
same time each day for four months. Those tests included total, fil-
terable (0.45 ﬁ membrane filtered) total, filterable reactive phos-

. phorus, dissolved oxygen and hydrogen sulfide. All tests were performed
according to Strickland and Parsons (19725. |

Alkalinity values were obtained according to the low level method
(APHA 1975) using a pH meter for end point determination. A Coleman pH
meter was used with glass electrodes for both the alkalinity aqd pH
determinations. Conducfivicy measurements Were made with a Wheatstone
bridge and results were corrected to 18°C. Temperature was determined.
with a resistance thermometer. Samples for dissolved oxygen were

analyzed at site. Phosphorus, HZS' organic carbon, pH, alkalinity, and
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conductivity were analyzed within 20 minutes after collection at the

Notre Dame laboratory or after storage at 4°C for 2-3 hours. The

depths sampled for pH, alkalinity, temperature, dissolved oxygen, hydro-

‘gen sulphide were usually every meter. Phosphorus, organic carbom, and
conductivity were sampled at representative depths: surface (epilim~
nion);, 2 m (thermocline), 5 m (hypolimnion); and 7.5 m (monimolimnion).
Samples were analyzed in duplicate with standards and blanks run where

appropriate.

Results and Discussion

Biological Communities

Before discussing the -cycle of phosphorus in North Gate Lake, a
general descriptiou.of the community of organisms at the various strata
mu;E be cohsi&ered. Biological popuia:ions are responsible to a great
extent for the cycling ofAeleménts in natural waters and through bio-
chemical reactions determine or at least influence the chemical compo-~
sition of the aquatic environment.

Communities of organisms differ in the various strata primarily
because of physical factors. Photosynthesis is limited to the euphotic
zone or the Secchi disk depth (Figure 2). Within this zonme (0.0 m -
1.0 m) numerical distribution of phytoplankton parallels the particu-
late 14C activity., Thus, this zone confains populatiéns of active,
autotrophic phytoplankton. Below this consistently oxygenated euphotic
zone, very little 14C is found in the particulate phase in either light
or dark incubated samples.

The phytoplankton in soft water meromictic lakes is often so poor

that the bacterial production of organic carbon by chemosynthetic

Te—.. "
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</
Figure 2. The depth dependent distribution of biological

communities and physical factors in North Gate Lake..
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reactions may equal that of "the photosynthetically fixed carbon (Sorb;

‘kin 1970) . Montroy (1974) described the distribution of bacteria in North

Gate lake and found a maximum of bacteria at 2 m. This same lens was

qualitatively followed at this depth from 1973 to 1975. Since the

bacterial community occurs at the junction of anaerobic and aerobic
zones, both reduced (energy-rich) substrates and dissolved oxygen are

available for chemosynthetic metabolism. However, since little dark

14CO2 incorporation was observed in North Gate Lake, chemosyntheﬁic

reactions appear to be minimal. The bacterial lens showed minimal <3%

assimilation of 14C instead of 30-40%Z characteristic of‘chemoéyntﬁetic
. reactions (Sorokin 1972). -Thus; the bacteria appear to” be heterotrophs

which utilize as substrates senescent phytoplankton'which sink from the

euphotic zone and concentrate at the top of the thermocline. This

probably accounts for the large amount of detritus found in the 2 m

strata of the lake (Vogel 1976).

A general picture of the biota of North Gate Lake indicates an

active population of phytoplankton at 0.0 m, 0.5 m, and marginally

functional at 1.0 m. A residual population of photosynthetically in=

active plankton exists at 1.5 m. Below this zone pcpulations of

bacteria increase concentrating in a leas at the top of the thermocline

that extends from 2.0 m to 2.5 m. Thus, O m, 0.5 m, and 1.0 m appear

to be dominated by autotrophic phytoplankton, and 1.5 m, 2.0 m and

2.5 m by heterotrophic bacteria.

Chemical Cycles -

Dissolved oxygen

The euphotic zone (surface to 1.0 m) remained consistently

2
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aerobic throughout the suﬁmer; however, the 1 m stratum periodically
fell below 1 mg 1-1 of dissolved ogygen (Fighre.3). The surface
layer (6 cm) averaged 4-6 mg 1.1 yet wésqonlyA50-70% saturated. At
1 m oxygen  fell to <1-4 mg 1"1 (6-40% saturation) but was renewed
aperiodically by physical mixing with the surface waters during'cold
windy weather. During those mixing periods, oxygen concenCratiohs at
the surface fell as it received the lower oxygenated water f;om 1 m.
After mixing, the oxygen levels increased at the surface, and fell at
1 m. This cycle occurred several times during the summer which enabled
1 m to remain aerobic.

Thus, the oxygen demand of the organic matter stain reduced
" oxygen in the epilimnion to > 307 undersaturation. Since oxygen con-
centration was always inversely related to temperature, it is apparent
that physical factors were primarily responsible for regeneration of
oxygen levéls. Biotic renewal of oxygen through photosynthesis was of

minor importance.

Hydrogen sulphide

Strata below 1.0 m were always anaerobic and contained hydrogen
' 1
2

the end of the summer (Figure 3). HZS increased with depth reaching a

maximum of 2.7 mg l-l in the monimolimnion. Since the pH of the hypo-

sulfide (st). Levels of H_S increase to over 2.0 mg 17" at 2.0 m at

limnion is.approximately 5.5, most of the HZS was in the form of the
toxic undissociated acid. However, the concentration of HZS in the
hypolimnion was not sufficient to precipitate ferrous iron as FeS. In
the monimolimnion H

2
iron concentration of only 485 ug l-1 at pH 6.14 (Stumm and Lee 1960).

S values (1 mg 1-1) were compatible with a ferrous -

-———t
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'Figure 3. Depth profiles of temperature (a), oxygen (b), and hydrogen

sulphide (c¢) in North Gate Lake.
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However, levels of ferrous iron reached 1,055 ug 1.1

1ibrium concentrations of ferrous iron were found by Juday and Birge

(1933) in Lake Sabietch, Wisconsin.
Temperature

Temperature profiles departed from typical eutrophic lake pro-

files (Figure 3). During May temperature decreases linearly through

the euphotic zone from 15°C at the surface to 4.70°C at 2 m. It had

increased to 22.3°C at the surface, to 11.75°C at 2 m, and 6.90°C at

3 m by August. Tﬁus, the strongly defined thermocline deepens during

the summer heating period from 2 m to 3 m. The density differences

. .recponisble for -the thermucline 1is impartEd;by témperafurél _The brown

organic matter strongly absorbs solar radiation so that the lake warms
rapidly. Thus, thermal stratification is quickly established after
;ce-ou;, especially if there is sunny calm weather. -Little wind-
generated mixing occurs because of the protection extended bf the sur-
rounding black spruce'forest. Thus, the lake rarely mixes below a

depth of 2 m.

The temperature reached a minimum value of 4.6°C at 4-5 m. Below
this depth the water again warms to 4.9-5.0°C. This is probably due to
heat accrued from the surrounding basin by heat exchange reactions

involving water flowing through the Sphagnum mat down to the chemocline.

pH and alkalinity

The pH of the epilimnion ranged from 4.1-5.1 and average 4.5
(Figure 4). These low pH values reduced the amount of titratable

alkalinity to less than 1 mg l-l (as CaCOs). Obviously, the only

o Similar nonequi-
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Figure 4. Depth profiles of conductivity (a), alkalinity (b), and
pY (c)-ta-NorthiGate Lake.
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available carbon in the trophogenic zone is free CO This presents

2.
methodological problems in measuring the productivity because the addi-
tion of radiocactive carbon (HlaC03.) in presumptive tracer amounts may

in fact add a significant amount of bound CO, to the system thereby

2
disturbing the equilibrium ratios of carbon species and abridging ome
of the basic tenets of tracer methodology (Nygarrd 1968). At 2 m the

1

pH rises to around 5.3 and the amount of bound CO., rises to 3.4 mg 1

2

(as CaCO3). Thus, the bicarbonate ion concentration rises under
anaerobiosis. At 6.5-7.0 m the bicarbonate ion again increases to a
maximum of 30-40 mg 1—l kas CaC03). Again there is an accompanying
ri;e in pH to 6.14, suggesting that the formation of bicarbénate ion 1s

responsible for the increase in pH.

Conductivity A : 4 n

Another aspect of considerable interest in bog lakes 1s the lack
of electrolytes. The conductivity at 18°C of the lake averaged
25 pmhos cmﬁl. Those values compare to 1=2 umhos.cm-l for distilled
water and 300 umhos cm-l for moderately hard watér lakes and streams.
This lack of nutrients is caused by the cation stripping action of the
Sphagnum mat, and the complexing ability of the bog acids of the open
water (Ruttner 1963; Clymo 1967; Malme? 1963; Koenings and Hooper
1976). 1In anaerobic strata a2t 2 m and 5 m the conductivity remains
fairly constant, but in the monimolimnion it nearly triples, reaching a
high of 71.umhos cm-1 while averaging 62-67 umhos cm-l (Figure 4).
This'spectacular increase is, of course, due to the accumulation of
salts at the bottom of this meromictic lake. This is consistent with

the results of Koenings and Hooper (1976) who found high concentrations
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of {fonic (dialyzable) ferrous iron and phosphate phosphorus in the
monimolimnion. These ions would contribute to the observed higher

conductivity.

The euphotic-aphotic zone interface

The 2 m zone demarcates chénges in several chemical factors in
North Gate Lake. Alkalinity values rose from an undetectable value to
above 3-4 mg 1-'1 (as CaCO3), pH rose from 4.66 to 5.32, while the dis-
solved oxygen fell to zero. At 2 m there were also major changes in
the amount and oxidation state of iron. The sharp changes in the

chemical environment beginning at 2 m and below compared to the upper

" strata arose from the onset of anaerobic conditrions.

Koenings (1976) and Koenings and Hooper (1976) demonstrated the
ability of the organic matter of the lake to coordinate ferric iron
énd minimize thé formation of ferric hydroxide [Fe(OH)3] and theréby
make this form of iron a minor fraction of the total iron in the
aerobic zone.i Thus, precipitation and reduction reactions involving
Fe(OH)s are of minimal importance. Further evidence was offered by
these authors that  organically complexed ferric and ferrous iron
dominate the iron species in aerobic zones, free ferrous iron increases
with depth and with increasing time'of anaerobiosis.

The chemical reactions of organic iron in combination with the
002 produced by bacterial metabolism in the lake may be respomsible for
the changes observed in the water chemistry of the anaerobic strata
accoréing to the following reactioné. Organic matter cpordinates
ferric iron in aercbic strata which is then partially reduced by the -

COM to ferrous iron,
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+3 +3 +2 .
Fe' 4 COM(_ 4 ) * Fe' = = COM(_ )+ Fe'® = COM oy +CO, (D)

Such a reaction produces an ofganic-Fe complex as a result of
the initial binding of COM to ferric iron and accounts for both‘ferric'
and ferrous organic iron being present in the euphotic zoné of North
Gate Lake. The CO2 produced contributes to the decreased pH of the
surface waters.

CO2 + HZO - HZCO3 « H30 + HCO3 _ (2)

In anaerobic strata the now stable ferrous iron slowly goes into
solution. This reaction may be inhibited in low-pH waters.

s1ala]. v +2
2C0M-Fe 2 2 2
This forms a solution of ferrous bicarbonate which accounts for the

slight rise in alkalinity in the anaerobic strata and the increase in

free ferrous iron (Koenings and Hooper 1976). The bicarbonate ion

- " hydrolyzes readily to form the hydroxyl ion which increases the pH.

HCO3 + HZO - H2C03 + OH . . - - (4)

Thus, the abiotic reactions involving ferrous iron and COM together
with biotic production of 002 may bg responsible for the unusual situa-
tion of a rise in pH with depth in the anaerobic strata. The more
typical reaction in stratified lakeslis a lqweri&g of pH due to an inf

crease in respired COZ’

The hypolimnetic-monimolimentic interface

The chemocline at 6.5-7.0 m is not apparently formed by either
ectogenic (catastrophic) or biogenic (biological) processes but may be

included in an expanded definition of Hutchimson's (1957) ectogenic

'+ 2€0, + 20,0 Fe(HCO, ), + 2COM = H, @)




37

meromixis. The latter would include lakes whose monimolimnion is
formed by dense water entering tﬁe'surface of the lake and flowing to
the bottom by density'currents (Hooper and Koenings 1975). The
chemical constituents of the surface layer of the Sphagnum mat are
similar to those found in the monimolimnetic strata especially in re-
gard to iron and phosphate. In additioh;'the warmer temperatufes of
this layer would have their origin in the 5.2°C temperature of the lower
mat. Flow down the sides of the vertical mat would equilibrate with
this temperature and warm thé bottom water, and the high salt contri-
buted by this flow maintains a positive density gradient. Kjensmo
(1962) described two meromictic lakes in Norway that are similar to
Sorth Gate Lake in that they havé extensive bogs in their drainage
areas, and the lake water is in direct contact with Sphagnum. These
;akes exhibited much higher concentrations of iron and organic matter
'%n tﬁe monimolimnion compared to the mixolimnion than in North Gate.
Thus, North Gate's meromixis may be of more recent origin. Nonetheless,
é key chemical feature is the same, i.e., at the depths these acid bog
lakes become anaerobic thcre is an increase in pH, alkalinity and
ferrous iron. Kjensmo (1962, 1968) attributes the formation of the
monimolimnion to an enrichment of ferrous bicarbonates, It is sug-
gested that a sublacustrine inflow of iron-laden waters was important,
| especially in lakes in direct contact with bog vegetation (Sghagnum)
which supplies organic detritus that is effective in rédqcing iron.
Thus, the mechanism of chemocline formation described by Hooper and
Koenings (1975) may be of considerable importance and general applica-

tion to acid bog lakes in the Unitaed States and Europe.
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Colloidal Organic Matter (COM): Molecular Size

and Metal Coordination

Many cheﬁical features éf acid bog lakes, i.e., low pH, alka-
linity, conductivity (electrolytes); low light penetration, high sur-
face temperature and low productivity may indirectly or directly be
attributed to the presence of large concentrations of colloidal organic
- acids (COM). By absorption of solar emergy COM is responsible for the
vertical thermal density gradient that restricts mixing to a very
shallow strata and prevents the transfer qf mineralized nutrients from
the hypolimnion- to the euphotic zone. The higher tempefaCures also
increase microbiai éctivity which in turn maintain the oxygen concen-
tf&tion>considerab1y below saturation. Bog acids may compete with the
phytoplankton for cﬁe $pecific wavelengths of light that initiate
photosynthesis.A However, the major impact of these acids on the lake
is ﬁheir ability to reduce thé pH and the conductivity of the water by
cation exchange reactions (e.g., 2R-COOH + ca’t » 2r-cooca + 2H30f),
which resuits in the removal of cations necessary for plankton growth.
Since these acids may exert considerable influence on the chemistry and
biology of the lake, a more.detailed study was done of their functional

role in elemental cycling.
Methods

- Gel chromatography

Sephadex gel (C~100) chromatography was used to measure the
molecular size of the COM. Lake water was filtered (0.45 u) and 500 ml
of Lhe sample was then concentrated on a Virtris freeze dryer. The

resulting powder was weighed and stored uander refrigeration (4°C) until
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_#8pplied to the column. This powder was readily soluble in buffer

(pH 7.2 0.2 M tris and 0.02 M NaCl). y

. The G-100 column (1.8 x 49 cm) was célibrated with Bovine serum

albumin (BSA) fraction V (Miles Laboratories), Lysozyme (egg white,:

Nutritional Biochemicals), and a-chymotrypsinogen-A (Sigma Chemical

..Company). Columns were allowed to flow with buffer for two days to

ensure reproducible fractionation. Standards (3-4 mg protein per 2 ml

buffer) and samples were added below column buffer level with a pasteur

pipette. Fractions of 3 ml volume (51 drops) were collected on a LKB

_fraction collector at elution rates of < 0.5 ml min-l.

A Beckman DB Spectrophotometer was used to detect the eluted
compounds ét the following specific wavelengths: FMN (410 nm), blue
dextran (630 nm), proteins {280 nm), Rhédamine B (530 nm), and bpg
acids (340 mm). Total and filterable organic carbon were analyzed by
a modification of the method of Maciolek (1962) with a glucose standard
curve prepared according to Strickland and Parsons’(1972). Dialyzable

organic carbon was obtained by in situ dialysis for 5 days.

.In gitu dialysis

In situ dialysis experiments were performed using dialysis tubing -
of regenerated cellulose. Tubing was hydrated for 24 hours, washed

with 107 HC1, rinsed with distilled water and filled with either

-angerobic or aerobic distilled water for use at the appropriate depths.
Five days was determined adequate for quantitative dialysis (Koenings

‘1976) . Samples dialyzed for up to three weeks showed nb increase in

dialyzable material beyond that at 5 days. The dialysis membrane used

hld-a molechlar cutoff in regard to proteins of 12,000 and a pore size
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of 48 4. .

" Chemical analysis for ferrous iron and férric iron, reactive and
nonreacfive phosphorﬁs, and organic carbon were carried out on the
dialyzable, filterable and unfiltered fractions. When used in combina-
tion with 0.45 y membrane filtratién, the dialysis'procedure separated
particulate (>O.45ﬁ), colloidal (;0.45 H, >48 K), and truly dissolved

(<48 3) materials.

Results and Discussion

Molecular Size

" Gel chromatography gave au average moleculnr-weight-of}Z.OOQ for
the bog acids (in regard to proteins) (Figure 5). Elution positioms
(i.e., Ve/Vo and Rsa) of known weight marker protéins:derived.fram tﬁis'
and other s;udigs (Andrews 1964; Determann and Michell 1966) are com-
parable, indicating a correct calibration of the sephadex column
(Table 1). Calibration is important since it defines the linear region
of a sigmoid curve which is the relationship between the log of molecu-
_ lar size and elutlon volume (Figure 5).

The elution profiles for COM for two separate determinations
(Figure 6) indicate a broad rapge of ﬁaterial, but give -identical and
teproducible peak posiﬁions. The range of molecﬁlar weight ;s from -
3,800 to 12,000 with a peak at 7,000. However, previous studies on
colored lake acids have shown that COM pbésésses'éfbmétic polyhydroxyl,
phenolic and polycarboxyl groups (Christman 1970; Christman and Minear
1971; Schnitzer 1971); The partial sorption of aromatic groups to the
Sephadex gel matrix causes delayed elution (Pharmacia 1972) which

combined with the use of globular proteins (which migrate faster through
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Table 1. The molecular weights and volume ratios (ve/vo) of standara
proteins determined in this study (*) compared to similar molecules
used in other studies (+ and ++) for G-100 gels; Ve = elution
position of molecule, V° = void volume, and Rsa = elution volume of

BSA/elution volume of molecule.



Table 1,

Molecular v Determann+' Andrews++ Determin-

Molecule Weight e Ve/V, Ve/Vo Rga Rga' ations

1) Blue Dextranm 2,000,000 48 1.00 1,00 _— — 3

2) Bovine Serum . ‘ -
Albumin (BSA) 67,500 63 1.32 1.31 1.00 1.00 3

3) Chymotrypsino- ’
gen A : 23,650 87 - —— ) 1,81 . 0,70 0.72 2

4) Lysozyme 13,930 102 — ' 2,12 ——— 0.62 . ,
Cytochrome C . 13,000 - 2,14 —— —— e o
Ribonuclease 13,700 - ——— —— 0.61 ——

5) RN " 514 149 ——— —— — 0.42 1
Rhodamine B 442 150 —— —— ——— 0.42 2
Sucrose 342 — —— ————— 0.44

*Determined for this study
+From Determann and Michel (1966)
++From Andrews (1964) ‘
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Figure 5. Elution positions of marker proteins of known molecular
weight (Bovine serum albumin, a-chymotrypsinogen-A, and Lysozyme)

compared to that of the bog acids from North Gate Lake.
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the gel due to their relativeély compact structurgsin(Reiland 1968)
suggests that the values reported here represené.a minimum molecular
weight for COM.

In addition, the assuﬁption of separation solely by molecular
size 1is not always met because Separatiéns achieved by Séphadex
columns are dependent to a great extent on the size, shape, and func-
tional groups present on the material fr;ctionated'(Christman and
Minear 1971). Thus, until the validity of the Sephadex data is con-
firmed by other methods of molecular size analysis, the data cannot be
taken as conclusivé. However, gel filtration has been employed exten-
sively to estimate the molecular weight of the colored organic acids
in lake watei;- Shapiro (1967) estlmated that most of the yellow.sub-
stances had a molecular of <10,000, results substantiated by Gjessing
(1967), Gjessing and Lee (1967), Ghassemi and Christman (1969) and
Christman and Minear (1971). Thus, the results obtained in this stﬁdy
are in agreement Qith those results since the bog acids' molecular
weight averaged 7,000.

However, previous in situ lake dialysis‘studieé of Griffing (1969)
and Koenings and Hooper (1976) have shown that éhese same colored
organic acids are exclu@ed from dialysis memﬁtgnes (exclusion limit
>12,000 in regard to proteins). I do not believe this difference is
due to the concentration proqedure but 1is probably a combination of the
minimum molecular weights estimated for these acids and the different

in situ molecular size of COM.

The organic matter present in lakes (Juday and Bifge 1931; Christ-

man and Minear 1971; Maciolek 1962), in soil (Schnitzer 1971) and bogs

(Kovalev and Generalova 1967) has been found to be 50% carbon. Thus,

rrmme———




S s 2t s A e e e
WROPIT R AT WP s RL A i ey ) e 3y Sl IEA N i s ek e whpm 2t VA

PR AL S A LRA PN L S B AN MY e e BT i L AR AT e e ey et PITLemRP N W

ror TR 4 as we s e

S N ]

Reproducibility of bog acid molecular size determinations

on a Sephadex G-100 columm.

Figure 6.



| 0.8} )
- 0.7} . Bog AI\\clds .

