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ABSTRACT

Large in situ enclosures (10 m diameter, nominaì volume 2'3 x 105

L) were used in controlled experinents to test hypotheses concerning the

responses to impoundment of a large reservoir (Southern Indian Lake) in

northern Manitoba. The hypotheses investigated in this thesjs involve

the influence of the two types of f looded shoreline material, inorganic

glac.io-lacustrine clay sediment and organic noss-peat maleríaì from the

borealforestfloor,onphytoplanktonprimaryproduction,biomass'and

nutrient status '
Thefine-grained.lnorganicsedimentswerenotasignifìcantsource

of P to algae as indicated by the physioìogical indjcators of nutrient

status: aìkaline phosphatase activity, P debt, and N/P and' P/c

compositionratios.Themajoreffectsofthesesedimentsl{erereduced

l.ightpenetration,primaryproductionandzooplanktonstandingcrops.

Moss-peatmaterjalwasasignificantsourceofdissolvedhumic

material , phosphorus and nltrogen. lncreased concentratjons of

dissolved N and P were observed after the moss-peat additjon and

physiological indicators of algal nutrient status showed no N or P

defÍciency.Afteranjnitia]increase,primaryproductionandalgal

bjomass declined relative to the controls. Enrichment experjments

supported the hypothesis that a micronutrient, possibly Fe, was chelated

byd.tssolvedhumicmaterjalandwas]im.itingalgalgrowth'Afterone

yearofìnundationtheinhjbitory.ìnfìuenceofthenoss-peatmaterial

was no longer observed.



The results of the limnocorral experiments showed that flooding of

gìacio-ìacustrine clay and noss-peat materìal could expìain many of the

primary productivity and nutnient status responses observed after the

flooding of southern Indian Lake. In the lake, primary productìvity and

phytoplankton bjomass, on average' were approximately unchanged by

impoundment,presumabìyduetothecomb.inedeffectsofdecreasedlight

by suspended sediments (and increased water column depth) and 'increased

P loading from flooded moss-peat material'
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I NTRODUCTION

This thesis examines the separate effects of two different types of

floodedmaterial,Ínorganicclaysoilandorganicmoss-peatsoii'on
phytoptankton nutrient status and prjmary productÍv ity using large

enc]osuresasexper.imenta]systensjnareservojrinnorthernllanitoba.

Themostconmon]yreportedsequenceofeventsdur.ingandafter

reservoir fornation is: f.loodìng of sojls, release of nutrients'

increases in phytoplankton biomass and primary productivity, lncreases

in secondary production, exhaustion of nutrients and decl ine of

product.ivìty to normal or below normal levels (Eì1is 1936, Rodhe 1964'

Rzoska 1966, Chamberlain Ig72, Canrpbell et al ' 1975, Outhie and

ostrofskylgT5,BaxterandG.laudelgSo,ostrofskyandDuthiel9S0)'As

nore studies of a variety of reservoìrs are undertaken' a more conpìex

picture is emerging. Kelìy et al . (1978) observed increased N and P

concentratÍons in five lakes involved in a hydroelectrjc developnent in

Nova Scotia together wìth a decrease in chlorophyll. He suggested algae

were light linjted due to increased suspended sediments. Jackson and

Hecky(1980)citedFeastheprobable'lim.itingnutrjentintwonorthern

reservoirs contaìning relatlveìy hìgh concentrations of humic material

andphosphate.Theyfoundagoodcorrelatjonbetweenhumus.che]atedFe

and]owratesofprimaryproductiv.ity.Inaseriesofreservoirsonthe

Voìga River, levels of primary productivlty were guite variable from one

reservoir to another (Pyrina 1979) and in some of these reservoirs high

levels of secondary production were due to bacterial respiration of

organic detritus rather than primary productivity (Romanenko 1979) '
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Anjntensive,multidisciplinarystudyofareservoirbefore,du|ing

and after impoundment was conducted at southern Indjan Lake, I'lanitoba

from Lg73 to 1978. A detailed descrìption of the study has been

pubìished in the canadjan Journal of Fjsheries and Aquatic sciences

volume 41(4), 1984. Since the work discussed ìn thjs thesjs is a direct

resuìt of the southern Indian Lake (sIL) study, a brief descrìption of

the lake and impoundment will be given.