: 4 -

0.6 / A (. —

& A S

~ doN &

> © SN L,
."‘.}; 0.4} fo/ \ & _;Rhodamlne B los &= ~

5 0\ A £

;8 0.3} /A/; oA £ 2 403 o

— 0.2}- : ’ ! / o \A A °o\ 41.02 =

- : 7o A\AA'/ \A S

%) A L O

= 0.1} o Ao do_\o b oa Jo01 =
prory . : . : ' : Ao’ -~ \ga : ) Q.

8 LAncwonana aanaoln nOnonnhbﬁabaleo 1 1 1 1 g __ ol\oow‘ O

10 30 50 70 90 110 130 150 170
Elution Volume (mi)
Figure 6.
ERTY e L Iag i ol o i s o e e A R PO ) - T T PN O T PP




48

the amount of the organic matter in North Gaﬁe Lake can be readily

estimated from the content of organic carbon. The organic carbon of

the open lake ranges from 34.2 mg 1-1 to 18.6 mg 1-1.' Of this from

82 to 907 is 0.45 y membrane filterable. Of the total carbon 21.27%
to 6.3% is dialyzable, depending on the depth sampled (Figure 7). COM
.accounts for 61 to 81% of the organic material or a concentration of

4.0 x 10.6 moles l-l to 6.52 x 10-6. This is in the upper range of the

6

values (2-6 x 10 ~ moles 1-1) estimated by Christman and Minear (1971)

to exist in natural waters.

Metal coordination

- ~~Clymo -(1963; 1964;'1967)'demonstrated'£he abilit&'of detrital
Sphagnum to act as a cation gxchanger to long chain polymers of ﬁnes- |
terified polyuronic acids containing functional.carbokyl groups. A
fraction of the organic matter in North Gate Lake is of colloidal
(filterable but not dialyzable) size (Figure 7), and could contain
functional phenolic, hydroxyl, and carboxyl groups. AThis class of
orgénic matter is of crucial importance to bog lake chemistry since it
may contain functional groups that can both bind metal ioﬁs and serve
as effective electron donors (Martell 1971).

Lake sediment organic matter (Schindler and Alberts 1975), humic
aéids from peat (ézilagyi 1971; 1973), fulvic acids from soil (Schnitzer
1969; lLevesque and Schnitzer 1967), bog.water acids (Clymo 1963; 1967; -
Halmet.l963), and lake water (Shapiro 1957; Christman and Miﬁear 1971)
are organic compounds that may have different properties (e.g., solu-
bility, moleculaf weights, color, eté.), but they all have.at least two

properties in common. They all contain functional carboxyl, phenolic
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and hydroxyl groups which not gnly complex metal ions, but enable the
organic mattéf to enter into redox reactions with the metgl ion
(Martell 1971). Thus, the COM of North.Gate Lake which enters into
coordination reactions with iron may have the ability by virtue of
these functional groups to reduce ferric irom.

?_j-f The ability of COM to reduce the concentration of free metals 1is
‘supported by several investigators. Stumm and Morgan (1970) suggested
that many hydrophilic colloids form highly colored complexes with
ferric iron. Ong et al. (1970) considered bog waters as dilute sus-
pensions of negatively charged hydrophilic colioids, and Clymo (1963;
1964; 1967) and Spearing (1972) have attributed the cation exchange
ability of Sghagnﬁm towardSVCa++ and Fé+++ to be due to unesterified
polyuronic acids. Clymo (1964) found organic acids containing func-
tional carboxyl groups in the opeﬁ water of the bog, and suggested
that a long-term bregkdown of plant constituents was a source of these
free acids.

Szilagyd (1971; 1973) found that large molecular humic acids from
peat sorb metal ions by a cation exchange process similar to cation
exchange resins containing carboxyl groups. More importantly, it was
found that the redox potential of a solution of humic ac;ds was such
that 1f coupled to the ferric-ferrous iron redox COuble, it could bring
‘about reduction of ferric iron. The reduction capacity of these
organic acids was smaller than their absorption capacity. As a result,
after the addition of inorganic ferric iron to a solution of peat humic

acid, both ferric and ferrous iron were found sorbed to the organic

acids.‘ i . : -

Similar mixed ferric and ferrous iron colloidal organic complexes
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were found in North Gate Lake and may arise by similar reduction and

. complexing reactions of bog COM. Koenings and Hooper (1976) .found

that the colloidal bog acids in North Gate Lake complexed ferric iron
and that in the aerobic surface watérs, ferrous iron made up 45% of
the total iron (Figure 7). Since the lake water contained both col-
loidal ferrous‘and ferric iron, COM appears to be able to either 1)
complex both oxidized and reduced 1roﬁ or (2) to'complex‘ferric iron
and subsequéntly reduce a fraction of the iron. Both mechanisms would
result in mixed ferric and ferrous colloidal organic iron. Since the
ferrous iron in the anaerobic strata shows little complexing ability
with COM (Figure 7) the latter mechanism seems more likely.

Interactions of iron and organic ﬁatter similar to those found 4in

- North Gate Lake have been reported in other systems (Tompsett 1940;

Kovalev and Generalova 1967). Tompsett (31940) reported that in plasma
and serum, ferric iron is in part reduced to the ferrous state with a
consequent change from a nonultrafilterable (an undissociated colloidal
complex) to an ultrafilterable state.' The dialysis of ferric irom, but
not of ferrous ifon, is inhibited by phosphotides and phosphoproteins,
and the reduction of.ferric iron takes place oiily 1in an acidifiad,solﬁ-
tion (whiéh stabilizes the reduced ferrous iron so it is-detectable).
Kovalev and Generalova (1967) workiné with iron and organic matter from
peat soils, found that the interaction of férrous and ferric iroﬁ with
organic matter was affected by pH, and the iron-organic matter ratio.
Iron and organic matter became more soluble as the pH was reduced from

9 to 5 and the ratio of iron to organic carbon approached 1:1. At

"pH's of 4-5, Fe'tt and Fe(OH)++ predominated and reacted with the nega-

tive valances of the humic radicals. At a pH >6, the formation of
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Figure 7. Distributions of phosphorus, iron, and organic matter by

size and with depth in North Gate Lake.
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1

.iron hydroxide takes place with a decrease in organic Ixroa.

Relationship of COM-Iron to Phosphorus

.1f phosphate sorbs to an iron-COM colloid in the Topirgsanic
-zone of North Gate Lake, and still reacts chemically as DIP, but &s 4:1
fact not free phosphate, the absorbtion of such colloidal ound phos-
-phate (FRP) by algae might be slower than the absorbtion wf Yecently
. added DI32P. Thus, the assumption that the uptake of DI:QP s c‘a'qui\ra-
.lent to FR31P needed investigation if absolute uptake ItEs Were To be
.derived from both sets of data. This is especially‘ne'e;de‘dwkfan':tﬁe
.uptake of p13% is determined in short-term experiments Tirmce Tire ‘.D’I:QP

--may not have sufficient time to equilibrate with the lake Tollvids.

Methods

-.Jon Exchange Chromatography .

-~ . Dowex 1-8x, 100-50 mesh anion exchange resin in zombinarizm with
-either formic acid-ammonium formate or acetic acid-sodigm acetate
-gradient elution systems was used to separate and identify orrho-
phosphate from other phosphorus compounds. The gradient elution Hysten
‘gonsisted of 6.0 M to 3.0 M acid + 3.0 M salt (2:1 v/v).. The Yesin was
changed from its chloride form to the desired form by wzsh:mg The
~column with 1 N NaOH and neutralizing with the appropriamte 1 N acid.
-Columns were 0.9 in x 7 cm, and were eluted at 1.0 ml nn‘in‘l with 15ml
-fractions co'llected on an automatic fraction collector. Remxtive amd
“total 'éhosphorus measurements were made in duplicate Tm ath :’fr’&t;iz.m

-after Strickland and Parsons (1972).

“This gradient elution system made it possible to sapatare




54

phosphate from other forms of phosphorus. By comparison of the known
position of orthophosphate to the elution position of FRP, the chemical

equivalence of FRP to orthophosphate was determined.

Hydrophobic chromatography

To determine the aﬁion exchange capacity of the COM-iron complex,
I used Amberlite XAD-2 polymeric adsorbent (20-50 mesh) in columns of
0.9 cm x 6 cm. |

This hydrophobic adsorbent is a synthetic insoluble crosslinked
polystyrene polymer with macroreticular physical porosity, ﬁigh surface
area and it possesses a unique noﬁionic structure which differentiates
it from anion e#changers. XAD-2 selectively removes vrganic substances.
(e.g.,’COM) from water by adsorption of these materials through the
hydrophobic portion of the molecule to the surface of the polymeric
resin. The ﬁydrophilic sectioﬁ of the molecule remains oriented in the
aqueous phase.

I used this resin to determine the adsorption capacigy of fil-
tered lake water for phosphate., Filtered laie wéter (100 ml) was
passed through the resin and the amount of FRP and organic material
removed was measured. To test whether or not the adsorbed phosphate 1is
available to be measured as FRP, I eLuted the column wifh 0.12 N HC1.
The reasoning was that if adsorbed phosphate is released by HC1l, it
would be available to the highly acidic "mixed reagent” used in the FRP
analysis. I also ran standards (KZHPOA) throuéh the column before and
aftér'thé lake water to determine if exogenous phosphate was adsorﬁed
by-the.resin and/or by the adsorbed COM-iron colloid. Thé'eluted sam-

ple was analyzed for phosphate and compared to affluent phosphate
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(after Qolume correction) to determine the extent of phosphate release
and/or uptake. .

Amberlite XAD-2 resin has (1) a macroreticular porosity, and
(2) a nonionic structure. This enables the nompolar (hydrophobic)
portion of organic molecules to be preferentially adsorbed onto the
surface of the adsorbent (Grieser and Pietrzyk 1973). The ﬁore polar
section of the molecule rema}néd oriented in the aqueous phase (Rohm
and Haas 1974). Because of its structure the XAD-2 resin sorbs various
classes of organic compoupds; however, ionic solutes pass quantita-
tively through the resin (Rohm and Haas 1974). Because of these. -
properties Montgomery and ﬁchevarria (1975) effectively differentiated

between ionic and organically complexed copper and zinc.

Ong and Bisque (1968) showed that iron-organic acid associations

can be considered hydrophobic colloids, whereas thelfxee‘organic acid
can be considered as a hydrophilic colloid. That 1is, the organic
molecule changes from a hydrophilic to a hydrophobic state upon com-
plexation with a metal cation. So, organic iron would be removed from
solution by the resin while inorganic iron and other ions (e.g. phos=~ '
phate) would not.  Thus, by the XAD-2 procedure, I could determine

(1) the presence of a COM-iron-phosphate complex by the binding of

the colloid to the resin, (2) the formation of colloidal reactive phos- .

phate by the absorption of pﬁosphate to the resin bound complex, and
(3) the ability of dilute acid to release the phosphate from the bound

complex.
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-Results aﬁd Discussion

COM, iron and phosphate

-Water soluble organic matter (fulvic .acids) extracted frgm soils
by Levesque and Schnitzer (1967) and Schnitzer (1969) formed a complex
.,fwith phosphate and iron. These complexes were found tobe filterable if
the molar ratio of Fé+3 to organic matter was 1:1 (Schnitzer 1971). 1In
North Gate Lake this ratio equalled 1.06:1, which would result in the
iron remaining entirely in the colloidal state. This is in agreement
with what was observed in an in situ radiochemical study in this lake
(Koenings 1976). The molar ratios of iron to COM increased with depth
to 3:1 indicating that more ferrous iron could be compiexed éompared to
ferric iron and still remain colloidal.
Direct phosphate sorption to COM does not téke place (Szilagyi
1973; Levesque and Schnitzer 1967; Schﬁitzer 1969; C}ymo 1963; Koenings
and Hooper 1976). Thus, fixation of phosphate to o;ganic colloids re-

quires a metal bridge.

Colloidal and noncolloidal phosphate

Material reacting as phospha£e in North Gate Lake was studied
using anion exchahge chromatography with a gradient elﬁtion. This
rocedure was found to be useful to separate énd chatacterize the
--molybdate reactive substances (e.g., ERP). Molyhdate reactive material
found in both dialyzed and undialysed samples eluted off the resin in
the same peak position as known orthophosphate standards (Figure é).
This was taken as evidence that the reactive material in the lake
water was orthophosphate.

Using this ion exchange procedure (and in situ dialysis), Koenings




57

(. ~Figure 8. Overlap in peak positions between molybdate reactive material
found in North Gate Lake and orthophosphate standards using anion

. exchange chrumatography.
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and Hooper (1976) presented evidence in support of the abiotic forma-
tion of colloidal phosphate. This phosphate reacted as FRP but not

as free phosphate when COM was present'(i.e., undialyzed water).
Equivalent results in suppoft of colloidal phosphate formation were’
obtained for both procedures; however, neither was completely free of
errors. For example, a portion of the nonrecovery of phosphate from
the lon~exchange studies (which was used as evidence for the removal
of phosphate from true solution by a noneluting CbM complex) could
have been caused by phosphate capture by the gel (a pseudo pore) resin.
Such problems are afoided by the use of a macroreticular (true pore .
resin) adsorbent which could selectively adsorb the COM (and its bound
ions) through the hydrophobic (organic) portién of the colloidal com-
plex. .

The XAD-2 resin showed little adsorptive activity towards phos-
phate (Table 2), since cénsistently less than 17 of the standard phos-
phate solutions (six determinations) was removed by the resin. How-
ever, 457 of the COM (as measured by a decrease in adsorbance at

42Q nm) was removed. Along with this fraction 134 ug 1-1 of FRP or

16.5% of the FRP added was retained by the resin. A distilled water

wash failed to remove the bound phosphate, however, by washing with
0.12 N HC1l, 111.0 ﬁg 1'-1 of FRP was recovered; this equalled nearly 837
of the previously retaiﬁed FRP. The organic acids remained on the
resin during both the distilled water and dilute acid washgs.

In a second set of experiments, COM was added first to a new
column. Again a portion (33.0 ug 1-1) of FRP and 34% of the COM was

removed from 7.5 m lake water. This represented 25% of the FRP added.

Then a standard phosphate (200 mg 1-1) solution was added. Instead of
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Table 2. Recoveries of standard phosphate (Std. POa-P) solutions and

FRP (aerobic lake water) from XAD-2 resin.

R L



Table 2.

Reaction Experiment 1 | Experiment #2 . Reaction

Order Affluent Effluent Z Recovery = Affluent Effluent 2 Recovery Order
1 Std. PO,-P* 196.0 194.0 98.9 185.0 123,0 66.0 Color (lake)+ 1
2 Color (1ake)+ 208.0 115.0 55.0 1349.0 1016.0 75.0 FRP (lake)* 2
3 FRP (lake)* 812.0 678.0 83.5 201.9 i78.0 88.0 Std. POQ-P* 3
Total P04~P 1008,0 872.0 - 87.0 _ 1550.0 1194.0 17.0 Total POA-P T o
COM-PO, P 136.0 _ " 356.0 COM-PO,,-P -
Dist. water 0.0 0.0 0.0 0.0 . 0.0 0.0 Dist. water
HC1 (0.12 N) 0.0 111.0 81.6 6.0 305.0 - 85,7 HC1 (0.12 N)

-1

*ug 1 POa-P

+Klett absorbance (420 nm)
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a 12 nonrecovery, the column removed 23 ug 1-1 of phosphate or 127 of
the added DIP. When eluted with Htl, after the.distilled water wash,
305.0 ug 1-1 of phosphate was recovered. Thus, the COM-iron complex
reduced the recovery of FRP as free phosphate, and also complexed with
secondarily added DIP forming colloidal reactive phosphate.

In a further experiment a series of lake water samples, using
anaerobi§ water and water aerated for various amounts of time, was
passed thrbugh the XAD~2 resin., The anaerobic sample retained 1.45%
of added FRP (8.79 ug 1-1), while water aerated for 8 hours retained
4.55% of added FRP (27.75 ug 1-1) and finally sample water aerated for
48 hours retained 6.78% of the FRP (40.41 ug 1-1). This again is con-
sistent with the formation of COM-bound phosphate through the bridging
action of ferric iron since Koenings and Hooper (1976) demonstrated
that ferrous iron, COM and phosphate did not form a ccmplei, bﬁt that
such a complex did develop upon aeration of previously anaerobic water.

Thus, North Gate Lake water does have the potential to reduce the
in situ concentration of free phosphate, while leaving the phosphate
rcactive as FRP. In addition, any phosphate added to the water in the
dissolved state will become colloidal over time. This could be of
paramount importance in any observed differences in the cycling rates

of FR31P and DI32P in North Gate Lake.

I
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SECTION II
Stable Phosphorus and Enzymatic Activity in the Open Water of North

Gate Lake
Methods

Phosphorus samples were collected with a modified Hale sampler
using acid cleaned 300 ml BOD bottles. Samples were darkenéd, taken to
the laboratory and analyzed within 10-20 minutes after collection.
Unfiltered samples used for total phosphorus analysis were digested
with perchloric gcid, neutralized, and then diluted to volume with dis-
tilled water (Strickland and Parsons 1972). Samples were then tested
for filterable reactive phosphorus (i.e., FRP) us;ng a Klett-Summerson
colorimeter equipﬁed with a 600 nm filter and a light path of 4 cm.
Standards and blank determinations were done with each set of samples.
Standard curves for total and filterable reactive determinations dif-
fered slightly so calculations of each were made from-a standard curve
'ptepared and analyzea exactly as were the lake samples.

Lake water filtered with a 0.45 ¢ filter was tested for reactive
phosphorus before and after digestion. These aﬁalyses give values for
FRP and total filterable phosphorus. Phosphorus fractions were then
calculated as follows:

Total Phosphorus (unfiltered sample) - Total Phoéphorus (filtered sample)
= Particulate Phosphorus (Part~P)
fotal Phosphorus (filtered) - FRP = Filterable Unreactive Phosphorus (FUP)

FRP = Filterable Reactive Phosphorus

If dialysis membranes were used to further characterize filterable i

phosphorus, then colloidal phosphorus could be separated irom dissolved

phosphorus. Compounds passing through dialysis membranes were termed
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dissblved; those not dialysable but filterable are hereafter designated
colloidal.

?urther problems associated with phosphorus analysis were found
in this study. In anaerobic water H.S was fofmed. It Qas found that

2

2S not only reduced the 12-molybdophosphoric acid complex in the
absence of other reducing agents, but also formed a dark brown colloidal
precipitate of molybdenum sulphide. This absorbed maximally at 420 nm

‘but the tail of the absorption curve overlapped the 660 nm wavelength

used for phosphate determination and increased the estimation of

orthophosphate from 0.0 ug l°1 to 12-15 ug.P044P 1-1. This complex

was-also extracted into n-hexanol, and isopropanol-benzene (Yanagita

1964). Also, the high amount of colored colloidal

decreased in absorbaﬁce at 660 nm in the ﬁréééﬁce of the acid "mized"

reagent." Thus, using a color blank of lake water diluted with

. distilled water (the same volume as "mixed reagent") would underestimate

the concentration of orthophosphate. This was solved by adding citric

acid (1 M) to the ascorbic acid reagent. The citric acid solution

- complexed the molybdate and reduced the pH of the solution as did the

ﬁﬁixed reagent”, and gave an accurate estimate of sample color.
R All glassﬁife and polyethylene bottles wgreicleangd with dichromate
cleaning solution (potassium dichromate plus concentfated-sulphutic
acid) and washed three times with distilled water. Various membrane
filters have been reported to release significant amounts of detergent
phosphorus during filtrationm (Burton.l973; Rigler 1964; Minear 1972),
thus all filters (Gelman Instrument Company) were soaked or washed ;ith

}Z HC1l before use and then_rinsed with distilled water. Filters

tested after this procedure resulted neither in an increase nor decrease

organic material” " “-— — .|

TR T T T s




65

in phosphate from standard solutions prepared with filtered and

refiltered bcg water.

Results and Discussion

Total Phosphorous

The total phosphorus of the surface strata averaged 56 ug 1-1

- (Table 3). Epilimnetic phosphorus exhibited little change in the
spring-summer period studied. This is unusual in that a majority of
lakes typically undergo complete mixing during the spring and fall
overturn periods. During lake overturn sestonic phosphorus which has
settled to the hypolimnion and become mineralized is again brought to
tﬁe'sutface. This resulrs in two (spring and fall) periods of higher .
concentrations of epilimnetic phosphate at times when there is a uniform
vertical concentration in the entire lake basin. This typical seasonal
trend was not observed in North Gate Lake and was not reported in the
acid bog lakes studied by Hayes and Anthony (1958).

North Gate Lake did not show a distinct spring (5 May - 6 June)
maximum, and maintained a depth specific phosbhorus stratification
because the lake did not mix beyond a depth of S m (Table 3, Figure 7)..
The chemocline at 6.5-7.0 m remained intact, thus retaining a high con-
centration of noncirculating phosphorus in the monimolimnion.

Variations in total phosphorus in the epilimnion appear to be
linked to weather conditions. Fluctuations in total P in the surface
waters followed periods of intemse storms, i.e., rapidly falling
temperatures, high levels of precipicétion, and high winds. These
conditions produced-a net phosphorus flux into the lake from the pool

of phosphorus in the surface interstitial water of the surrounding
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[ Table 3. The distribution of inorganic phosphorus (FRP), filterable
unreactive phosphorus (FUP), particulate, and total phosphorus in

North Gate Lake.
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"“Table 3. . w7 e,
' Stable Phosphorus in North Gate Lake
- May - August 19741
Depth (m) FRP FUP Particulate Total
0 (Surface) 0.0 30.7 3 25.4 56.1
-2 (Thermocline) 0.0 33.2 46 .5 79.7
5 (Hypolimnion) 0.0 33.3 S 32.3 65.6
7.5 (Monimolimnion) 1163.2 0.0 3.0 1166.0
1Values in ug P04-P 1-1; averages of over twenty duplicated

determinations. .
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Sphagnum mat (Hooper 1972; Hooper and Koenings 1975). Phosphorus levels

-P~1-1 after the

1

rose from an average of 50 ug PO,P 171 to s4 ug PO,
first storm, then increased again to an average of 61 ug POA-P 1
after the second storm (Figure 9).

This qperiodic flow of phosphorus into the lakg follows thermal
density gradients once bulk movement in the mat'is initiated by'cold
heavy rains.‘ The colder, denser water moves toward the bpen lake
water and either enfers the lake at water layers of equal density or

continues to the bottom waters reinforcing the chemocline at 7.0 m

(Hooper and Koenings 1975).

During the goummer at 2 m tatal phosphorus increases to an average

of 79 ug POA-P 1-1, again fluctuations iﬁ total P appear to follow
periods of heavy weathér, but are not nearly as well defined. Total P
rose from an averaée of 74 ﬂé Poa-P i-lipéhan average of 85 ugAPoa-P 1-l
but finally fell to 80 ug Pba-P 171, the 5 m stratum showed a less
distinct trend rising-from an average of 64 HE POA-P 1-1 to
67 ug POA-P 1-1. These latter values show relatively small changes so
that major inputs of phosphorus may be confined to the surface to 2 m
layer.

In the monimolimmion at 7.5 m total phﬁsphorus increases dramati-
cally to an averagé of 1,166 ug 1-1. Such a high concentration results
from an accumulation of phosphorus due to gseveral factors including the

lack of wind generated mixing, accrual from the Sphagnum mat, and

microbial degradation.

Filterable Reactive Phosphorus (FRP)

Filterable reactive phosphorus (all filterable inorganic phosphate,

not just free phosphate) was undetectable, i.e., below 3 ug Poa-P l-l,
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Figure 9. The distribution of stable phosphorus in the surface, 2 m,

and 5 m strata of North Gate Lake during the summer of 1974. Conditions

of cold temperature, rainfall and high winds were combined to give the

weather intensity factor.
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at the sﬁrface; 2 mand 5 m (Table 3, Figure 7). éuéh low levéls are .

caused by a cqmbination of rapid biotic uptake, and the insufficient sea-
sonal renewal of FRP from the monimolimnetic stratum. The absence of mixing
causes FRP to build up in the latter layer since it is continually

' supplied with phosphorus from the Sphagnum mat via density currents,

and from the open water via sedimenting plankton. Mineralized phosphate

from both sources is trapped ian this layer and thus does not resupply the
epilimnion. Thus, FRP remains undectable throughout the summer period

in the photic zone but increases slowly in the monimolimnion.

.Filterable Unreactive Phosphorus (FUP) and Particulate
" “"'Phosphorus (Part-P)

In the upper three strata (i.e., surface, 2 m, 5 m) levels of

FUP and Part-P show little correlation except during the midsummer
period of 6 Jume to 20 July (Figure 9). However, even during this
period any relatiénship is i1l defined requiring time periods of
weeks for any observablé change. .

% 1 found little evidence for seasonal changes in FIIP in North
Gate Lake.. At the surface where ph&toplankton dominate, FUP may
increase for a short period during midsummer. Here :he increase in
FUP is matched roughly by a decrease in Part-P sugéesting excretion
and/or plankton autolysis. At 2 m where activel§ growing phytoplankton
cells are absent, and bacteria dominate the system, the Part-P pool
increases and the FUP fraction slowly decreases during the summer.
fhe FUP fraction at 2 m decreases from an average value of 40 ug PO, ~P 1

4

to 25 ug Poa-P 1-1 while Part-P increases from 42 ug PO,-P 1-1 to

4
68 ug POQ-P 1-1 (Figure 9). However, both the rate and beginning of the

1
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-- increase in Part-P (day 24) appear to be closely linked to the increase
in total P rather than to the decrease in FUP. This new phosphorus

. wvas presumably from the Sphagnum mat.

These small seasonal differences suggest that there may be a net
- increase dn FUP during short periods which arises from autotrophic
pﬁytoélankton in the surface, and a small decrease at 2 m wﬁich arises
from utilization by becteria. However, the FUP pool on the everage
18 quantitatively very similar at all three depths sampled (Table 3),

-1

and only differ by <2 ug Poa-P 1 ~. The uniformity in FUP at all

. three depths indicates that little release and utilization of FUP

|
TR TS IS T R T R A R G SO T R TR

---takes place, and that lake FUP conslsts largely of inert and noncyaling

-..compounds. e e oo mImoae Tt T e R
e - Changes in time periods of weeks were noted in the FUP pool
by Strickland and Austin (1960), and by Harvey (1963). These authors
concluded that in these marine systems the FUP pool was slowly turning

over. They found a correlation between Part-P and FUP. However, both
Nauthors found that FRP was readily detectable and at times even higher
1n concentration than FUP, The plankton apparently were not phosphorus
deficient with phophorus being more readily available than in North
Gate Lake. Thus, the difference in phosphorus avai;ibility may in part
Ldetermine any detectable seasonal cycling of FUP. o

Conclusions drawn from stable chemical analysis of FUP production

-and/or utilization by the plankton are questionable. However, the data

seem to indicate that there is a large FUP pool (which exceeds the

R )

amount of Part-P at 2 and 5 m) which is relatively inert and is only

partially used. If FUP represents a non-metabolic form of phosphorus,
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4t 48 not surprising that FUP concentratisns aré 63 the iverage about

- the same throughout the lake even though tR&y éxist with vastly

---different amounts and types of seston. This idéa is supported by the

ssobservations of Ruttner (1963) who consid&fs fréshwater colloidal
~organic phosphorus a metabolic end prodiét that i3 resistant to
- further decomposition, and Perry (1976) who 658&tved 1ittle turnover
. +of FUP in the Pacific Ocean. | |

‘Thus, like Juday and Birge (1931) aad Haj&s and Anthony (1958)
I concluded that FUP may be present as paFt 6f & humic colloid. If
.80, then chemically determined FUP may déminaté métabolic FUP that
.18 actually cyeling. In North Cate Lake thénr, &ny métabolicaily
u;active fractionlof ﬁonparticulate phosphétii8 ®ay bé masked by this

large concentration of noncycling materiail.

- .Colloidal and Truly Soluble Organié PRASERAT:

. A more detailed analysis of FUP sliew&d that the FUP could be - : .-
:aspliﬁ into two pools (Figure 10). The fif8t p661 éonsists of trul§
.. dissolved unreactive phosphorus (DUP) whiéh was §é§arated by two
~experiments involving in situ dialysis. Th&8é éompounds were of low
~~molecular weight ( <12,000), and were dialjzable. This pool had a
-maximm concentration at the surface and 3&&r&as&d with depth. The
-.~opposite trend was noted for the second E6mponént; colloidal unreactive

:~phosphorus (CUP), which showed a minimifi if thi& Siirface waters and

. -s4ncreased with depth. There exist majof difféfénéés in these two

.~fractions among the layers of the lake Sa#mpi&d. The surface water

--ghowed a summer maximm of FUP consistifig 6f 16¢ molecular weight

“DUP which perhaps was produced by the phiyt6pianktén. The 2 m and

Lot e o




Figure 10. The distribution of organic carbon .and organic phasphorus
by stfata in North Gate Lake. Filterable organic carbon (FOC) énd
FUP are further split into ci:lalyzable and colloidal pools. POC -
particulate organic carbon, DOC = dialyzable organic carbon, and

COC = colloidal organic carbon; DUP = diaiyzable unreactive phosphofus

and CUP = colloidal unreactive phosphorus.
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S m depths which were dominated by aquatic bacteria had more of a
colloidal or high molecular weight fraction of FUP.

If ratios of organic phosphorus to organic.carbon are calculated
for the colloidal, as well as the dialyzable and particulate fractioms,
1t becomes apparent that three fools of organic phosphorus are present
in North Gate Lake (Figure 11).

Unlike phosphorﬁs, the predominant form of dissolved organic
carbon at all depths in the lake was the colloidal fraction (Figure 11).
However, like phosphorus, truly dissolved organic carbon (DOC) was |
highest at the surface. In the éuphotic zone the C:P ratio of the
DOC to the DUP was almost equal to the C:P ratiovof-particulate
organic carbon to Part-P. The low molecular weight organic phosphorus
(DUP) of the euphotic zone may be of more recent metabolic origin since,
its C:P ratio is similar to that of the particulate fraction. Pool I
is Part-P which possesses .an organic C to P ratio fram 147:1 to 639:1.
Pool II is dialyzable phosphorus which has ratios of fr&m 383:1 to
698:1. The 6§erlap of the particulate pool (I) with the dialyzed pool
(I1) oceurs for only the surface sample (Figure 11).

.The C:PAratios discuséed above are contrasted to those from the
-third pool which consists of colloidal organic phosphorus (CUP) which
vary from 2,467:1 to 15,427:1. Thus, there exists in this lake a |
considerable portion of the FUP pool (CUP) whichvh;s been stripped of
most 6f its phosphorus and can be classified as.rgfractory, especially
in regard to the cycling time of free orthophospﬁaté found for North
Gate Lake. The COP pool does not overiap the C:P ratios of the

previous two pouls. This may account for the refractory nature of the
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-Figure 111 Organic phosphorus:organic carbon ratios in North Gate
. Lake which define three separate pools of organic phosphorus:
particulate (I), dialyzable (II),’gpdnggiigida}.(III). The only
- overlap occurs between the-particulate and dialyzable pools of the

surface samples. (lresulyg of two separate experiments; 2suinmer

averages)
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-entire FUP pool noticed for the summer period. It is the COP fraction
which may overwhelm or mask the cycle of -autochthonous FUP. This

~eo0lloidal organic material may be the same material which caused Hayes

.and Anthony (1958) and Juday and Birge (1931) to conclude that there

was not a relationship between phosphorus pools and productivity in the

.acid bog lakes they studied. These authors attributed the lack of

such a coupling to the "humus" materials imparted to the water by

-the surrounding Sphagnum vegetation. Bog lakes may possess higher

levels of total phosphorus than their productiﬁity would predict

.- because a major fraction of the total phosphorus is FUP, not a portion

-of the available phosphorus pool. This is an important point since

the total P level is considered to be an indicator of the potential

:productivity of a bddy of water (Vollenweider 1968; Dillon and Rigler

1974; Jongs agd pgchmann ;976). Obvidusly, refractory FUP components of
total phosphorus should not be used in productivity forecasts. If the
total phosphorus is coﬁsidered and North Gate Lake classified as ﬁg
-potential productivity, it would fit into Vollenweider's (1968) scheme
-as a productive mesoeutrophic lake, but if the FUP is subtracted, this

lake would be classified as oligotrophic (unproductive). . Radiochemical

--experiments described below give further support to these conclusions.

The Enzymatic Identification of Lake FUP

= Methods
-‘Enzymes were used to characterize the naturally existing FUP at
-three depths in North Gate Lake. These were: The surface (top of

the epilimmion), 2 m (bottom of the epilimnion), and 5 m (hypolimnion).
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These enzymes function as follaqs:

I. Deoxyribonucleate oligonucleotide hydrolase (Deoxyribonuclease
Dﬁase I). Enzyme code number (E.C.) 3.1.4.5 from beef pancreas.
(Sigma Chemical Co.)

This enzyme reacts with DNA to form deoxyribomucleotides at pH
7.0 accdrdiﬁg to thé general reaction:

DNA + (n—l)HZO + deoxy~5'-ribonucleotides

Ihis enzyme requires the metal activator Mg++ and is an endonuclease

‘that does not require a free 3'-hydroxyl end to initiate degradation

- as is rcquired by the exonuclease phosphodiesterase E.C. 3.1.4.1.

1I. AMé;o-inositol—hexgphosphate phosphohydrolase (Phytase) E.C. 3.1.3.8
from wheat.. (Sigma Chemical Co.)

This enzyme also requires M§++ for activation and reacts to degrade
monophosphate esters plus pyrophosphate as well as phytic acid (inositol
hexaphosphate) to inorganic phosphate -according to the generalA;eaction:~

meso~inositol héxaphosphate + 6320 -+ meso-inositol + 6H3P04

III.- Orthophésphoric monoester phosphohydrolase (alkaline phosphatase;
PMase) E.C. 3.1.3.1 from hog intestinal mucoéa. (Sigma Chemical Co.j-
This enzyme fequires Mg++ for activation and reacts to hydrolyze
monoeéters of phosphoric acid (sugar phosphates, deoxy- and ribonucleo-
tides and pyrophosphate) to inorganic éhosphate, in an alkaline (pH 7-9)
medium by the reaction:
orthophosphoric monocester + 820 -+ an alcohol + H3PO4

This enzyme hydrolyzes the same enzymes as Phytase, except it does not
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.. hydrolyze forms of phytic acid.’

IV. .Orthophosphoric monoester‘phosphohydfolase (acid phosphatase;
.PMase) E.C. 3.1.3.2 from wvheat germ. (Sigma Chemical Co.)
‘This enzyme requires an acid pH (4-5) for maximﬁm activity, but
-does not require a metal activator. Otherwise, its reactioms are the
.game as for alkaline phoéﬁhatase.
" Thus, orthophosphate (Pi) aﬁpearing in lake'vatér samples after
. ‘hydrolysis of acid and alkaline phosphatase will be from sugar
-phosphates, deéxyribonucleotidgs, ribonucleotides, and pyrophosphate.
:Orthophosphate appearing in samples incubated with phytase should be
fequal to the above compounds plus those from forms of éhyticracid;
Finally, orthophosphate recovered from samples incubated with DNase |
‘plus alkaline PMase would .equal phosphate from DNA plus that liberated
' by the alkaline PMase. |

'This reaction proceeds as follows:

+DNase 1
DNA + (n-l)BZO + n oligodeoxy-5'~ribonucleotides
. <+PMase
- an alcohol + inorganic phosphate .

Thus, classes of compounds coﬁld be separated as follows:
1) Pi from DNase + alkaline PMase - Pi from alkaline -
-PMase = DNA phosphate

-(2) ‘Pi from Phytase - P, from alkaline and acid PMase =

i
phytic acid phoéphate

(3) P1 from alkaline PMase or from acid PMase = sugar,
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nucleotide and pyrophosphate phosphorus
Enzyme assays were carried out using 45.0 ml of filtered lake

water and 1.0-0.5 mg of enzyme preparation per sample. Incubation

i
and Parsons procedure. However, phytase was contaminated with a high

with enzymes did not interfere with P, estimation by the Strickland

level of Pi which had to be removed with an anion exchange resin
Amberlite IRA-904 (C1” form) before it could be used. Buffers used
were 0.1 M phthalate (pH 5.0) and citric acid (pH 5.0). Thevphthalate
did not interfere with the phosphorﬁs estimation but the organic acid
binding of molybdate by citric écid prevented its reaction with phosphate. -
The buffer used at pH 8.0 and 7.0 was.O.l M Tris (hydroxmétﬁyl-

amino ﬁethane). This buffer did not interfere with phosphate analysis
and was not contaminated with orthophosphate. Because freezing 3
[{recommended by Strickland and Parsoné (1972) and Burton (1973)] may
affect orthophosphate concentration, refrigeration as well as freezing
was used for the enzyme studies. Lake water was collected from the
surface, 2 m, and 5 m with a plastic (1 liﬁer) Kenmerer sampler.

At each depth' 3-6 samples were combined to give a single sample thch
was filtered (0.45 p), stored in 1-liter polyethylenme bottles and

then was either frpzen or refrigerated. |

All samples were analyzed in duplicate or triplicéﬁe, aloﬁg with

blanks consisting of lake water to which the buffer amnd chloroform
were added. The blank was determined by adding the enzyme to the
aamfle, followed immediately by the "mixed reagent,”" and then analyzed
as given above for FRP. This rapid analysis fesulted in minimal

hydrolysis of organic phosphorus esters. Internal standards of phytic
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-

acid nucleotide (AMP) and sugar ﬁhospﬁates (glucose-6-phosphate) were
run with the. appropriate samples. Complete hydrolysis of standards had
always taken place when enzymé-iake samples were analyzed, a time
period between 8 and 24 hrs. Hydrolysis of sugar phosphates took up to
4 hrs. so the time was doubled for lake samples to further ensure
complete hydrolysis.

A standard curve was prepared using glucose-6~phosphate and
alkaline phosphate. This insured that complete hydrolysis occurred
over all phosphate ester concentrations.:

A general assay was as follows:
- To 45 ml of 0.45 u filtered saﬁple, add:
~-(1) 1.0 m]l of enzyme solu;ion prépared by dissolving

C.5 to 1.0 mg of enzyme preparation per ml of
buffer. -

- (2) 4.0 ml of buffer (some buffers required 0.001 M Mg++)
~ and 0.1 nl of CHCl3. (Note: the buffer.insured a
pH compatible with the maximum activity of the
enzyme, as does the metal activatof where appropriate
and the chloroform reduces bacterial contamination.)
. (3) Incubate at 25°C in the dark for 8-24 hrs.
(4) Add 5 ml of mixed reagent and read at 660 nm after
- 10 min.
Levels of phosphate cleaved from natural lake FUP were calculated
from the organic phosphorus standard curve after subtraction of all
apprdpriate blanks from optical density readings of the sample solutions.

All samples, blanks, and enzyme activity standards were run in duplicate
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or triplicate.

" Results and Discussion

Samples stored up to 3 months by either refrigeration or freezing
did not differ significantly so the results of five duplicated tests

were averaged to give the fraction of FUP hydroiyzed by alkaline PMase

(Table 4). The amount of phosphate released from FUP decreased from

b-P l-l at the surface, to 3.64 ug Poa-P 1-1 at 5 m. The

amount of FUP hydrolyzed by PMase was different, depending upon the

7.76 ug PO

enzyme used. For e#ample, acid PMase hydrolyzed only 27%Z, 50% and 71%
of the FUP compared to alkaline PMase. Since acid PMase is ghe oﬁly
form of active PMase found in North Gate ‘Lake, the difference in -
hydrolysis could be due either to different specificities of thé en-
zymes, or to the different pH's of the incubation media.

Phytaée acted on a fraction of FUP different from PMase only at
5 m where 577 of the FUP present was degraded to inorganic pﬁosphate.

A greater fraction of the FUP pool was hydrolyzed by the combina-
tion of DNa#e I and alkaline PMase compared to PMase alone. This frac-
tion was relatively large at all depths sampled.

The classes of compounds hydrolyzed by these enzymes does overlap;
however each enzyme is specific for a class of organic-P compounds.
Thus, the differénce in DIP found between the PMase and phytase assays
represents a form of phytic acid (Table 5). The classes of FUP found
in North Gate Lake by this procedure changed with depth (Table 5). For
example, at the surface, more PMase hydrolyzable compounds were found,
while phytic acid was only found at 5 m, and DNA fragments were

relatively constant. Since phytic acid does not make up a significant
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Table 4. The amount of phoephate relecaced from the FUP of North Cate

Lake by alkaline phosphomonoesterase (Alk. PMase), acid phosphomono-

esterase (Acid PMase), phytase, and a combination of deoxyribonuclease

and alk. PMase (DNase + Alk. PMase).

etk By R e e i o S v 4%



Table 4.

Enzymatic Degradation of Natural Lake Water FUf++

Alk, Acld . DNase +
Depth PMase PMase Phytase Alk, PMase FuP
Om 7.76£1,37% . 3.8815,49* 7.7611,12+ 14,07+0.,97+ 23.4%1,94
2m 5.50+£1,02% 3.88+0.00* 2,9120,00+ 11.64%2,24+ 24,8+0.00
5m 3.64%]1,22% 0.97+1,.37% 12.61+4,48+ 10.67+0.00+ 22.0%1,95
++values in g P04-P 1

' *aﬁérage of 3 samples t1 standard deviation.

+a$erage of 4 samples *1 standard deviation.

98
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Table 5. The amount of eniyme hydrolyzable phosphorus in compounds

- composing FUP.

¢ amn. e O + o ey ¢ er——



Table 5, | o . ;

Ofganic Phosphorus Compounds in North Gate Lake+

Sugar Phosphates +

~ Nucleotides . Phytic DNA ~ Total Lake X
Depth + Polyphosphate Acid Fragments Found FUP Recovery
0w 7.6 0.00 6.31 14,07 23.4 60.1
2 m 5.50 ~ 0.00 6.14 11.64 24.8 47.0
: o0
i (o -]
5m 3.64 8.97 7.03 ' 19.64 22.0 S 89.0. -

+Fractions in ug POQ-P 1'"1
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i

portion of stable FUP in the euphotic zome, it may be rapidly degraded
and used by the seston &s a source of phosphofﬁsr In contrast, DNA

fragments seem to be relatively inert since their concentration remains

constant with depth at 6-7 ug P04-P 1"1

seems to be greater in the euphotic zone, decreasing with depth. It

. PMase hydroiyzable material

is this fraction that may be the form of low molecular weight DUP
(Figure 10) found in the euphotic zone in North Gate Lake.

From 477 to 897 of thé FUP in North Gate Lake was hydrolfzed by
the three classes of enzymes used. The unhydrolyzed fraction may be
RNA or organic-P compounds complexed to COM and thus resistant to
.enzymatic action. However, it must be sfressed that these tests were
made only during the summer period, and results might be expected to

change seasonally.

Lake Enzymes SO R PR A

" ‘Methods

D ¢ assayed the water and suspended solids of both the lake water
and the interstitial water of the Sphagnum mat for enzyme activity.
Two hydrolytic enzymes were aaéaycd. These were: acid phosphomono-
esterase (acid PMase) aﬁd alkaliné phosphomonoesterase (alkaline
rPMase). The substrate used for the phosphomonoesterases was para-
nitrophenyl phosphate (PNPP) purchased from Sigma Chemical Company.
When hydrolyzed PNPP yields para-nitrophenol which turms a brilliant
yellow at a pH of 9.0. Appearance of para-nitrophenocl color at 410 nm
éas used as an indication of enzyme activity.

Buffers used were 0.1 M glycine-NaOH pH 8.4 and 10.0, and 0.1 M
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-~citric acid-Na citrate pH 4.5. Assay procedure was as follows:

(1) 0.4 ml of PNPP (0.1 g of PNPP in 50 ml of

-~digtilled water). In those experiments requiring
| .2 metal activator, 2.5 g of MgSOa was added to the
é PNPP solution.

| (2) 1.0 ml buffer plus 0.05 ml chloroform (03613).
(3) Incubate in the dark at 25°C fér'12-24 hrs.
- (4) Add 2 ml of pH 10 glycine-NaOH buffer and
.Tead absorbance at 410 nm.

. Color blanks were treated as above except 0.4 ml distilied water
:replaced the PNPP golution. PNPP blanks were also run,; these
-consisted of PNPP in 10 ml of distilled water with buffer and CHClB.

. -Assays Qere run with no metal activators since I wanted to
.determine activities as close to in situ conditions as possible.

' .However, to determine if I could activate or increase enzyme activity,

1 -added Mg++ (MgSOA) to a PMase experiment. The unit of enzyme

. activity reported is the release of 1 ug POa-P per hour per liter.

-Results and Discussion

The Levels of Enzyme Activity

Alkaline phosphatase activity was not found'in’any layer of
. --.North Gate Lake whereas. there was an appreciable pool of acid phospha-
--gzase at all levels (Figure 12). This would be expected to ocecur in
- @ lake where the pR averages 4-5 much of the year.
“The assay for the enzyme was linear for both the soluble

.(filtered) and total (unfiltered) activity (Figure 13). The filterable
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Acid phosphomonoesterase (PMase) activity in North Gate

Figure 12.

Lake.
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activity represented.;SBZ of the total activity.thrqughout the time
period of the assay. K values (the concentration at which 1/2 the
maximum activity of the enzyme occurs) for the unfiltered water PMase
ranged from 140 uM PNPP to 23 uM PNPP (Figure 13). This falls.within
the lower range of values found by Berman (1970) of from 13.0 ﬁM PNPP
to 670 LM PNPP and of Reichardt et al. (1967) who found a K_ of 1.09 uM
for the dissolved enzyme and from 54 to 500 uM PNPP for the algal en—A
zyme. In comparison the Km for the alkaline PMase of the bacterium
E. coli is 15-12 uM PNPP (Garen'and Levinthal 1960).

Acid PMase activity was not equally distributed with depth
(Figure 12). Enzyme activity was generally higher in the surface
strata with 697 being in the filterable fraction. At one meter enzyme
activity dropped by 507, with filterable activity increasing .to 807 of
total enzyme activity. In the thermocline at Z‘m, enzyme activity in-
creased but the amount of filterable enzyme dropped to 507 of total
activity. In the hypolimnion enzyme acti#ity reached a minimum. How-
ever, like 1 m over 75%Z of the activity was filterable. Thus, where
the bacteria and the phytoplankton are concentrated (i.e. 2 m and sur~
face), there is a peak in total enzyme activity, and in particulate
activity. In contrast, at 1 m and 4 m, the enzyme activity reaches a
minimum, and the particulate fraction is reduced to only ZQ-ZSZ of the
total,

Since bog lakes aéé'Qer§uldﬁ>in cations, i tested whether the
addition of a metal co-factor or activator would increase PMase activ-
ity. 1Initially, there was little effect of the metal (Mg++) on enzyme
activity (Figure 13). However, over time the enzyme activity actually

decreased. Therefore, a metal activator which is necessary for the
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Figure 13. The determination of (1) acid PMase activity (A) using
‘p-nitrophenol (PNP) in the presence and absence of an added metal
cofactor (Mg'H') and (2) the Km value (B) for PMase in the surface

strata. Error bars in (A) equal + 1 std. deviation.
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activity of alkaline PMase (Kuenzler 1970), does not activate this
acid PMase. The lack of the need of a me;al coféctor, and the activity
of the enzyme at an acid pH closely matches‘éhis enzyme to the chemical
environment of North Gate Lake. |

The acid PMase activity in North Gate Lake is also unusual in
that 687 (39 to 100%) of the activity was in solufion, i.e. not asso-
ciated with the particulate fraction. In Lake Kinneret Berman et al.
(1972) found that soluble enzyme alkaline phosﬁhatase averaged only
12.9% (fange of 5-20%). The reason for this difference may be two-

" fold. First, Healey (1973) found that'the amount of noncellcular
1;ikaiine ﬁhosphatase increased as aﬁ algal cell becomes phosphorus
-ﬁeficient. Thus, theAplankton in Lake”Kiﬁneret may be phosphorus
_;;ffiéient. Second, acid phosphatase was found by Aaronson (19715 to
Aﬁe pfedominantly in the supernatant of hié ;igal'culfures, while alka-
Eine phosphagase was found attached té'éhe cell, |
T Acid fMase ma&Adiffer then in.ité physiologicél properties com-

pared to alkaline PMase. Therefore, acid PMase size distributions may

also differ from that of alkaline PMase especially in a phosphorus

deficient system. e e
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‘The Kinetics of Radiophosphorus Flux in North Gate Lake

and Its Relation to Stable Phosphorus Flow

The Radiochemical Phosphorus Cycle

- . Methods
. Radiochemistry LT e e
Radioisotopes 32P (H332P04 in HCl),-SgFe (59FeC13 in HC1l), and
140 (NaH14C03) were purchased from New England Nuclear Corporation and

were diluted to workable specific activities before use in lake expefi—
ments., A Nuclear Chicago low beta background ﬁlanchette (47 mm)
counter was used. This instrument had a 50% efficiency with a lac
source. Samples were cou’nfed the length of time required to obtain at
least 10 times the background count. All sampies were corrected for
1éofopic decay and background. Plahchgttes were monitored before use

for background contamination and were used only if béckground values

vere equal to or less than 2 counts/minute.

The Determination of the Uptake Kinetics for Di3ggl FU322L
" ‘and FR32P

In experiments designed to measure the uptake of DI32P, the

production of‘FU32P and the utilization onFR32

P and FU32P in situ,

I used 4-1liter bag of polyethylene 0.5 mm thick. The large size of the
eﬁclosures minimized the surface-to-volume effécﬁs (i.e., adsorpﬁion
and bacterial growth). Samples were incubated only for short periods

of time so as to avoid changes in planktonic flora. The plastic used

is nontoxic, inert, and highly permeable ta O2 and COZ' Bags were -

97
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filled with four individual l-liter Kemmerer subsamples from the appfo-
priate depth. This minimized variatioms tesulting from plankton
patchiness. Samples were taken while drifting randomly over the sur-
face of the lake. Bags were covered during fiiling so as to minimize
any effects of sunlight on ﬁhe phytoplankton. - The bags are good for
one to six days; after this time fouiing is evident (Porter 1972).

" To make possible in situ sampling of bags placed at several
depths, 1 1nsta11éd a device which allowed surface sampling. This con-
sisted of a plastic tube (3.18 mm ID) placed ;hrough a rubber stopper
which was inserted into the bag. The other end of the tube was
attached to tygon tubing (3.18 um ID) which extended .to .the surface._

.At fhe surface, connection was made to a glass tube placed through a
rubber stoppér sized to seal with either a 250 ml or 125 ml polyethy-
lene sampling bottle. Duriﬁg sampling, a polybottle was placed on the
stopper, collapsed by hand, and then released. This suction filled the
bottle within 30 seconds. When more than one depth was sampled, bot-
tles were started as described, and then placed below the water lime in
a buckef attached to the raft. This allowed the samples to f£1ill by
siphon.

The rubber stopper was attached to the bag with several loops of
string which fit into a groove on the side of the stopper. This ;nd
the fact that the large end of tﬁe tapered stopper was placed inside
the bag, insured that the sampling device did not pull out of the bag
during sampling. The rubber stopper also contained a second rigid
plastic tube fitted with a septum. This allowed injection of isotope
or antibiotic tuv the contents of the bag with a syringe ensuring exact

measurement of starting times for the time-dependent DI32P‘uptake
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Figure 14. Radiophosphorus separation scheme used to differentiate
between Part—szP‘, FRO2P and FUS2P. Filtrate 2P is split into FR32p
and FU32P by a 30-second extraction of an FR32P-molybdate complex in

n-hexanol, a water immisable compound.

TR

g

t 2

Yoa




100

Total 32? (125 ml sample) T LT e

Lﬁ) 40 m1 (two 10 ml subsamples = total’szP
: dried on monitored planchetts)
85 ml
0.45 B filtered (+5 ml distilled H20 wash, optional)
Filterable total 32?

L4> 35 m1 (two 10 ml subsamples = filterable total 32?

dried on monitored planchetts)

\/ 50 ml

Extraction procedure for FR32P
‘L%> organic extract = FR32p B
Y o

Aqueous excract
32? (two 10 ml1 Subsamples = FU32P ’ o Co Lt
dried on monitored planchetts)

Then: . ’ -

32? -:filterable 32?* = Particulate 32P

Filterable 3‘2P* - FUBZP* = FRBZP

% = puilps e :

Total

*Corrected for dilution by reagents and corrected for .isotopic &ecay.

T © 7 Flgure 1h.
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experiments. Also, the corners of the bags made exceilen: mixing
poﬁkets when inverted into the interior of the labelled bag.
Immediately after sampling the bags, subsamples were taken from :

the polybottles and filtered through 0.45 Yy membranes that had
previously been washed with dilute HCl and distilled water. The
filters were then quickly washed with 5 ml of distilled water. All
the filtration was done in a boat on the lake immediately after sam-
pling. Multiple experiments at several depths were run ai the same
.time to reduce the effect of any natural ﬁhysiological uptake rhythms
on the uptake and excretion experiments. - - o ' -

" After filtering, those samples that were analyzed for FU32P
'production rates were taken immediately to the dock, the filtered sam-
:ples were subsampled and then tested for'DI32P and FU32P according to

‘the modified method of Shapiro (1973). Samples taken just for DI32P

utilization were not extracted, thus the filtrate included both FU32P

32 -
P. The sampling scheme resulted in three fractions:

totalAazP, total filterable 32P, and filterable unreactive 32P

as.well as Di

(FUP). From these data, particulate 32P {(Part-P), filterable reactive

32

32? (FR32P), and filterable unreactive ~“P (FU32P) were calculated

(Figure 14).

32

' The exact methodology used for the separation of FR™“P from

32

FU P {is:

.(1) Filter lake water (0.45 ﬁ membrane) .

(2) Place in a 125-ml separatory fumnel, in sequence, 50 ml
of sample, 15 ml of n-hexanol, 5 ml of a 1% aqueous solution

of ammonium molybdate (previously made to pH 8.0 with NH, -OH) .
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- (3) Add 2.0 ml of 4.0 N HC1, stopper and immediately shake.
After 1 min, let stand for 2 min, then drain first 25 ml

into an acid-washed polybottle.

o (4) Take two 10-ml subsamples of the aqueous extract, dry

at 70-80°C on previously monitored planchettes.

. (5) The remaining solution, i.e., (a) unfiltered solution
for total 32P and (b) filtered but nonextracted solution

for filterable total 32?, are treated as in procedure (4).

This procedure was tested to determine the contact times re- .

quired between acidified molybdate and the sample water containing

32?1' Times of 1, 2, 4, and 6 min gave no differences in the amount

extracted. Drying of samples did not alter the 32Pi content as all
?zPi added was recovered after drying. However, it was found that upon
drying, the added extracts of both n-butanol and n-hexanol were in-
'completely recovered and thaﬁ variable results were obtained. This
analysis was discontinued in subsequent lake samples.

It was also determined that the order of addition of samples was

1mportant;‘e.g., if HC1 is added before molybdate, twice as much DIazP

remains unextracted. I also tested the method for extraction of DI32P
" at various concentrations to ensure the independence of the method
from DI32P ;oncentration (Table 6). Since extraction of DI32P was near
972 except for the lowest activity tested which equalled close to 95Z,

3zP values for 51 nonextracted FR32P. All samples

I corrected all FU
‘were duplicated.
The extraction of the 12-molybdo-phosphoric acid into organic

solvents hasAbeen revieved by Olsen (1967). In seawater Protor and
' J

)
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Table 6. Efficiency of'DI32P'eitraction'from

’
;

lake water. " -

T ook
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Table 6.
uci "Total Counts Total Counts Percent-
.Activity Added Added Not Extracted* Nonrecovery

1.0 1,364 70 5.15
5.0 - 6,820 218 3.20
10.0 13,641 369 2.70
1250 - - - 34,104 71,016 - _ 2.98
40.0 54,566 1,592 - '2.92°
50.0 ) 68,258 1,659 2.43
x = 3.23

~#Corrected for dilution by the extraction reagents.




105

..Bood (1954) recommended the'use_of isobutanol and Stephens (1963)

suggested its use for either fresh or marine waters. Shapiro (1973)
reported a quick method which limits the time of contact of the
acidifiéd-golybdate reagent with lake water. Lindberg and Ermnstein
(1956) recommend the use of brganic extraction by equal volumes of
benzene and isobutanol. This limited contact time to less than 15

seconds, and these authors reported that the great advantage of this

‘method is that it is practically independent of concentration over the
-entire range of orthophosphate used. Golterman and Wurtz (1961) and
-Heron (1961) used n-hexanol which is much less soluble than the other

-organic alcohols used for extraction. For this reason, I used

n-hexancl in experiments reported here. Hexanol extraction also re-

.duces the acid-catalyzed hydrolysis of the linkage by which the

"phosphate is bound to ofganic radicals. The 10-min reduction of the

12-molybdophosphoric acid complex in acid called "free phosphate"

.analysis includes, besides orthophosphate, acetyl phosphate, ribose-1-

phosphate, carbamyl phosphate, and partially creatine and arginine

phosphates. Weil-Malberke and Green (1951) found that the effect of

‘molybdate on the removal of phosphate from organic phosphate esters
-: (molybdenolysis) was decreased by extracting the molybdophosphoric
~acid complex into isobutanol. Thus, extraction with organic solutions

-.seems justified to reduce acid hydrolysis of labile phosphate esters.

The Calculation of 32? Kinetics

Phosphate is removed from solution either exponentially or
linearly depending on the temperature, biomass, and nutrient level of

the sample. There are several assumptions made when radio labelled
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tracers are used to measure the flux rates of their stable t;ounter-
parts: Two assumptions should be noted: (1) there is uniform mixing
of the tracer with the dissolw;ed orthophosphate pool _(DIP) in the
sample water, i.e., the specific activity (329/31P) remains constant
during the experiment, and (2) a steady-state is assumed between the

particulate and dissolved phases. Such a two compartinent transfer

model for phosphate uptake is described below.

‘Calculationss

General: If A = activity (32P)
‘ At = getivity at any time (t)
A = initial activity

then the disappearance of tracer from the soluble phasé can be
described by the equation:
At ;..A_o..e-kt T -
or k = 1n (At' ;'Ko')"/t
where k = rate constant, o
A-more general formula is k = In (Atl-AtAZ) /At
Io‘“simplify the calculations, base 10 logs (Logs) can be used in place
of base e logs (ln). This allows the use of semi-log paper. Thus:

k' = log (A, -A_,)At | W
He‘re k' = the slope.of a s\i-log plot of filtrate activity (y-axis)
E‘time (x~axis). This rate constant (k) is éxprcssed: |

& = 2,303 x k' or k'/0.4343 Y ¢
DIP turnover time (1/k) is the time required'fc-n: the plankton to
metabolize an amount of inorganic phosphate just equal to the quantity

of - phosphate in the water.
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| The rate constant (k) is a relative ﬁumbet which indicates the
fraction of the DIP pool being t;ansferred to particulate matter
(mostly phytoplankton; some.bacterial uptake; some clay adsorption,
eﬁc.) per unit time, i.e., as proportion per unit time or as 100 k
which equals per cent per unit time. The quantity of DIP being taken
up is calculated by multiplying the rate constant by the concentration
of DIP in the water: | A | ' |
v = uyptake rate (ug/l * min) = k(DIP) | . (3
Knowing this.and fhe amount of particulate P in the water we are able
'to.estimate the turnover time of P in particulate form:
' '-Turnovér time pp (min) = (PP)/v - (4)
T The two compartment transfer model as described above is appli-
cable when dealing with the initiai sloﬁe bf the 32? uptake curve
'becéuse Ehe specific activity of the tracer does not change. However,
" one of the pfoblems éssociéted with tracer experiments is the distiﬁc—
“tion between a one way process of upﬁake 6: loss, ana a two way
- exchange. A number of.eatly tracer ;tudies were in error because oniy
one-half of a two-way process was detected. Thus, what was reported to
" be uptake was really half of an exchange process (Pomeroy 1975).
Thus, when a stéady state 1s reached in a tracer experiment
(1.e., non-éhanging 32P fractions), a two compartment exchange model
was used which corrects for the change %n tracer ‘'specific activity.
‘The caiculations are essentially the same except that instead of
filcrate 32P being plotted vs. time, the asymptote value for filtrate
32

P is first subtracted from filtrate 32Pi, i.e., (A;"Au)' It is

these values which are plotted on semi-log paper vs. time,

Then, the slope (s') = Log [(Atl-Aco) - (Atz'Am)]/At (5)

G e ey
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‘6 = 2,303 x s' or 8'/0.4343

The resulting value of (s) is corrected for specific activity changes

by multiplying (s) by the ratios of cell 32? to filtrate 32? to give

ky: | , ,‘
k; = Log [(A;-4) - (A ,-A)]/At x—-ﬂ—A—o-— k (6)

Then 1/k1 is again équal to DIP turnover time, and kl(DIP) v =
uptake rate (ug ° min-l). At true tracer equilibrium k]. should be
equal to k (equations 2 and 3). A

When filtrate 32P was not entirely DI32P, i.e., when FU32P was
detected as part of filtrate 32?, a thréa écmpartment model was used.
In these calculatioms, FU32P was first subtracted from filtrate 32P to
give DI32P. DIBZP was then used to calculafe the uptake constant as
for the two compartment exchange model. Such calculations correct for
biphasic kinetics, i.e., a nonlinear semi-log plot of filtrate 32? vS.
time. |

Using the above information, I calculated the flux of inorganic
phosphate into the algal and bacterial cells in North Gate Lake, and I

estimated the concentration of DIBZP. These daté are not directly

available due to the lack of chemically detectable FRP.

Thus k =g -(—A&-—Ai or k., = s (ce_n;,P._) (7)
’ Ay ‘ 1 total P
Since S = kl + kz; when kl = rate constant for DIP uptake, ! " (8)

k2 (the rate constant for DIP loss from the plankton) can be calculated

(Hayes et al, 1952).

g
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Diel Metabolism of Phosphorus

I investigated the diel differences in the metabolism of phos-
phorus at several depths in North Gate Lake using 3000 liter in situ
plastic cylinders. For the detailed description of the cylinder con-
s;ruction, see Koenings (1976). 1In brief, the cylinders were poly-
ethylene tubes 1 m in diameters and 4 m deep. The cylinders were open
gt the top and bottom and, as in the small bag experiments, were run in
duplicate approximately 2 m apart. Samples were taken from the middle
of the cylinders to reduce the effects of.phosphate absorption on the
walls of the cylindef. Thé methods used to collect samples were similar
to_fhose used in-the small bag experiments, i.e., samples were taken at
tLe“surface through tygon tubing placed at.depth prior to the beginning
Qf fhe experiments. ngples were taken simultaneously in both cylinders
at'éll'dépths (surface to 2.5 m in 0.5-m intervals). Samples were
t;éaiééhés in tﬁe smali-bag experiments except that filtering and ex-
tractioﬁ‘were carried out in the laboratory within 20 min of sampling.

To study phosphorus metabolism of the plankton and bacteria in
Fhe lake, one cylinder was labelled at &4 depths (surface, 0.5 m, 1.0 m,
and 1;5 m) at dusk-dark (9 p.m.) and sampled the next morning. After
sampling was cbmplete, the second bag was labelled in the same manner
at 9:00 a.m. and then sampled 10 hrs later before'duék. This enabled

the determination of phosphate concentrations due to dark and light

metabolism.

‘Environmental Constraints on D132P and FU32P Kinetics

To determine the effect of light or photosynthesis on the

q
Pgtt—azP, FRB‘P, and FU32P tractions, I lucubated the cmall bags At -

— gy
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light levels (depths) different from those from which the encioéed

samples were taken. In addition, I covered the bags at the depth

sampled with opaque plastic coverings. Finally, I incubated large

plastic cylinders only in the dark and then only in the light and

compared phosphorus fractions. Tﬁe'use of the above procedures alig;éd
) 32

me to ascertain the effect of light and temperature on FR™ P utiliza-

tion and FU32P production by bacteria and phyioplanktdn.

‘The Separation of Bacterial and Algal Cveling of 32P

To'coﬁfitm strata by strata differences in biological activity.
| (algal vs. bacterial), I used antibiotics to inhibit the growth and.
metabolism of both gram-negative and éram-positive bacteria through the
‘ﬁse of streptomyéin and penicillin G. This series of experimentsA
(0.0 m to 2.5 m in 0.5-m intervals) was started at the same time that
an untreated depth serieg was begun which served as a control.
Ihdividual 4 liter polyethylene chambers were used at each depth
with one series serving as a control and a second series serving as the
expetimental group. The fésults of these éxberiments were compared to
those of the 3000 liter cylinders to determine if enclosure of the
sample in small bags had affected any of the results obtained.
. The rationale of using antibiotics effectiyely in algal cultures
was reported by Spencer (1952). With 50 units ml.1 of penicillin G
and 100 units o1t of strepﬁomycin sulfate, bacterial activity was
reduced for at least 7 days without affecting algal cultures. Spencer
concluded that the ratio of bacteria to diatoms was iﬁcreased tremen-
dously in favor of the diatoms by this treatment. Riglef (1961) found
that 100 units ml"1 of streptomycin and 100 ﬁg u:l-1 of penicillin was

effective in reducing bacterial activity in zooplankton excretion
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i

experiments. Hargrave andIGeen.(1968) used S0 ug ml-1 of penicillin G
.and 100 ug ml-l of streptomycin to reduce bacterial activity in
- flagellated phytoplankton and zooplankton cultures without affecting.
uptake of 14C by phytoplankton. Finally, Kaushik (1975) used only

- 3b ug ml-1 of each of these antibiotics to effectively reduce bacterial

activity in river water.

~-_- I chose to use 50 ug ml-l (80 units ml-l) of penicillin G and

- 100 ug ml-l of streptomycin sulfate'to reduce bacterial activity. This
‘was effe;tive for periods greater than 7 days. It is important to
-remember that as Spencer (1952) concluded, the antibiotics might have a
-dirgct effect on'the algae, but a more probable role lies in their in-
direct action. That is, the more the algae are dépendent upon symbiotic
 bacteria for'essential nut?ients or growth factors, then the control ofi
-the bacterial flora may ultimately ;1mit algal growth. Bacteria are
normally found tenaciously attached to diatoms and may penetrate the

.kelétinohs sheaths of blue-green algae.

—The Utilization of 32? Added as‘FUBzP and FR32P by

Bacteria and Phvtoplankton
Filtrate 32? was then added to a surface samp;e of phytoplankton
ka composite of three l-liter subsémpies) at a 3:1 ratio of lake sample

ib filtered lake water containing 32P. Since slight changes in turn-

over times of DI3ZP have been observed in the epilimnion as well as
' ' 32

partial complexation of FR™ P to COM through an iron bridge (Koenings

;nd Hooper 1976), I incubated a control experiment consisting of a

similar 3:1 dilution of lake sample and filtered lake water (without

32 32 32

- 9
FR™ P andFU3“P)with DI"°P (i.e., stock ““P or free DI32P). This

L e
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series of experiments were undertaken at 0.0 m and 2.0 m to both test
" the ability of phytoplankton (0.0 m) and bacferia‘(Z.O m) to reuse
algal FU32P, and to evaluate a possible differential utilization qf
FR32P compared to free DI3ZP.

To test this reutilization further, I incubated a.surface sample
of plankton in a darkened 4-liter bag with D132P for 4 days. This time
period is many fold greater than.the turnover time of the sestohie
phosphorus so that all phosphate within the system has been “turned

over" by the plankton as well as equilibrating with any abiotic trans-

formations, i.e. complexation with COM and ironm.

Results and Discussion

Uptake of DI32P and Formation of Part-32P

To differentiate between algal and bacterial cycling of 32P, and
'the importance of each at the specific depths tested, I added anti-
biotics to a series of deptﬁs (C.0-2.5 m in 0.5 m intervals). A second
‘complete depth series served as controls. | |
In the antibiotic treaged samples (which were inoculated with 32P
three hrs after the introduction of the artibiotics), phosphorus was
taken up by the plankﬁon less rapidly than in the untreated controls
(Figure 15). This delay period in the uptake of 32? increased with
dep:h through to 1.0 m, the Secchi disk depth. Below this strata
inorganic phosphorus was not converted to Part-azP (compared to control
levels) during the entire 7-day experimental period (Figure 15). Thus,
.1n the antibiotic treated samples the FR32P levels remained close to

32

80% of the total ““P added (at 1.5 to 2.5 m) while in the untreated

controls FR32P represented less than SZ of the added 32P. Obviously,

T s R s A S
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Figure 15. The effect of the addition of antibiotics (AB) on phosphate

absorption by the seston present in 6 strata of North Gate Lake.
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the lower strata contain populatiens of aquatic bacteria that are
metabolically inhibited by antibiotics. However,-in the treated upper
three strata (surface~1.0 m) FR32P is taken up rapidly, but the time
until'the asymptote is reached increaées with depth inciﬂating that
bacteria become more important‘in the phosphorus dynamics of these
strata with an increase in depth. In these antibiotic treated samples,
unlike those of lower strata, phosphofﬁs is still extracted from the
water by the seston indicating activity of metabolizing phytoplankton.

. In summary, a depth series from surface to 2.5 m contains de-
creasing amounts of metabolically active phytoplankton, with an in-
creasing importance of aquatic bacteria. Below 1.0 m the organisms
dominating the metabolism of phosphorus as bacteria, while above this
- depth phytoplankton increase in importance. L . -
= . In the control (i.e., no a;tibiotics) small bag experiments, 
amounts of Part-32P found in the surfacelphytoplankton—dominated strata
were lower (82.6% and 91.32 of total 32?) than the Part-32P fractions
in bacterial strata. Thus, 1.0 m (Secchi disk depth) had 87.6%
Part-32P while the bacteria-dominated depths of 1.5 m, 2.0 m, and 2.5 m
contained 93.32, 93.7%, and 95.3% Part-32P (Figure 15). Accompanying
this increase in Part—szP with depth was a decrease in FR?ZP. The
amount of equilibrium FR32P in the photic zone equélléd 12.1% at the
surface, 15.06Z at 0.5 m, but decreased to 8.65% at 1.0 m. Again, 1.5 m

demarcated a further drop to 2.71% FR32P in the bacterial layer with

32

4.39% at 2.0 m, and 3.80% FR ‘P at 2.5 m.

In summary, it appears that the phytoplankton are turning over
0132P very rapidly and establishing a larger pool of cycling FR32P

in the euphotic zone compared to the aphotic bacterial strata. In the




" upper two strata active photosynthesis if taking place, during which

FR32P is taken up very rapidly and incorporated into organic form. At

the gsame time, an FR32P pool is maintained to provide adequate inor-
ganic nutrients for further synthetic reactions. Thus, theevidence
supports the observations of Schindler (1973), Lean (1975), Schindler.

et al. (1975), and Likens (1975), that plankton excretion is a

primary mechanism responsible for the steady-state level of FRP in the i

epilimnion of nutrient-deficient lakes. This rapid cycling provides
tﬁé inorgenic.ohosphate necessary for the maintenance of the algal
population. However, for substantial net grdwth of the plankton to

occur additional input of new phosphate from allochthonous sources is

needed

Below the photic zone heterotrophic bacteria dominate the system,

and a shift in phosphorus cycling strategy takes place. Here the
bacteria take up nearly all the inorganic nutrient available (>93%
é5££¥32p) and more importantly maintain a smaller (<5% FR32P pool.
'Tnus, the bacteria absorb the phosphate and retain it. When faced
with the situation of a phosphorus-deficient substrate (e.g., colloidal
organic phosphorus), bacteria resort to inorganic sources and strip
phosphate from the water column. This phosphate is necessary to meet
metabolic demands and is not returned to the dissolved phase. Thus,
mineralization reactions (i.e., an increase in dissolved phosphete)
4111 notAbe observed in bactcria-dominated communities linited by a

shortage in substrate phosphorus. Thus, the evidence supports the

hypothesis of Pomeroy (1975) that bacteria are not always majer regzen-

erators of FRP in natural waters, especially nutrient-deficient waters.

Thus, heterotrophic bacteria may only act as regenerators of FRP when

RN S
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presented with either substrates or an environment containing an
.amount of phosphate over and above that required for metabolic reac-

tions. The immobilization of DI32

P by the bacterial layer is simiiar
to the results of_other studies in both terrestrial and aquatic systems
which have repeatedly demonstrated the immobilization of inorganic
phosphorus and nitrogen by microbes associated with decomposing plant

" material with high C:P:N ratios.

Production of FU32P

Antibiotic treated samples at 1.5 m and 2.5 m show little
Part-azP activity and high amounts of unabsorbedAFR32P. In these
strata, FU32P was never detected. However, the antibiotic treated
samples of the surface, 0.5 m and 1.0 m contained a major fraction of
Part-32P, low levels of FR32P and detectable amounts of FU32P on all
dates sampled (Figure 16). The formation of FU32P is dependent upon the
uptake of FR32P and its conversion into organic linkages. This argues
that the formation of FU32P is biologically mediated in North Gate Lake.

In the control experiments at 1.5 m to 2.5 m, only a small aﬁount
of FU32P was found in the presence uf a large fraction of Part-32P
(Figure 16), but FUBZP did not increase over time. This is contrasted

to the surface to 1.0 strata where FU32P did increase over time. If

FUazP formation was the result of the continual process of death and

- decay (autolysis) of sestonic cells, FU32P should increase overtime at

all depths. Thus, the formation of FU32P must be an active metabolic

‘process that closely balances FUazP excretion and FU32P utilization.

For example, in the upper three depths in the presence of actively

metabolizing phytoplankton cells, FU;ZP excretion exceeds FU32P utiliza-

tion and FU32P activity -increases (Figure 16).

N T R -
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Figure 16. A éomparison of the distribution of FU32P in several strata
in the presence and absence of antibiotics-(AB). Between day 3 and
day 4 the bags indicated by "dark" were covered with opaque plastic
coverings'to reduce photosynthesis. 'Thbéé—ﬂot~éover§d served as

controls.
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" ...Since the autotrophic layers actively produced‘FuazP, an apparent

link could be surmised to exist between the driving force of autotrophy,

.photosynthesis, and the active production of FU32P If so, a reduction

of the photosynthetic process would tend to reduce FU32P production.
This would have the effect of artificially magnifying the importance of

reutilization reactions resulting in a reduction of the pool size of

FUszP. To test this in situ, I covered the 4 liter bags with an opaque

black plastic outer bag at the surface, 1.0 m, and 2.0 m strata after
the sampling period on day 3. This left 0.5 m, 1.5 m, and 2.5 m as

control experiments (Figure 16) Thus, photosynthesis was reduced in

the covered bags while the uncovered bags could function normally,

thereby acting as control experiments.

The net excretion of FU32P decreased (utilization exceeded

excretion) after darkening the bags at the surface and 1.0 m (after
;day 3 and day 5), while in the control at 0.5 m the pool size of ex-
; reted FU zP continued to increase (Figure 16) In the lower strata
wthete”appeared to be little effect on the FU 2P levels, although even
hete a slight decrease may have occurred in the darkened 2.0 m bag.
Thus, FU32P excretion in the euphotic zone can be characterized as an
“active process that appears to be accelerated by an energy yielding
.metabolic process (e.g., photosynthesis). ’

| These light and dark experiments (Figure 16) suggest the dynamic
;datore of FU32P production, i.e., that a portion of the FU32P pool
-once .excreted could be reutilized under appropriate conditions. Since

it has been well established that the reutilization of FU zP (i.e.,

organic phosphorus) depends on the productivity of a phosphatase

enzyme external to the cell membrane, the relationship between FU 2P

At
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and enzyme levels in situ was also studied.

Acid Phosphomonoesterase Activity and the Production of FU32P

A vast difference existed in FU32P levels in the antibiotic
treated and control experiments (Figure 16), as well as in the enzyme
| levels in these two systems (Figure 17). Those stfata which showed
very little FU32P activity (antibiotic treated) until later (day 7-8)
in the experiment were those which also possessed the largest amount of
- enzyme act;vity earlier in the experiment. This newly formed algal
-enzyme functioned to hydrolyze FU32P,~decreasing the fraction of FU32P
-appearing in the antibiotic treaéed experiment. 1In the.cantrol experié

32

P to ac~

cumulate. A functionalArelationship exists between excreted FU32P and

ments lower levels of enzyme élloved a larger fraction of FU

-enzymatic hydrolysis‘reactions. The formation of this enzyme results

in the partial utilization of FU32P excreted by the seston. Thus, the
net production of detectable FU32P in Nortﬁ Gate Lake is a balance be-
tween its production by an active(metabolic process and its degradation
by enzymatic hydrolysis.

The production of this enzyme in the antibiotic tfeated samples
is interesting in that it was found solely in the particulate fractiom.
Indeed, unlike the open lake water where >68% of the enzyme activity
was filterable, >95Z of the new enzyme production was particulage. In
-addition, the filterable enzyme activity in the bag experiments (unlike .
-the particulate activity) declined over timé suggesting that filterable
-engzyme activity extends to periods less than 7 days. The pool of fii—
terable enzyme is thus dependent upon continual renewal from the par-

ticulate fraction in order to be detectable.

The Bacterial layer treated with antibiotics did not show this




o«

oo 122

- .Figure 17. A comparison of the diétribution and production of acid

-phosphatase (acid PMase) in the presence and absence of antibiotics
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increase in enzyme activity since §oth control ;nd treated e#peiiments
contained equivalent enzyme activity. The increase in acid phospho-
monoesterase (PMase) activity ﬁasvconfined to the nﬁper strata, and
may be directly attributed to ;n increased synthesis by the algal popu-
lation induced after treatment with antibiotic (i.e., baeterial inhibi-
tion). : S : S

In summary, FU32P synthesis was slow compared to FR32P equilibra-
tion with the Part-32P pool, confirming a slow equilibration with the
stable FU31P pool.However; in all cases studied, the 3000-liter cylin-
ders and the 4-liter bags, by the time the first sample was taken
(day 1) considerable FU32P was already present. It is evident that
FU32P excretion, while not being quantitatively large, did take élace
very rapidly in North Gaté Lake. )

Cell autolysis is a poténtial source of FU32P. However, if
FU32P prodﬁétion was.due solely to ceil autolysis, then (1) Fﬁ32P
should increase over time in the bacterial layers (not observed) as
well as in the algal layers (observed) if bacterial autolysis controlled
FU32P produc¢tion and (2) if algal autélysis controlled FU32P production,
FU32P should increase in both dark and light experimentS'(got observed)
and not decrease as was observed only'iﬁ the dark samples. These
tesuits agree with~Richey et al. (1975) who concluded that algal autoly~-
sis plays only a minor role in filterable phosphorus production in

Castle Lake. : ".‘-'"" SR -

Rates of FU32P Production

32

In the foregoing experiments; FU™"P was detectabie-in the un-
treated controls by the first sampling period. So to determine the

rates of FU32P production, the ‘amount of FU32P was determined in
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kinetic experiments after DI32P_addition. In all experiments DIBZP

was quickly absorbed by the plankton (Figure 18), incorporated into
cellular compounds, and a small fraction rapidly excretedAés FU32P.
This metabolic FU32P quickl& reached a maximum, but then decreésed to
a rather constant value (Figure 18). Thus, once leaked into the water,
a portion of FU32P was biologically removed from solution leaving a
fractibn that is not as readilﬁ susceptiﬁle to seston utilizatiom.
This initial process (i.e., short-term leakage) is similar at ail
depths sampled. However, the rate of FU32P production decreases

slightly with depth. At O m the rate constant equals 0.04667 min—l,

1

this falls to 0.04603 min * at 1 m and to 0.04088 min ' at 2 m.

The initial appearance of short-~term FU32P in the filtrate
(<10 min) and its distribution over time suggests (1) that it is not

. )
far removed from the initial pool of cellular organic phosphorus

32P and (2) that it is a low molecular

weight compound (Saunders 1972; Fogg 1966). Even though the FU32P

fnitially labelled by absorbed DI
may be in a low molecular weight form that is more readily susceptible
to eﬁzymatic hydrolysis, this exponential production of filter;ble
organic phosphorus by the seston in phosphorus defiéient waters is
somewhat of a paradox. The rate at which phosphorus is lost to the
EU32P is nearly one-half the rate at which 15132P- is absorbed. However,
after 24 hrs, the bacterial layers (1.5 m, 2.0 m, 2.5 m) do not show

a further net increase in FU32P (Figures 16 and 19), while in the
euphotic zone (surface, 0.5 m, 1.0 m), FU32P shows only a slow increase,
This long-term production of FU32P is depth dependent, and represenfs

a net increase in only a small fraction of FU32P-that is not suscepti-

ble to immediate algal utilization.

o ol
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Figure 18. The short term, in situ production of FU32P by the

surface, 1 m, and 2 m plankton in North Gate Lake.
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The rate of FU32P production (Figure 19) decreases from 0.00859

¢! at the surface, to 0.00638 d"* at 0.5 m, 0.00599 d ! at 1.0 m

-1

and to 0.0 at ? m. FUsZP production averaged +0.00521 day-l for all
depths 1in the photic zone. At this raté of production (an assuming
an equal rate of utilizatibn), the FUP pool would have a turnover time
ranging from 116 days to 290 days or-an averaée turnover time equalling
192 days or nearly 6.5 months. This 1is further evidence that the rate
at which the FUBZP pool comes into isotopic equilibrium with the FU31P
pool (if it ever does) is vefy slow. fhe production of long term FU322
is much slower than determined by the short term experiments of Watt
and.Hayeé (1563) and Lean (1973). Similai -short -term experiments in
North Gate Lake also resultéd in very fast rate constants (e.g.,
0.04667 min-l) for FU32P production. Thus, FU32P is produced very
rapidly in time limited kinetic experiments, however, in long term
experiments where reactions of production and of utilization are al-
lowed to continue and integrate over time, the actuél net production
of FUsgP is slight and the rate constant (0;00859 d-l) correspondingly
slowv., Thus, short term and lonyg term FU32P are nnt only qualitatively
and quantitatively different, but also vary in rates of production.
If short term excretion éxperiments are'performed; the results would
indicate a very rapid exponential productionof FU3;P. However, longer
term experiments show that the initial eiﬁonenti#l excretion rate is
not maintained and the actual net production of FU32P is a slow linmear
process.

Finally, strata by strata differences in both the quantity aﬁd

quality of excreted FUazP were found. These different strategies of

metabolic 32? cycling are particularly interesting in light of the
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Figure'19. Phytoplankton (0.0 - 1.0 m) and bacterial (1.5 m)

32

rartitioning of 32? into FU32P, FR32P, and Part-""P over time in

North Gate Lake.
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potentially related differences ig FUalP size discribﬁtibns (Figure 10)
of compounds making up the ruilp pool (Table 5) observed to exist be-
tween these same layers. The major pool of stabie lcw molecular weight
DUP in the surface strata is correlated with the production of FU32P by
the plankton in that strata, Howevef, since the bacteria at 2 m do not
produce FU32P, the major pool of FU3lP (instead of being the lower
molecular weight fraction) is found in the colloidal fraction (CUP), a

high molecular weight form of detrttal organic phosphorus.

Recycling of Filterable Phosphorus: FR32P and FU32P

‘Levels of Part-32P in the epilimnion of North Gate Lake showed a
‘geaéral“increuse with depth with a eharp increase helow the Secchi disk
depth (Figure 19). For example, in cylinder B values range from 82% at
thé‘surface‘to 88% at 1.0 m, but jump to greater than 96% at 1.5 and
2.0 m. The same general trend was seen in cylinder A which showed 79%
Part-P at the surface and nearly 817 at 1.6 m. Here ég;in Part-32P in-
creased to 957 of total 32? below the Secchi disk depth. Thus, for the
7 days in each of three separate experiments>1ess particulate 32? was
obsetveé in the strata which contained populations of phytoplankton than
was fouand in bacterial layers below the photic zone, due to the active
recycling of phosphorus.

The recycling of phosphorus by the phytoplanktoﬁ resulted in
up to 16.9% of the phosphorus at the surface to 1.0 m being present as
FR32P (average of 13.5%) while at 1.5 and 2.0 m only a maximum of 3.75%
of the total 32? was being recycled into FR32? (average of 2.91%). 1In
addition, there was a small but measurable increase in FU32P over time
and with depth. The values from the surface to 1.0 m were very close

but decreased from 4.15Z to 3.34% of total 32?, At 1.5 and 2.0 m there

’
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was again a sharp difference. Only 1.70-1.897 of total 3ZP was present

as FU32P. Thus, the plankton in the photic zomne maintained a large fil;
terable pool of 3% as FR32P (nearly 20%Z of total 321’); while the bacterial
‘ layers below the photic zone maintained smaller pools of filterable 32?
(<S.OZ of total 32?).

AEven though the quantity of excreted metabolic ﬁroducts are
smaller, the bacteria appear to genefate more FU32P compared to FR32P
go that there is a general increase in the FU32P:FR32P rétio with
depth. -Such a trend suggests that the phytoplankton appears to leak
much more FR32P compared to a much more conservative excretion of
FU32P.

While FU32P slowly increases over time in the euphotic strata of
North Gate Lake, the aphotic bacterial strata do not even show this
increase; (Fig;xres 15 and 19). This, combined with the changing FU3%:
FR32P ratio and the different amounts of FR32P excreted with depth sug-
‘gests that excre;ion or turnover strategy for phytoplankton differs
from that of the Sacteria. Thus, cycling of filterable phosphorus back
to the water column does not appear to be a function.of bacteria whereas

the bulk of regeneration of equilibrium FR3ZP appears to be the major

responsibility of the phytoplankton.

" "Algal and Bacterial Usage oﬁ'FU32P

Apparent in the foregoing cylinder and bag experiments is the
general trend of an exponential short term increase in FU32P (Figure 18)
followed by partial reutilization, and a longer term, slow linear
increase (Figure 19). Since long term FU32P does increase in the lake

water, most of the material may be relatively resistant to immediate

teutilization. Thus, these compounds may be recycled over a longer
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-

Figure 20. The in situ reutilization of algal FU32P by the phyto-

plankton (0 m) and bacteria (2 m) in North Gate Lake.
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.period of time by bacteria, efc., but rapid seston utilization should

.-be small. However, when productiéﬁ of‘FUBzP-aas mdnimizéd by darkening

.zselected samples, reutilization of FU32P d4id occur, suggesting that
'Fﬁ32P is not totally refractory material, i.e., a portion can be util-
.dzed by the seston.

-“"Filtrate 32? used as a source of FR3ZP<and FD32? for further
-=geston utilization experiments contained >72% FRBZP and <287 of FU32P.
"This confirms the existence of a iarger pool of cycling inorganic phos-
~phate compared to a smaller pool of FU32P as found in my earlier experi-
‘ments. | .

:The plankton within the surface strata utilized less than 257 of
~the FU32P supplied as a source of phosphoruns within 30 minutes
.- (Figure 20). This represents at 22.6% decrease in ?UBZ? added origi-
-nally from the filtered lake water, and a 3% pet increase in mewly pro-
.~duced FU32P (estimated from control experiments). The utilization
~curve (Figure 20) suggests that a portion of the FU32P was used very
-rapidly (k=-0.02105 min-l), vhile a greater fraction was refractory
-and was not further degraded for 2 days. This hydrolysis cnrve'fél—
-~lowed;the same pattern reported by Johannes {1964) who looked at FU32
- =(produced by senescent algal cultures) utilization by growing pﬁyto-
‘plankton cultures. He found up to 307 of the added-fﬁgz? ﬁas'utilized
within 5 hrs, which was the initial sampling period. Apparently, at
. least two functionally distinct pools u['fﬁBz?ngis:a b$¥h 4in aged
*ﬂphytoflankton cultures and in natural waters.as products of algal
" “leakage. |
- “Since FU32P utilization does not require a time scale drastically

~-different from FU32P production, both processes influvenmce the levels of
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Y

‘FﬁBzP in lake.wateég. Indeed, thé';ate.of the initial disappearance of
”FU32P (k=~0.02105 min-l) suggests that a portion of this fraciion of
f1lterable phosphorus can -be used as .a source of orthophosphate almost
a8 quickly as DI*2P (k=-0.09442).

. .At 2 m only 8.9% of the added algal FU-2P was hydrolyzed and
-.-absorbed. at a rateof -0.01209 min-1~(Figure 20). .This fraction along
-with an estimated 27 increase in FUaszfromvnew,production results in a
.;net utilization of 117 compared to algal utilization of 25%. Another
difference in the two strata becomes apparent after utilization had
~reached a plateau (Figure 29). There was a net increaée of FUBZf in
:the surface experiment at 24 hr (as was observed for FU32P in éeveral

. -.other experiments), but a net decrease or no change was observed in the
‘bacterial experiment (as was observed in my earlier experiments)
- (Figure 19). '
,Sipce only 9-227 of the metabolically proauced FUBZP was reutil-
-1zable, 0.8-2Z of the total 32? is represented by reutilizable fUBzP
---compared to a cycling pool of FR32P of 10-157 of total 32?. It follows
that FU32P does not serve as an important short~term source of phos-
phorus for algae. Since reutilization of FU32P plateaus, a_considet—
‘able fraction must be considered_relativély inert which increases over
~time adding very slowly‘to the pool of<n6ncyc1ing FUP.
‘Since both particulate and soluble PMase activity was always
- present iﬁ these bog waters, it seems reasonable to éonclnde that a

-smajor portion of excreted long-term FU32P does not coansists of easily

-zgvailable simple phosphate esters, -and a major fraction may in fact

---consist of complex, large molecular weight organic esters such as RNA

- --or DNA (Table 5).
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Apparent Reutilization of FU32P Due to Filtration Artifacts

To determine the effect of the filtration'of bog water equili-

32? for 4 days on the concentration of FU32P and FR32P

produced, I filtered the water and determined the quantity of FR32P

brated with DI

and FU32P. I then calculated the expected concentration of both phos-
phorus forms after adding 1 liter of the filtered water to 3 liters
(4 liters total) of unfiltered lake water. I found that I could expect

137.0 cpm ml-1 of total 32P and 39.0 cpm tul.'1 of FU32P. Thus, in the

reutilization experiments, I could predict the levels of FROZP at 72%

of the total phosphorus, and FU32P at 28% of the total phosphorus.

The initial values from unfiltered and filtered lake water of the
reutllization experiment resulted in a total activity of 134.01 cpm
mlfl, and a soluble act1v1ty of 135.59 cpm ml 1 This, of course, cone
firmed two things: that all the activity added was filterable as ex-
pected ‘and that 97.8% of the total label could be accounted for.

Since 1 recovered 100Z of the activity added in the filterable state,
I.concluded that I had not "reutilized" any FU32P at the time of the
initial sample due to filtration. Furthermore, in the initial sample
36.0_cum ml.1 was in the FU32P pool. This, of course, equals 26.52.of
the total activity compared to a calculated value of 28% of total
activity.v Since recovery of the tracer was 100% for the filterable
phase, filtration artifacts were not responsible for this error.
Regardless of the difference found, it is important to note that all .
calculations of FU32P reutilization begin from the initial filtered
value which automatically corrects for the fractiou of the perticulate
32f tuat is really colloidal 32P retained during the first filtration

(Lean and Nalewajko 1976).
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32? varies between

..Jm acid bog lake water, reutilization of FU
B8.9-22.5% wihile in algal cultures expériments reutilization may ap-
mz:h 100% (Xuemzler 1970). The reason for hiéh reutilization of
H:{% zresplts not from filtration artifacts but from using algal FU32'P
_from lag phase cultures (Kuenzler 1970). This FU32P is potentially
~@3F¥ferent from maturally produced FUSZP, given the envirbnmental and
physinlogical differences in the two populations, since the rate of
wprodurction of sxtracellular products depends on physiological as well
&5 environmental Factors affecting membrane permeability (Hellebust
1974). Thus, results derived from batch cultures of phytoplankton may
be of sigmifirance to natural systems oﬁiy when the latter are under
- Bloom ronditions. Changes occur in the amount or kind of organic
~mnleriule exrreted by algae under culture conditioms. For example,'
Malewaijko (1966) found that ‘the excretion of dissolved organic carbon
.4nrreased as the density of the algal culture increased. Oi:lova and
Zlcbin (1973) reported that the amount and the type of oréanic molecule
.excreted (i.e., amno acids) changed with the growth phase of an algal
-emwlture. Doring aging and autoulysis; cells released all amino acids
into the medizm, but living, growing cells continuously excreted indi-
‘wiftnal amino arids into the medium and selectively absorbed them from
4t. They goncloded that (1) mechanisms of selected excretiod and re-
~artitization of amino acids exist to maintain an active balance of free
—-znd bomnd amino a.t:i'd-s in the presence of a changing environment, (2) up

* 20 337 of metabolites excreted during active metabolism are readily

-aseimilated, and (3) the excretion of metabolites by algae is a normal

~plwysinlogical process.
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" Uptake Rate of 32Phosphorus Added as DI32P by Phytoplankton

‘and Bacteria

Stable chemical analysis of North Gate Lake water indicated that
for strata above the monimolimnion, phosphate was undetectable (i.e.,
<3 ug 31POA-P 1-1). This suggested that if phosphate is not limiting
the plankton, it is at least in extremely short supply and is poten-
tially being cycled very rapidly.

In situ radiochemical experiments were carried out to measure the
fate of phosphate uptake at the surface, 1.0 m and 2.0 m strata. To
reduce the influence of extraneous factors on the cycling rates of
phosphate with depth (e.g., diel differences or day to day variations)
all samples were taken on the same day and all experiments were started
‘between noon and 1:30 p.m. with overlapping sampling periods. All
determinations were carried out in situ with four one-liter subsamples
at a depth equalling the totél eiperimental sample of 4 liters.

| As the stable phosphate was undetectable, the actual cycling
was detectable only through the uge of a tracer amount of marked atoms,
i.e., 32POI‘-P. At the surface (1:00 p.m.) phosphorus was being turned
over by the plénkton at a rate of 0.09442 min.1 (Figure 21) or a re-
placement of dissolved phosphate every 10.59 min (turnover time). At
-1 m (1:30 p.m.), the rate constant measured 6.03422 min-l or a turnover
time of 29.13 min. This represented an increase in the turnover time
by a factor &3.0 and may be due to three factors; (1) a deﬁrease in
the number of active plankton, (2) a decrease in temperature; and
(3) a decrease in utilizable light., This trend was expected to coﬁtinue

"into the 2 m depth (as indicated by the biological data (Figure 2) and

the temperature regime but the rate constant (noon) surprisingly
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32

Figure 21. The rate of decreése of filtrate “"P representing the

: ( uptake of DIBZP by the plankton in the surface, 1 m, and 2 m strata

of North Gate Lake.
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increased to 0.11253 m:l.n-1 with a turnover time of 8.89 min. This
represented a decrease by 167 over that at the surface and by a factor
>3 ovef that at 1 m (Figure 21). Thus, the trend of decreasing uptake
rate with depth did not continue into the 2 m strata. Apparently, the
hetefotrophié bacteria at this depth are removing phosphate from solu-
tion at a rate greater than tﬁat of the autotrophic pﬁytoplankton aﬁ
the surface strata.

While this trend was observed whenever a depth.serieé of uptake
rates was carried out, turnover times varied slightly on a daily basié.
One day after the above rates were measured another depth series was
taken with little change if any in the weather conditions. The turn-
over time increased from 11.43 min (1:00 p-m.) to 17.39 min (1:00 p.i.)‘
at the surfage, but remained relatively constant at the lower depths
(i.e., 29.13 min to 27.04 min at 1.0 m, and at 2 m from 8.89 min to
8.25 min). These continual short turnover times indicate the rapid
cycling of phosphorus (sqggesting that phosphate phosphorus is in
extremely short supply) with the turnover time Being the shortest for

the bacterial layer at 2 m (Figure 22).

Effect of Light on DI32P Uptake

To ascertain the effect of 1igh£ on the uptake of phosphorus by
the phytoplﬁnkton,‘a 1 m composite sample (4 l-liter subsamples) of
plankton was held at 1 m and then transferred to fhe surface. After 15
min the uptake rate was measured (2:00 p.m.) which resulted in a turn-
over time of 20.96 min which was close to but less tha# the previously
measured values of 29.13 min and 27.04 min. During the incubatioﬁ
period the temperature did not increase, indicating that low light levels

at 1 m may be reducing the uptake rate of phosphorus. However, an
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Figure 22. A direct comparison of the rate of uptake of D132P in

three strata in North Gate Lake.
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sequivalent experiment was carried out for:afcomposiee surface sample.
It was incubated in situ at 1 m afeer a 15-min~adjustmen; period. The '
_rgurnover time (1:00 p.m.) equalled 11.83 min, -which was in close’agree;
~ment with the previously determined values of -10.59 min. To confirm
-'the rates did not change due to peculiar -environmental differences at
_+these sampling times (as was shown to take place earlier) a composite
~gample of surface water was incubated at the surface (noon) during the
-gsame day. The turnover time equalled 11.43 min compared to 11.83 for
--vthe 1.0 m incubated surface sample. It was concluded that light did
~=aot control the uptake rate of DI32P in short term experiments under.

;nutrient—sﬁort conditions.

‘Effect of Temperature on DI32P Uptake

.Since the temperature-change (decrease) from the surface to 1 m
. =equaled 4~5°C, a Q10 of 2 would predict a- decrease in the uptake rate
-+-0f only 50Z, but in fact the uptake rate decreased by over 300%Z. 1In
.-zaddition, the temperature change from 1.0 m to 2.0 m was even greater
+-(8=10°C) which alone should decrease the uptake rate by 100Z. Yet the
-~uptake rate increased by a factor of 3. Thus, the rate of removel of
‘DI32P from solution was greatest at the lowest temperature (4-5°C).
1rhie suggests that a temperature effect was. not the facﬁor controlling
the uptake rate.

--The main determinate of the removal-of phosphate in North Gate
.:Lake appears to be both the quantity and type of.»segton at the depth
sampled, Becteria not only retain phosphate as Part-P but remove it
from ﬁhe~vater column at a very quick rate. - It appears that the
: baéferia do not have sufficient phosphorus (substrates rich in phos-

phorus) to export a portion as mineralized phosphate.  This would be'id




. 146

.~agreement with the presence.offan‘exttemelyuphosphate-poor organic
~carbon pool in North Gate Lake. iThus,.the bacteriavare in cqmpetit;on
+with the plankton for phosphate and.may.in fact.strip the water of
--8vailable phosphate and decrease further the small pool of cycling

:dnorganic phosphate in the euphotic zone, i.e., the bacteria layer is

.-=an inorganic nutrient trap.

""Biphasic Kinetics

The differential cycling of phosphorus -by bactetial and algal
scommunities, and the differential amountg of both FU32P and FR32P in
~the filtrate of the 32? kinetics experiments (Figure 23) is 1nteresting

‘:1n two ways. One, filtrate 32? can no longer be considered pnrely'
nIR32P (or as D132P) and second, the_presence of a large fraction of
¢ ~IFU32P compared to FR32f in the filtrate would cause a deviation of the
32? filtrate curve.frcm.an exponential function. This is ;he cause of
- biphasic kinetics (i.e., a departure after log transform from loglinear¥
-dty) observed by Lean and Rigler (1974). If a population of
-~organisms produces a significant fraction of FU32P compared to FR?zP
(regardless of absolute quantities), the biphasic kinetics will be
..observed. If filtrate 2P is predominantly FR-ZP with little FU-2P,
.then monophasic kinetics will be observed. |
-In North Gate Lake the proportion of FU32P to FR32P was depth
.~-dependent (Figufe 23). Thus, biphgéic kinetics should also be depth.
undepehdent, and in the case of North Gate Lake, organism dependent.
~Bacterial communities absorb more FRBZP.than algal communities, have
less FR32P at equilibrium (<5% total‘32P),»and produce léss FU32P :
" {<3% of total 32?) but the proportion of'FU32P to FR32P is much

~greater (0.6 to 0.9) than algal communities. Algal communities



) 147

Figure 23. The depth-dependent ratio of FU32P tou

of uptake experiments at tracer equilibrium. -
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excrete more FU32P over 7 days but in a short-term uptake experiment
contribute around 2-3Z of the tot;l 32P as FU32P,while maintaining a
much larger pool of cycling FR32P (12-15% of total 32?) than bacterial
communities. The FUP:FRP ratio is Auch lower at 0.20 to 0.35. Depar-
£ure from log linearity after log transform would be expected to be
more drastic in the bacterial layer in which filtrate 32? is almost
equally divided between FU32P and FR32P, than in the algal layer where
FRBZP dominétes the filtrate 32?. '

Such a trend is suggested in North Gate Lake. At the surface,
1l m, and 2m, there was an increasing difference between the slope of
32

thé log transform of the decrease in filtrate 32P (i.e. FR"'P + FU32P)

and 32? (Figure 21, Table 7). The ratios of the respective slopes

decreases from 1.00 at the surface to 0.88 at 1.0 m, and to 0,55 at
2m. At 2 m FUszP makes up close to 507 of filtrate 32? causing the
ogéerved difference in slope and thus biphasic kinetics. Lean and
kiglef (1974) consistently.bbserved biphasic kinetiés when filtrate 32?
contained a nearly 1l:1 ratio of FU32P and FR32P.

In summary, ; subtraction of thelFU32P concent:ation from filtrate
32P to gilve FR32P results in an improved fit of the log transform curve
to a linear model. This, of course, results in the better fit of the
decrease in FR32P to an exponential nutrient uptake model, and is con-
sistent with the hyporhesis that a preportion of-FUszP in filtrate 32?

causes biphasic¢ kinetics.

'Diel Changes in Inorganic Phosphorus Metabolism

In these experiments two large 3000 liter polyethylene cylinders
were used. Temperature in the lake varied with every 0.5-ft. increment,

so any disturbance of the natural layering of the water strata and its
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accompanying plankton could be followed with a resistance thermometer.
Temperature distributions in both bags did not vafy by more than 0.2
degrees from that outside the chambers. Thus, I felt that the place~
ment of the chambers did not affect the natural layering of plankton in
the lake and the results of these chamber experiments represented the
in situ reactions in the 1ake.4 | '

After nearly 50 times the turnover time of 32?, different equi-‘
1ibrium distributions of 32? were observed in the cylinders. These
differences were depth related (as was seen for the 32? uptake measure~
ments) and were related to the time period of incubation (i.e., day -
night).

In cylinder A (night 9 hrs) phosphate is taken up by the plankton
and 13 held to a greater extent by the particulate fraction with in-
creasing depth (Figure 24). ”At the surface 92,87 of the added tracer
was particulate which increased to 94.7% at 0.5 m, 97.5% at l.Q m and
‘98.é2 at 1.5 m. »Howevef, in cylindér B (day 9 hrs) the same depths
exhibited a lower amount of particulate 32P. At the surface.oniy
86.7% was Part-P, 0.5 m 87.4%, 1.0 m 84.9% and 1.5 m 93.5% (Figure 24).

It is interesting to note that at night (cylinder A), all strata
(Om - 1.5 m) had Paft—32P fractions of >93.0%, however, after one day-
light incubation-périod (i.e. day 24 hrs), this fraction decreased to
<80.0%, at O m - 1.0 m, but remained greater tham 937 at 1.5 m. The
. light apparently triggéred a decrease in equilibrium Part-32P in strata
within the Secchi disk depth to values relatively consistent with those
in light incubated cylinder B.

In cylinder A (night 9 hrs) the higher amount of Part—32P is re-

2
flected in a lower equilibrium level of FR“zP. These values ran from
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Figure 24. The amount of Pa££F32P.foli6wing dark an&"iight in situ
incubation periods at foﬁé strgﬁa iﬁﬁﬁ;;th Gate Lake. Times indicated
are from the start of the experiment (the addition of tracéé) to when
the sample was taken, and include the day and/or night ;ncubations

for the cumulative time periods.
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Figure 25. The amount of filterable reactive 32? in solution following
dark and light in situ incubation periods in four strata in North
Gate Lake. Times are from the start of the experiment (addition of

tracer) to when the sample was taken, and include the day and/or night

incubations for the cumulative time periods. f
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4,.66% of total 32P at the surface to 0.44% at 1.5 m (Figure 25). In
the light (day 24 hrs) the amount of FR32P in equilibrium with the
particulate fraction increased to 11.3% to 12.4% of total 32? but re--
mained low (4.6%) at 1.5 m.

After a further light period (day 48 hrs) the Part-32P in the

previously dark cylindei: (A) was reduced to 80.8%Z to 85.87% of total 32?
32

.and the FR™ P fraction increased to around 12-16% of total 321’. 'l'his

occurred only for those strata within the Secchi disk depth. The layer

at 1.5 m continually remained at >952-Part-32P and 2.8% FR32P. The

same trend with depth was noted for the cylinder (B). Thus, the strata

within the light reﬁained around 857 Part—32P while at 1.5 m the

3ZP. It is apparent that the phyto-

plankton cycle a considerable amount of FR32P back to the water colummn

Part--2P amounted to 95% of total

compared to bacterial cycling reactions.

" Since FR3]‘P was not detectable in North Gate Lake, the distribu-
tion of FR32P at tracer equilibrium is the only evidence.for diel dif-v
ferences in the concenttation of orthophosphate as a result of plankton
metabolism. In nutrient deficient waters, it would not be unexpected't‘o

find higher FRP levels during the day and lower levels at night.

32

Earlier experiments (Table 2) and Koenings and Hooper (1976) have A
demonstfated. that a colloid of COM and ‘iron has the ability to reduceA A
the cmceﬁtration of free DIP by forming a COM-iron~phosphate célloid.A -
Thus, DIP is converted to FRP. While. the formation of such a complex
enables FRP to remain molybdate reactive as DIP, the colloid prevents

FRP from reacting as DIP in tests (e.g. anion exchange experiments)

designed to measure just DIP.
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Thus, the utilization of phosphate added as DI32P by algae may

not be equal to the algal absorption of colloid boéund FR32P. Thus,

DI32

P may not accurately measure the cycling of FR31P in North Gate
Lake.
In a control experiment (diluted with filtered bog water), DI32P

was used by the phytoplankton from the surface strata at a rate less

than thatibf an undiluted sample (Figure 26; Table 7). Thus, dilution °

itself did have an impact on sestonic turnover time of inorganic phos-
phorus. Turnover times ranged from 10.59 min to 17.37 min in undiluted
gsamples, compared to 21.09 min in the diluted control sample.

In the samples to which FR32P was‘added the uptake rate by the
.ses;onic fraction was -0.00461 min-l at the surface, and -0.00494% min-l
at 2 m. This increased the turnover time of reactive phosphorus to
217 min (surface) and to 203 min at 2 m., Thus, the turnover time for
-DI32P equalled 21 min while the turnover time for FR32P was over
3.5 hr (Figure 27). Since the FRP analysis measures colloidal ortho-
phosphate as well as free orthophosphate, it is not surprising to find
that FR32P is not biologically equivalent to DI32P. The primary
mechanism responsible for this discrepancy is the time dependent com-
plexation of free DI32P to COM and iron to form FR32P. Thus, colloid
bound FR32P is not as biologically available as is DIP but is detect-
able chemically as free orthophusphate.

Not only are the turmover times of DISZP and FR32P different by a

factor of 10, but a greater fraction of FR32P compared to DI32P remains

unutilized by the time of apparent tracer equilibrium. If the asymptote ‘

level of filtrate 32? represents an equilibrium between Part-32P and

DI32P, then the rate constants k and kl should be equal (see Methods).

AT IEES 2 20 S
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32 ' '

Figure 26. A comparison of the decrease of 32P added as FR™"P and

32 '

DI""P to samples of surface and 2 m water from North Gate Lake.
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Table 7. ‘A comparison of the rate constants for DI32P, FR32

and filterable 32P uptake in three strata in North Gate Lake.

(- . S _

~
'
.

P,

A

e 0pts e

B 1 W e

gy et

SN S D)

i AR T

bt

i Suinid

DRI e &1

AR

1591 v S it A DAL, 33 il AN SR

LR VSRS



Table 7.

Filtrate J2P " 'Filtrate Reactive P Part-o2p
_ Rate Turnover Rate . Turnover Rate Turnover
Slope Constant Time Constant Time Constant Time ,
Depth Tracer Date (8) (kl) (min) (kl) - (min) (kz) (min)
Om DISZP 8-9 -0.10491 -0.09442 10.59 -0.09400 10.64 . -0.01049 95.33
’ 8-10 : -0.05749 17.39
8-12 : -0.08751 11.43
8-12 -0.08450 11.83 _
1nm 0132P 8-9 -0.03732 c -0.03433 29,13 -0.03887 25.73 -0.00299 " 334,45, 4 ‘;\
8-10 -0.03699 27.04 ' ) i
8-12 -0.04771 - 20,96 .
2 m pr3% 89  -0,12503  -0,11253 - 8.89  =0.20098 . 4.98 : -0,01250  80.0
8-10 -0,12136 8.24 . :
0m p13%  8-17  -0.05578  -0.04741  21.09  -0.04869  20.54 . -0.00837 ~ 119,47
O0m FR3ZP 8-17 . : -0.00374 267.38 —0.001061“ 216.70
2m 3% 8-17 -0,00382 262,04  =0.00494 202,63
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32

However, if the asymptote level of filtrate ~P actually represents an

wnutilizable fraction of FROZP then k will not equal k,. By such an

1.
analysis the rate constants k and k1 were found to be vastly different
only for the FR32P experiments. Thus, the asymptote level of FR32P is

in fact an unutilizable portiomn of FR32P (Figure 26). At eduilibrium

in the surface DI32P experiments, DI32P represented from 8-10% of the

32?, and at 2 m was equal to 2.12 to 2.95% of total 32?. How-

ever, at tracer equilibrium using FR32P, 65-70Z of the total 32P re-

mained as'unutilized FR32P. Thus, the phytoplankton and bacteria used

from 85 to 957 of the DI32P'before‘equilibrium, but only 35% of FR;ZP.

;f_p13?P comes into equilibrium with stable free orthophosphate, then

obviously a significant quantity of FR32P is not free orthophosphate.

total

In summary in North Gate Lake colloid bound orthophosphate reacts
as orthophosphate in the routine chemical test for FRP, but it is not
measured by ;echniques or by biological assays which are'designed to
measure free orthophosphate. The portion of FR32P that is not avail-
able to algae represents the difference that exists between chemical
estimates of FRP and radiochemical estimates of FRP by use.of DI32P.
At tracer equilibrium in North Gate Lake, D132P represented a maximum
of only 20% of FR32P at the surface and 6% oﬁfFR32P in the 2 m strata.
In comparison, Kuenzler and Ketchum (1962) found 4% of FRP as DIP, and
Rigler (1966) found 1-10% of FRP as DIP. Thus, both authors using - P
concluded that the acid molybdate test overestimates the concentration
of orthophosphate in natural waters. In light of such studies, Likens
(1975) questions the utility of conﬁinuing the chemical estimates of

molybdate reactive phosphorus (i.e. FRP). However, what is actually

measured by the 32P technique is a small subfraction of filterable
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. Figure 27. The uptake and distribution of 32p added either as p13%p

- {(a) or FR32P in surface (b) and 2-m (c) water at tracer equilibrium.
- ..Experiments were performed after dilution of unfiltered lake water

. owith filtered lake water at a ratio of 3:1.
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orthophosphate namely "free" dissolved orthophosphate. The chemical

test for FRP does measure orthophosphate but simply overestimates free

orthophosphate (i.e. DIP), ) R

Radiophosphorus and Stable Phosphorus Equilibria

If an element (phosphorus) is cycling between two or more

phases of a system (i.e., FUP, Part-P, FRP), and 1ts-radioisotope is
introduced into the system, then the specific activity (32P/31P) will
be equal in each phase after the radioisotope has reached equilibrium,
{.e., its steady-state distribution among the phosphorus fractions.

In other words the radiéisotope will distribute itself in proportion to
the stable form already preseﬁ; in the system (e.g. Figure 21). It (
- follows then that the steady state levels of tracer measure only the
-biologically active pools of filterable phosphorus that are readily
used by the metabolizing seston. Any differences in 32P levels (when
_at steady state) with their stable counterﬁarts can be ascribed to
.non-metabolically active forms of stable phosphorus within these frac-

_tions. If aquatic systems do not realize 32P—31

P equilibrium, the
measurable fractions of stable phosphorus must consist of sizeable
percentages of detrital or non-metabolically active phosphorus, i.e.,
refractory forms. The greater the amount of detrital phosphorus or

refractory phosphate, the more unequal will be the specific activity

of any fraction and the less appropriate the estimation of 31? flux

from 2P data.
When introduced iato North Gate Lake water, D132P is rapidly
taken up by the phytoplankton and partitioned into three compartments.

For example when tracer equilibrium is achieved in the surface strata

IO T e A A

T N g

after 60 min (Figure 21), Pa-t-P represents 90%, FRP 87 and FUP 2% of
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~total 32?. In all experiments, most of the phqsphorus.is retained by
the ph&toplankton with a considerable pool of rapidly cycling FR32P
and a lesser amount of FU32P. The bacterial layer at 2 m partitioned
32? a little differently with 947 Part-P, 2Z FRP and AzbeP. In ex~
periments lasting for up to 10 days these equilibrium levels changed
slightly only at the surface'due to the production of FU32P.

However, it is important to note that only tracer equilibrium was
established within the metabolically active forms of phosphorus within
the time period of 1l weeks. For example, surface FU32P levels
averaged 5Z of the total 32?, but FU31P levels in tﬁe same strata
averaged 55% of the total 31?. Thus, FU32P and FUalP differ by a fac-
tor of 10. Obviously, a majority of FU31P ié not labelled during this
experimental'period. This is consistent with the hypothesis that stable
FU31P is not turning over fast enough to be considered a major factor
‘in the phosphorus cycle in the euphotic zone of North Gate Lake. Thus,
the cycling of metabolic FUP (32P) is substantially different them that
exhibited by stable (31P) phosphorus, because stable FUP appears to be
dominated by forms of less utilizable éhosphorus.

Experiments using DI32P and FR32P (an FR31P analog) , show that FRP
consists of fractions that do not cycle as does DIP (Table_?). If this
'holds for other lake systems, estimates of turnover times of 31?
fractions based upon the results of 32P studies will be in error, aad
phosphorus transfer work based upon 32? studies cannot be used to
indicate the flux of forms of stable phosphorus. Calculations of
stable phosphorus fractions and flux rates have been made using 32P
distributions at tracer equilibrium and tctal 31P values (Watt and

Hayes 1963; lean 1973; and Likens 1975). However, this study




demonstrates that 32? data should be used with caution in calculating

stable phosphorus fractions, and flux rates because only tracer equi-

' 3
libration occurs, not the required 1P—32P equilibria.

. 3
- . v -
- .
L0
; . -
B B -
: -
nende ol ow
, 1
[ eATH 3, v '
- >l. [t
o 3
P -
-~ LA
- -~ . .
h > ~
LR M D
LT -
i + v5
CE e e
f . NI
i 8
y-

ke . -
. - h

- o

Y 3 .

rOR Y \

T e

2 Al LY
- AT

...... PN

Fown

[
o~
he}

N e R > STy LI S .
AP trroutn T iz oern ind ’ !
- -
. - Ry .
. s - . : oy s
: Modese ow RESAL S SPo * L s a7 »
T s e — - , T8 .
LS VR u e L ORI viA i ’ vesdoie, DL T 5
t
vy e : T : e .o .
i [yl IS -tlad \ < - pos 48 [P -
LB X
e - . t 2. - & .
~ nt TLownile 1 -
3
- - 1., - 2=
< [l VR PR ) TTe foak £ S L
- -t O R - [T -
v PN 4 ) - ERAERE ¢ i
;
e Fea s ComE R TTN - P N
~ - .l - - Yo e emey petit - kY
aaiel AR fATY 1t
3
-
o - BRI Tl HA T # R
Y
. s . - . .- T -
o DAY VLTI T P c L T
ERREE: 2 SEL VR A S To RS S s al i Ti
.t T T be . -
“ RS PR P T SO < e £ < Ll -
AN Toou T TeEr. AT IR i R
. F - -y - - < Y e
PAES T NS I A W PR T . b
3 % - - . .
L o LA i RTAENE At RSS2 A5 N i
.. . ) P
o - 5 T, - o o . . - . - .
- P SN REERORITEL SRRINE a LY . Ten
) P P A. .
A PR S P14 ® Cea AR SRV -4 RAE P
.
o e PR P TR TR
voosemind LTS Lzuazulis WD A ER
.- N
Y . L
Do . A . - M P
lan e, and U2 ev..s
bR}
- . . , U I T .. .
. 3 : poamtie darived T R
¥ - - . .. - 'S A P -
Tk o $ I s deace Lo the deti i ta A " '
t . o - ~ 1 -
e e . L f N i} ¥




CONCLUSION

The Formation and Importance of Sestonic FUP

Phosphate in North Gate Lake is in very short supply (undetect-
able) and cycles very rapidly through the biota as indicated by radio--
tracer kinetics. Phytoplankﬁoners take up DI32P (turnover time 10-29

32? (8-10Z of total 32?), than

min) and excrete a larger portion of FR
FU32P (2-3%) at tracer equilibrium. FRSZP then increased over a 7-day
period to nearly 15-20% of the total 32?, while FU32P increased to
nearly 8% of total 32?. The bacterial layer removed DI32P at a quicker
min, while a smaller fraction of FR32P compared to the'surface strata
remained at tracer equilibrium. At 2.0 m FR32P represented 2-3%, and
FU32P 2% of total 32?. Neither fraction increased significantly at the
end of 7 days. Thus, the distribution of FRO2P showed a maximum in the.
surface which decreased with depth (Figure 28). Particularly notice-
able i{s the sharp drop in FR32P at 1.5 m and below whefe the phyto-
plankton are nearly nonexistent and bacteria dominate the system. The
FUaZP pools generally follow the same trend iﬁdicating the excretion of
FU32P by the planktqn only in the photosynthétic zZone, _

In contrast to FU32P, FUBIP does not show a depth-related differ-
ence (Figure 28, Table 3). Only the depth distribution of dialyzable

32? (Figures 10 and 28).

organic P (DU31P) resembles that of metabolic FU
This disequilibrium found between FU31P and FU32P aréhes that a consid- }

erable portion of FU31P is not recently derived from particulate meta-

bolic phosphorus. Further evidence for the detrital nature of FU31P

comas from the unusually high C:P ratios found only for the colloidal

167
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Figure 28. A summary of the in situ distribution of 3 (IV) and
32p (I, 1I, III) fractions at tracer equilibrium for several

experiments in North Gate Lake. The FRP fraction in the 31P pool

is undetectable.
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organic phosphorus (CUP) fraction (Figure 1l1) which dominates FU31P.

32P and FU32P, i.e.,

Particulate 32? follows an i;verse trend to FR
increasing with depth. The heterotrophic bacteria below 1.5 m extract
DI32P from the water and do not cyqle it back to the water (i.e.,

8 lower levél of FR32P) compared to_£he autotrophic phytoplankton.
The phytoplankton through a balance of uptake and excrefion maintain a
pool of FR32P that can be continually used as a source of phosphate for
metabolic needs under conditions approaching a steady-state. fhe

direct release of FRP and FUP from the piankton is very important in

the rapid turnover of phosphorus in'North Gate Lake. This is especially
significant in the euphotic zone where FRP excretion greatly exceeds'
the production of unuseablé‘FUP.

Since phosphorus is rapidly liberated during autolysis (Golterman
1975), particulate detrital organic matter should consist of a high
proportion phosphorus-poor compounds. Decomposed organic matter derived
from the Séhagnum mat is also a source of this material. North Gate
Lake does contain a considerable pool of detrital colloidal brééﬁic
carbon with very high C:P ratios. 1If insufficient phosphorus is avail-
able from such organic compounds for bacterial use, inorganic phosphgte
is stripped from the water to provide for cellular maintenance reac-
tions. The heterotrophic bacteria in these phosphate-poor watars are
not regenarators of either DIP or sources of FUP. Because of such a
conservativg use of phosphorus by the bacteria, tﬁe 2 m layer acts as a
temporary trap for inorganic phésphate. For this reason, and because
of the 2 m strata is the top of the thermocline, phésphorus levels are

the highest in the' lake with the exception of the monimolimnion

(Figure 7). More importantly, the heterctrophic bacteria cannot be
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considered efficient dissolved nutrient regenerators since they produce

particulate organic phosphorus, and recycle very little of either
filterable form. This has been observed by Poméroy (1975) and Johannes
(1964, 1974) who have stressed that bacteria are not the only mor

even the major agents of nutrient regeneration especially. in putrient

e 0 P Bl e . s v e w0 A 1

deficient systems.

The production of FU32P by the phytoplankton occiurs very rapidly
(5} min) and can be expected to occur in nutrient deficient waters. In
this environment internally.stored phosphate (as polyphosphate) 1is low,
g0 that the DI32P can be quickly absorbed, transferred to the metabolic

organic P pools, and a small fraction then excreted or leaked as FU32P.

IRV TR Pty S Y S veey

Such rapid leakage of recently labelled 140 organic material has been
observed by Seunders (1972) and Dunstall and Nalewajko (1975), and
consists of both low and high molecular weight substances. Fogg

(1966) found that glycolic acid was a significant

fraction of the DOC excreted by 23 species of phytoplankton. Since
glycolic acid is an immediate product of photosynthesis (Bassham et al.
1968) (produced by the splitting of a diphosphate sugar), leakage of

a small portion of the considerable pool of organic phosphorus
esters within the photosynthetic cycle should not be unexpected.
Indeed, Bassham et al. (1968) found that accompanying leakagé of lbc
labelled glycolic acid out of isolated chloroplasts was 3-phospho-
glyceric acid, dihydroxya;etone phosphate, fructose-1,6-diphosphate

(sugar phosphate), pentose monophosphates (nucleotides), and several

other phosphate esters. The ratio of these (but not all) phosphate

compounds in the supernatant to that in the chloroplast was greater in



172

some cases to that of glycolic acid. Later studies using pre-labelled

intact Chlorella pyjenoidosa found a considerable pértion of 32?i and
bound pohsphates in the medium after 30 minutes.

The low molecular weight compounds leaked from the chloroplasts
are from the same classes of compounds occurring in algal culture
filtraﬁes.' Krause and Stegman (1968) and Phillips (1964) found
orthophoéphate, nucleotides or poly nuéleotides, and perhaps phosphory-
lated carbohydrates (sugar phophates) in sea water containing algae
equilibrated with 32?. These are the same compounds that are hydrolyzed
' bi extraceilular PMases and are effectively used as sources of DIP by
algae.

Since FU32P appears within 3 min after taking up DI32P in Nortﬁ
Gate Lake, it is apparent that metabolic FUP is derived from the pool
- of éarticulate phosphorus not far from the photosynthetic pathway.
PMase hy'drolyéable material (Table 5) was in greatest concentration
"4n the surface strata of North Gate Lake as was the low molecular
weight, low C:P ratio FU31P (Figure 10) suggesting that a portiom of

FUP is derived from the particulate metabolic pool (i.e., overlapping
C:P ratios) (Figure 1ll). In addition, a portion of the FU32P pool was
reutilizable a;:would be predicted by the presence of an acid PMase
whose substr;tes include sugar phosphates and nuc}ebti&es (Figure 20).
The activity of this enzyme was found to be greatest above the thermo-
¢line (Figure 12), which argues for a sestonic origin and a functiomal
role in obtaiﬁing phosphate from excreted FUP.

However, a major portion of the total P pool (Figures 7 and 10),

in North Gare Lake iy {1lterable but not nondialyzable and represents
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a colloidal or a high molecular weight fraction of FUP. This form of
FUP (i.e., CUP) has a high C:P ratio and increases Qith depth (surface
5.8% of total P; 2 m 32.2%; 5 m 34.6%) while metabolic DUP (lower
molecular weight) decreases (surface 42}92; 2 m11.52 5; 5 m 13.8%).

The production of FU32P by the plankton results in aAturnover time

for metabolic FU32P of 6.5 months on the average. This in no way
represents the turnover of FU31P in North Gate Lake since tracer
equilibrium was far from achieved. The data indicafe that most of .

the FU31P pool is refractory and does not serve as a ready source of
phqsphorﬁs for the plankton in North Gate Lake. Thus, FUP in acid bog"
lakes cannot be included in productivity forecasts from total phosphorus.
When FUP is subtracted from total phosphorus, the prediction of produc-

tivity from total phosphorus begins the match the recognized trophic

status of bog lakes (Hutchinson 1957, Vollenweider 1968).

32

Phosphorus Equilibria: Comparison of ““P and 31? Fractions

During the éummers of this study (1973-75), FRP remained undetect-
able in the lake. However, at tracer equilibrium 6~10% of the DIBZP
tracer [turnover time (TT) = 5-29 min] remained filterable for time
periods exceeding by several fold that of the turmover times for both
particulate and dissolved phosphate. This can be considered the
steady-state pool of phosphate-phosphorus that is maintained by the
planktqn through a‘balancing of excretioﬁ and uptake rates. These same
low levels of.equilibrium 32P were noticed by Rigler (1956) with 97%

‘ particulate P with 2.9-5.22'of the 32? rémaining filterable (TT=10 min).
Lean (1973) found that usually less than 4% of the total 32? added

remained as filterable 32?. These values agree very well and may be
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representative of Canadian shield_temperate soft water lakes. Hallmanﬁ
‘and Stiller (1974) found that less than 107 of the 2P added to Jordan
River or Lake Kinneret water remained in a filterable foém, but turn-
over times were much longer (TT 13 hrs and 1.80 hrs, respectively).
Peters (1975) 1looking at central European lakes, found from 0-77 of
the tracer in solution at tracer equilibrium (average TT equalled 27
min)., In Lago Maggiore during 1973-74, equilibrium filterate 32? aver-
aged 447, Th;é was much higher than expected and Peters (1975) proposed
that'uﬁlike ﬁqrth American lakes, a higher level of filterable phos-
phorus available to the algae exists in European lgkes. However, stable
pho;phorgs analyses were not performed to confirm this hypothesis.

Where direct comparison of steady-state tracer levels with stable
phosphorus distribuﬁions are available (Table 8), it can be seen that
in the time periods of these experiments (which in all cases were fol-
lowed for time periods several fold éreater than that of the dissolved
phosphate turnover time) tracer equilibrium.leﬁels were not established
at levels equal to that of the equivalent stable counterpart. Thus, the
. ratios of the representative radiophosphate ffactions (e.g., FUP; FRP)
uemtmuwhmtome%msmMe&uﬁms@&hSLTmfmamﬁ
which was out of phase to the greatest extent (which caused the remain-
ing calculated disequilibrium) is the same in all cases, the filterable
fraction |

An average of 347 of the total stable phosphorus in Canadian
shield lakes is filterable (Rigler 1964), but less than 10%Z of the
32? at equilibrium i{s filterable. Thus, it appears that like North
Gate Lake and seawater, a considerable portion of filterable phosphorus

is not being cycled as rapidly as DI32P and the equilibrium level of
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Table 8, The fractional distribution and the ratios of stable

(31P) and radiotracer (32P) phosphorus at tracer equilibrium in

marine and freshwater systems,

erafe aite et vy e




Table 8.

Form Part-P FRP FUP FUP: FRP FUP:Part-P System Source
%31p 75.8 8.9  15.3 1.71:1 0.20:1

32 * ° * shee seme Marine Watt and Hayes (1963)
27°p 84.0 12.0 4.0 0.33:1 0.048:1 .

231p 64.5 5.9  28.7 4.68:1 0.44:1 |

32 * * * U e Freshwater Rigler (1964); Lean and
2°>°p 93.0 3.5 3.5. 1.00:1 0.038:1 Rigler (1974)

3

* 1% .
z311> 45.0 6.0%  49.0 8.17:1 1.09:1 Prestuater  Present work
23%p 82,5 12.0 5.0 0.44:1 0.061:1 ‘

*Agsumes a minimal detectable concentration of 3 ug P04-P 1-1 since 31P04—P was undetectable this ratio’

9LT
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phosphorus (31P) were cycling as rapidly as DI

177

the tracer is below that of the soluble total phosphorus; i.e., FUP is

not turning over as quickly as orthophosphate. Thus, the pool of

‘utilizable phosphorus is a small fraction of the filterable phosphorus

pool.
If as found in central European lakes a higher level of filterable

32?, then the 32?

asymptote could be higher (Peters 1975), which may in turn (if proven

. eorrect) indicate a lower levelef FUP and a higher level of FRP

in these systems. The greater the difference in the percentage of
filterable 32? from that compared to filterable 31?, the greater the
ammmt of,ﬁnnaycling.phnsphnrus; and the more important it bacombs to
determine the asymptotic values of filterable 32? and 3??.

In North Gate Lake (as in the other studies) FU3¥P levels vastly
exceed the amount of FRalP (Figure 9). However, when looking at the
metabolic (32P) pools of phosphorus (Figure 28 ané Table 8), it becomes

epparent that FR32P levels are much greater than FU32

P. Evidegce such
as this argues that stable 31? distributions do not represent the
metabolic cycling of phosphorus because 31? fractions are dominated
by refractory compounds which mask the actual cycling. Thus, the size
ef the chemically determined poals of phosphofus may have 1ittle<rala-

tionship to their actual importance in the phosphorus cycle.

The Abiotic Formation of Colloidal Ogg#ﬁic Phosphate

Glsen (1967) emphasized the importance of colloidal phosphorus
to the understanding of phosphorus cycling. In short he felt that

"significant progress in limnological phosphate research will depend
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on a perfect differentiation of the liqpid as distinguished from the
colloidal state.”" Olsen (1958, 1964) emphasizes'the iﬁportance of
colloidal phosphorus and emphasizes the contribution-of.sé&iment clays
to this fraction. Olsen (1967) suggested that adsorption to colloidal
clay might account for the observations of Rigler (1966) concerning
chemical (i.e., FRP anal&sis) over estimates of DIP. He reasoned that

upon addition of small amounts of orthophosphate (e.g., DIP) adéorption

‘would take place especially if the colloids were in an oxidized state.

Evidence exists that FRP does not equal free DIP in natural waters.
In addition, it is apparent that the acid hydrolysis of FUP 1is not the
A;gggpn for ;hisvdis;repancy. However, the adsorption of phosphate t§
organic colloi&s may well account for this anomaly. |

The evidence for this hypéthesis is as follows. Rigler (1968),
working with anion exchange resins observed that while DI32P was removed

efficiently (96Z) by the resin, FRP (427) was not. He noted that
' 32

'FRP was initially taken up by the resin like DI™"P, but with time it

increased in the effluent along with FUP. However, DI32P ﬁas still
removed from solution. The explanation was that large organic molecules
would react with thevresin exhausting the exchange capacity at which
time the organics plus attached FRP wouid appear in the effluent.
However, DI32P, it was'thought, could still penetiatévthe pores of the
resin and be removed from solucrion.

| Roenings and Hooper (1976) demonstrated that the organic-collcids
of North Gate Lake were too large to penetrate the apparent '"pores" of
the resin and woul@ likely coat the outside éf the resin bead. This is

supported by the observations of Eliassen et al. (1965) who found that

the organic colloids in the water coated the resin éarticles~and
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reduced the nﬁmber of exchange sites, This.presgnts another
explanation of continued removal of DI32P by the resin, The active
sites of the organic colloid may be still active which would in addifidn -
to the resin remove DI?ZP from the lake water as was shown with the
XAD-2 resin experiments. in this stu&y.

Jones énd Spencer (1963) demonstrated tﬁat ion exchange resins
could not remove all the phosphate from natural sea water (337 removal)
while phosphate removed from artificial sea water equalled 98%. 1In
addition, they concluded (as did Chamberlain and Sh;piro 1973; KueﬁzlerA
et al. 1963; Murphy and Riley 1962; Edwards et al.‘1965 and Stri;kiand
and Solorizano 1966) that it was difficult to be confident that any
increase in FRP ﬁas the result of the acid hydro;ysis of organic
phosphorus, so that the dissociation of iﬁorgan;c complexes of phosphate
should be considered as tﬁe possible cause of the effects observed
(Koenings and Hooper 1§76).

Westland and Boisclair (1974) found that river water saited with
DIP and extracted by ion exchange did not result in 100% recovery of
the salted DIP upon elution. They attributed the losses to the brown
-adsorbed maferia; th;t was irre§é£sib1§ bound to the resiﬁ; Subétances
such as lignins have many polar sites capable of biqding to the resin.
Again Blanchar and Riego (1975) suggest that colloidal phosphates that
pass ﬁhrough a 0.45 | membrane react with acid molybdate and are
reported as DIP. However, DIP salted an&‘nonoé€i£;d';iverhﬁatef éﬁalyzed
by fon exchange resulted in only 747 recovery of FRP while distilled
water standards resulted in a recovery of 97%.

Similar results were obtained by Koenings and‘Hooper (1976) who

showed that ion exchange extraction of phosphate standards resulted in .
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in 997 removal, while samples containing FRP complexed to COM was

removed at 827 and 677 depending on contact time éf the FRP with the
oxidized complex. If the potential coﬁplexing.COH-iron collbid was
removed by in situ dialysis, 99%7 of FRP was recovered as DIP. Thus; it
wasreasoped;hat COM is directly responsible for the nonrecovery of FRPl
as DIP, and that the FRP chemical methodvmeasures both bound and free
orthoﬁhosphate. Koenings and ﬁooper (1976) demonstrated the actual
formation of this colloidal complex tﬁrough the use of both radioisotopes
- and stable chemistry in natural lake water.

Abiotic complexing may be responsible for the underestimation of
free DIP compared to FRP measurements (Rigler 1968); but‘Lean and Rigler
(1974) also réported that the biota may be responsible for a filterable A
3?? component that does not react as orthophosphate. This indicates
that both colloid formation through interaction of phosphate with coM

and iron (DIP -+ FRP), and the formation of FU32P may interfere with

D132P uptake kinetics., However, abiotic fixation does not occur rapidly

enough to affect short-term tracer studies [the time dependent phenomenon
found by Koeningsland Hooper (1976) and Fried and Dean (1955)]. However,
after enough time for equilibration with the lake solids (particulate

and colloidal), the newly formed FR32P is utilized much less rapidly

than DI32P (Figure 26).

Evidence of the time dependent formation of colloidal FR32P in situ

ig available from my tracer studies, FR32P levels equalled 5-107 of

total 32? at tracer equilibrium after 1-2 hrs. but increase to 15-20%

- of total 32? after 5-7 days. Colloidal FR32

P formation will be greater
when phosphate levels are low. 1In such systems complexed phosphate may

be a significant fraction of FRP, but in phosphate-rich systems the
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influence of colloidal-bound phosphéie may be insignificant,

The significance of colloid bound phosphorus

While experimental evidence, could account for the discrepancy

between FRP and DIP, the moré important question remains to be answered:
Ean the biéta use this complexed phosphate? ..In a standardized bioassy
procedure Walton and Lee (1972) suggest no differénce in tﬁe usage of
FRP and orthophoaphate by algae. However, a high level of DIP was used
and this led the authors to conclude that these results might not apply

to low nutrient systems. This is supported by Fried and Dean (1955)
who found that the more phosphate added to an ion exchange system the
léss of the total present was'adsorbed. Thus, at a level of FRP
sufficient to saturate colloidal exchange sites, an insigﬁificant
fraction of the FRP may exist complexed to the colloid. At under-
saturating levels of FRP a highef level of the phosphate may exist in a
colloidal form.

When DI32P is added to a'saturated system, it remains as DI32P,
but when DI32P is added to an umsaturated systeﬁ, a significant fraction
over time forms colloidal FRP. In a saturated system simulated by
Koenings and Hoopef (1976), COM reduced the formation of boﬁnd phosphate,
however, in an unsaturated system (such as in this stﬁdyi colloidal
reacti?e phosphate dominates the inorganic phosphorus fraction. This
causes FR32P éycling to deviate from that obtained with DI3ZP.
In North Gate Lake the formation of COM-iron bound phosphate

increased the turnover time of the orthophosphate from 5-10 min to

'~ 3,5 hro, and alco reduced the amount of phnaphnrns available to the

plankton. DI32P at tracer equilibrium averaged close to 15% of total




32? at the surface, and 2,52 at 2 m, while FR32P at tracer equilibrium

averaged close to 65-70% of 32P at both depths., Thus, while 85-97.5%

of the DIszP-was absorbed by the seston, only 30-35Z of the FR32P

was absorbed (Figure 26, Table 7), Jackson and Schindler (1975) found
that less than 57 of the total 32? was associated with sediment humic
acid-iron associations, but they believed even at this level tha; this
binding had considerable ecological significance. It‘was believed to
lower the availability of phosphate to aquatic algae.

Finally, FUP formation may provide a second phosphorus.coﬁponent
that can react with the COM-iron co;plex. Hesse‘(1973) found that
phytic acid reacts with the same minerals as phosphate which reduces
the action of the hydrolytic enzyme phytase. Simkis (1964) reports
-that organic phosphorus esters such as adenosine triphosphate and
glycerophosphate (in addition to pyrophosphate) can react with calcium
invthe same manner as orthophosphate, Chondroitinsulphaté did
not produce this action, so it was concluded that polysaccharides are
hot responsible for this reaction. This phenonmenon is reminiscent
of Shapiro's (1957) results of yellow organic matter adsorbing to
iron colloids, reducing iron precipitation. The imﬁortance of
compiex formation of metals with phosphate esters and pyrophosphate
is that these potential components of the FUP pool may, like
enzymes such as PMase. This would reduce_the availability of

the phosphorus in the FUP to the seston.

Abintic complex formation in natural waters involving either
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oxidized clay of COMeiron'colloids, decreases the cycling rates

of both inorganic and organic phosphorus. Since complex formation

is a time dependent process, the results from both short term D132P

. 32 .
kinetic and FUT P utilization experiments may.not_reflect the actual

cycling of stablé"phosphorus.

The diffusion layer gradient and its importance to phosphorus metabolism

The movement of inorganic phosphorus out of and into the seston
occurs very rapidly in North Gate Lake. Two forms of phosphorus are
~involved in the transfer. The first is DIP which is removed from the
soluble phase at rates approaching 157 min-l. At the same time phos-
pﬁorus is being returned to the soluble phase from the particulate pool.
Thus, excretion is a very important process in maintaining ;dequate
inorganic phosphorus in the dissolved phase. During darkness the phyto-
plankton absorbed phosphate to a greater extent than during the day when
FRP was released (Figure 25). Apparently, the photosynthetic reactions
are accompanied by a much more rapid leakage of phosphate due to a more
rapid turnover of cellular phosphorus. In pelagic nutrient poor systems
sugh a reaction may actually induce changes in detectable FRP concen-
trations on a diel basis (Figure 25).

The second form of phosphorus transferred from the particulate
phase to the aqueous phase is FUP. The FUP pool consists of low molecu-
lar weight compounds of receﬁt metabolic origin leaked by the plankton,
and larger molecular weight compounds of colloidal size. A portion of
the FU32P pool can be utilized by the seston as a source of phosphorus
but >75% is refractor§ (Figure 20). In addition, a net production of

FUP was observed in the phytoplankton strata in the light but a net
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Figure 29. Phosphorus metabolism within the microenvironment of
a phytoplankton or bacterial cell. FUP = filterable unreactive‘
phosphorus, PMase = Phosphomonoesterase, PDase = Phosphodiesterase,

RNase = Ribonuclease, DIP = dissolved inorganié phosphate.
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reutilization occurred in the dagk; Thus, the FUP pool is partially
controlled by the competing metabolic reactions of production and
selective utilization.

The question now becomes why do cells when faced with an already
nutrient deficient intra- and extracellular status excrete or form
refractory FUP? The model (Figure 29) of the microphosphorus cycle of
a nutrient deficient cell is an atﬁempt to explain the presence of two
differentially utilizable pools of FUP, and the presence of particulate
and soluble enzyme activity.

A cell has a micro-diffusion layer surrounding it whiqh can deter-
mine 1its ab}lity to compete for nutrients with other cells (Hulbert
1970). Schumacher and Whitford (1965) showed that the uptake of 32P
was three times faster in the presence of a current which reduced the
size of the diffusion layer. Whitford (1960) determined the thickness
of this layer to be approximately 0.25 mm, Tﬁe diffusion of nutrients
into and out of this layer was dependent on -the. current speed, water
temperature, and the size of the molecule. Larger organic molecules
diffuse much slower than small inorganic nutrients. It is within this
layer that the cell exerts its maximum effect by both extracting and
excreting inorganic énd organic molecules. The reactions and the con-
centrations of reactants and products within this micfoeﬁvironment is
under the control of the cell. For example, the excretion of dissolved
organic carbon will increase the viscosity of this micro zone which may
reduce the sinking rate of the organism. This increased viscosity will
also decrease the rate of diffusion affecting the rate of exchange of
autrients, metabolites and other compounds between the cell and the

water. This is especially valid for large organic molecules (e.g.,
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..enzymes) which &iffuse much slower than smaller inorganic molecules
.(e.g., DIP). o ' A
-:Malamy and Horecker (1964) found that several hydrolytic enzymes
4mportant to cellular metabolism are located in.a compartment between
the cell wall and the cell membrane of E. coli including PMase. This ' o
-enzyme functioned tb make available the phosphate of phosphomonoesters
when the inorganic phosphate of the medium was exhausted. During such
a reaction the liberated phosphate did not equilibrate with the external
phosphate pool, but was selectively remﬁﬁed from solution. The factor
ldmiting the uptake was the'diffusion of inorganic phosphate through
the compartment (i.e., diffusion layer) containing PMase.
Periplasmic enzymes and binding proteins (e.g., phosphate binding
protein) used in substrate transport include over 26 macromolecules
4including the enzymes DNase, RNase, and alkaline PMase (Heppgl 1971).
‘iﬂydrolytic periplasmic and truely extracellular enzymes in bacteria are
~considered to be analogous to the lysosomal enzymes of mammalian cells,

but instead of an internmal location are compartmentalized on the cell's
-.outer membrané and in the micro-diffusion layer.

~These same enzymes are known to be extracellular in algal cells
as well (e.g., Knénzler 1970, Aaronson 1971, Kuenzler and Perras 1965,

- Berman 1970), and have been found in solution in the open water and
dnterstitial water of the Sphagnum mat in North Gate Lake. Acid PMase
(a marker enzyme for the location of mammalian lysosomgg) was found by

Lien and Knutson (1973) inChlamydomonas reinhardti to be attached to

- both sides of the cell's outer membrane. It is this enzyme along with

alkaline PMase that increases in aétivity in algae during nutrient

~deficient conditions. One would expect the lake water to diluﬁe the
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extracellular enzyme concentration, and the enzyme products to the point
where they would be useless, e.g:, far below the K of the énzyme. Such'
is the case for the acid PMase in North Gate Lakelwhere the Ky {5 from.
23 to 140 uM PNPP or'a ninimum of 2.2 mg i.l of orgamic POa-P. The
substrate concentration in the lake is 7 ug l-1 POA-P. Howevér, the
diffusion layer providés a mechanism for preventing enzyme, and enzyme
product and/or substrate dilution by maintaining these molecules at the
cell surface. Thus, the role of extracellular enzymes becomes one of
digestion of intracellular organic phosphorus compounds, and the resorp-
tion (recaptufe) of the producté (Heppel 1971), and the supply of phos-
phate from external sources as well as internal sources when phosphate
becomes deficlent in lake water.

Increased production of FUP has generally been observed in viaﬁle
cells of algae and bacteria when phosphate becomes limiting (e.g.,
Kuenzler 1970, Johannes 1964). This is also the time when PMase activ-
ity increases suggesting a possible correlation of purpose. That is
that the hydrolytic enzyme may be acting on excreted FUP. A functional
relationship has been established between external and internal phos-
phorus pools and the activity of,PMa;e:naalgae and bacteria (Rhee 1973,
Fitzgerald and Nelson 1966, Harold 1963).  The intefnal polyphosphate .
pool decreases following nutriént depletion from the medium. Once the
internal as wéll as the external pool is reduced to a'minimum value, the.
cell produces PMase., It stands to reaﬁon that the function of the
newly produced enzyme would be to provide inorganic phosphate for the
cell,

When faced with nutrient deficient conditioms (carbon, nitrogen or

phosphorus), Euglena gracilus, Pseudomonos aeruginosa, and Escherichia
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‘coli degrade a portion of the cellular protoplasm. This progressive

- degradation represents a mechanism for providing the cell with break-

~dowm products for utilization in continued maintenance of basic meta-

bolic processes (Bertini et al. 1965; Maruyama and Miziuno 1965, 1966;

Natori et al. 1966; and MacKelvie et al. 1968). The external diffusion

- barrier creates a compartment adjacent to the external surface of the

‘plasma membrane in which the concentration of a metabolite may be dif-
ferent from either the intra- or extracellular pool and from which
partial recapture or reutilization may occur (Robbie and Wilson 1969).
In a similar manner algae and bacterial cells in a phosphorus
deficient environment (as in North Gate Lake) may use external PMases to

=degradé excreted organic phosphorus esters (FUP., ,) (Figure 29) and

1+2
.absorb the liberated inorganic phosphate. Over time a portion of the
organic phosphaté may be lost from the diffusion layer and appear as
FUP2 (Figure 29). FUP2 would have to pass through the enzyme layer to
become free in the water column accounting for the refractory nature df
a considerable portion of the free FUP pool (Figure 20). Thus, the
appearance of FUP during phosphorus deficient conditions represents a
net loss from the microdiffusion iayer due to either the inability of
the enzymes to degrade it, or simple inefficiency. This loss over time
is also a source of the considerable pool of free.enzymes‘found in North

Gate Lake.

.In phosphorus poor waters, the plankton have very little phosphorus

-stored as polyphosphate. It is this pool of internal cell phosphorus

that receives absorbed phosphate (Rhee 1973). If this pool is small then
the phosphorus absorbed will be rapidly transferred from it (pool A) to

the organic phosphorus fraction (pool B) e.g., RNA (Figure 29). It is
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from this pool'that short term FUP first arises (Figure 18). Such
a rapid production of FUP would not Ee-expected to take place in

32P)

. nutrient sufficient waters since the absorbed phosphaté (d1
-would have to equilibrate with a very large pool of stored poly-
phosphate before being excfeted as an organic compound. Extra-

;cellulér leakage of FUP may follow carbon excreﬁion since comparative
.studies of extracellular production by plankton samples indicate that

- such release is highei in olitotrophic (phosphate poor)_than in eutrophic
(phosphate rich) systems (Saunders 1972).

Several other important predictions can be made from this model.

>Afor example, if you have sufficient po{zgyosphate phosphorus, the PMase

-would be expected to be considerably reduced, the uptake kinetics would
.be linear, and theAuptake rate of DI32P would follow photosynthesis.
There would be a diel difference in uptake rate with a high rate in

the day tiﬁe falliﬁg-to a minimum at night. In additiom, since this
‘would be a phosphorus sufficient system, a diel difference in FRP
-.concentration would not be expected. In contrast, a phosphorus defi-
clent system would have a considerable pool of active PMase, exponential
.uptake\kinetics, and very little diel difference in uptake rates. How-
-ever, the FRP might well be expected to change on a diel basis with a
-minimum at night.

Finally, the relative importance of the process ofialgal autolysis
{i.e., death and decay) compared to excrétion by viable cells in the
production of FUP may in part be determined by the nutrient status of
“the system studied. In a nutrient deficient system the zooplankton

‘graze heavily on the phytoplankton so that actual algal autolysis is
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unimportant (Lean 1975). However, in a nuﬁrient_sufficient éystem the
algae may not be as digestible by the zooplankton ét may simply bloom
and die. In this case the contribution of death and decay to the
production of FUP may be very significént (Minéar 1975). Thus, in
nutrient sufficient systeums zooplankton grazing, plankton excretion
are less important, whereas bacterial action and algal autolysis are
more important in nutrient regeneration compared to nutrient deficient

systems where the opposite holds true.

Phosphorus Flow in North Gate Lake

A preliminary model of phosphorus flow in the surface of North
Gate Lake has been developed (Figure 30). Of particular importance are
the pool size differences representing the disequilibrium that was found
to occur between 322 and 31? fractions. For tﬁis rTeason only appgéximate
- values for rates of transfer of phosphorus befween compartments can be
assigned. The width of the line represents the importance of the
\1nter—compartment transfer whereas the size of the compartment is in
relation to the fraction of each pool at apparent equilibrium.

The most important transfer between compartments takes place between

32P pool and the Part-szP compartment. This rate is measured in

the DI
minutes (e.g. 10% min'l) with a calcﬁlated turnover time of 4-9 min .
depending oun the depth sampled. Since the intermal pool of stored
polyphosphate is low in these phosphate deficient waters, absorbed
DI32P is immediately transferred to organic linkages, and a veryAsmall ‘
portion (2-3%7 of total 32?) is very quickly leaked back into solution

as FU32P (fraction 1). A portion of this product is immediately
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Figure 30, The cycling of phosphorus by the seston in North Gate
Lake. Circled areas are proportional to the amount of phosphorus
in each fraction at tracer equilibrium. Arrows indicate the

magnitude of phosphorus flow.
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reabsorbed at a rate almost equivalent to its production. This can
also be measured in minutes. However, the major source of FU32P
(which is still a minor fraction of FU31P).comes from 1ongAterm
excretion measured in weeks with a turnover time as long as 6.5 months
(fraction 2). Again a portion (10-25% depending on the depth) can be
reused (fraction 3) within minutes. It is obvious that given an avail-
able organic substrate the plankton can use it as a source of phosphate
Just as effectively as DIP. .

However, FU32P never approaches equilibrium with the larger<FU31P
" pool (up to a 10-fold difference). Thus, cycling FU322‘repfésents a
small portion (ﬁ) of the FU31P poel. It i3 this minor fractiom that
interacts with the Part431P compartment. The major fraction of the
FU?IP(A) is of colloidal size and is very refractory. Its turnovér
time can be measured in months, perhaps as long as one year..

An undetectable pool of FR31P was found in the euphotic 2one, and

3

any added DI 2? is slowly bound by a COM-iron colloid to form FR32P.

There appears to be competition between the seston and the colloidal

fraction for orthophosphate. Through mass action, free DI32P is con-

verted to bound.FR32P. This bound FR32P can still be used by the

plankton (algae and bacteria) as a source of inorganic'phoéphate, but

instead'of a turnover time of minutes as with DI32P, the turnovei time

increases to néar;y 3.5 hrs. However, even though the FR32P is not free,
it is still responsive to the acid molybdate test, and is onl& partially
av#ilable to the plankton. Up to 60%Z of FR32P is removed by |
binding from the utilizable pool of orthophosphate. fhus, one -half to

two thirds of the total molybdate response is not Bioldgicaily available
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.to the plankton within the time peflod of my experiments.

Since this is a nutrient déficient-system which would emphasize
the importance of the colloidal fraction, the actual importance of
"bound" phosphate would certainly be less important in eutrophic
-or nutrient sufficient systems, -especially those systems low in COM
and iron or calcium. In those systems the FRP test may well give a

very reliable estimate of free DIP.




APPENDIX
Perticulate Pﬁosphorus
(Part. P)
FILTRATION
(0.45 ;1 membrane)
Filterable Unreactive Phosphorus (FUP)
(which 18 equivalent to)
1. Soluble Uureactive Phosphorus (SUP)
(Strickland and Parscns 1972)
and
2. Dissolved Organic Phospharus (DOP)
(Kuenzler 1970)
DIALYSIS
Colloidal Dialyzable
Unreactive Unreactive
Phosphorus : Phosphorus
(cup) (pup)

Filterable Reactive Phosphorus (FRP)

(wvhich 18 equivalent to)

Solubie Reactive Phosphorus (SRP)
(Strickland and Parsons 1972)

DIALYSIS
Colloidal Dissolved
Reactive Inorganic
Phosphorus Phosphorus
(D1P)
Orthophosphate

)
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