Southern Indian Lake is a large (2,400 kmz after flooding), shallow

lake on the churchil l River in northern Manitoba. The geographic

settingofslLisonthePrecambrainShieldoverwhichg.]acial
lacustrjne sediments from glaclal Lake Agassiz were deposited. The

predonjnant vegetation surrounding the lake is that of the boreal

forest. In 1976 the water level of slL was raised 3 m in order to

dlvert the churchjll River southward to hydroelectric generatlng

stations on the Nelson Rìver (Newbury et al. 1984).

The most important physicaì change to SIL during and after

ìmpoundment was large scale shoreline erosion. Flooding reduced the

length of exposed bedrock controlled shoreline from 76 to 141 of the

lakers total . In the year of impoundment and the followìng two years an

annual average of 4x10 6 tonn., of nineral sediment was eroded into the

lake. Th.is is about 20 times the nornal sedimentary input from the

churchi lì River. The minimum estimate for stabil ization of 901 of slL

shorelìnes is 35 years (Newbury and McCulìough 1984). Increased nean

depths and increased light scattering caused by higher concentratìons of

suspended solids from shoreline erosion sìgniflcantly reduced the mean

water column light intensity of the mixed layer (Hecky 1984)' The

bìologicaì responses to impoundment were closely related to the



reduction in fight penetration (Hecky 1984).

The phytoplankton of SIL changed from being predoninantly P limited

to llght lÍmited. The response was not unìform around the lake. There

was significant varjation with respect to various chemical and

biological paraneters before flooding (Hecky and Guildford 1984). In

some areas of the lake where reduction in mean water column light was

most extreme, primary productivity became Iight ljmited and was lowered

by impoundment (Hecky and Guildford 1984). In a few protected, shallow

bays where erosion of cìay shorelines was mìnimal and the highest

proportion of flooded materjal was organic, the response to flooding was

similar to the classic trophic upsurge where chlorophyl1 and primary

productivity .lncrease dramatically. However in much of the lake the

explanation for changes in primary productivity and nutrient status was

not so obv i ous.

one of the most disturbìng changes Ín the lake after impoundment

was an increase in the ìeveì of methyì mercury in the flesh of two

econom.ically ifîportant species of fish (Bodaly et al . 1984). Levels of

Hg became so high that the local community on sIL was advjsed not to eat

these species. To .invest.igate th'i s serìous problem. experiments using

large enclosures were conducted at SiL. Enclosures were chosen because

they permitted the isolation of specific aspects of fìooding in situ'

Different types of shoreline material were added separateìy to

enclosures along with radioactive Hg. Intensive study of water

chem.istry and aìl levels of the food chain folìowed in order to

determjne where and how Hg entered the food chain.
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The purpose of this thesis is to study the separate effects of the

two main types of flooded terrestrial material at sIL on the nutrient

status and prinary productivity of the phytopìankton cormunity at SIL by

uslng the large encìosure experiments. specifjcal ly the questions asked

are these:

1) Are SIL inorganìc shoreline sedjments a significant source of

available P and if so did this contribute to the overal l decrease

in P deficiency observed in the lake after ìmpoundment or did P

defÍclency decrease because light limitation due to increased

suspended sediments repìaced P deficiency?

2) tJouìd noss-peat material added separately to an enclosure

stimulate primary and secondary productìon as suggested by the

classic trophic upsurge reservoir response or would the material

depress prìmary productivity as observed by Jackson and Hecky

(1e80)?

Laboratorystudieshaveshownthatanywherefrom0to50%oftota]

phosphorus associated with sedirnents can be used by algae (Helfrìck and

Kevern 1973, Smith et a]. 1978, Dorrich et al . 1980, l'úilliams et al'

1980, Grobbelaar 1983). Light limited prìnarv productivitv due to high

concentrations of suspended sediments has been reported by Marzoìf and

osborne (Ig72), Kelìy (1978, Ín Baxter ônd Gìaude 1980) and Hecky and

Gui ldford (1984).

The organ'ic moss-peat layer of soil is a source of humlc môtter as

wel I as nutri ents. Humi c substances are amorphous , heterogeneous

compìexes of refractory organic matter ranging ln moìecular weìght from

hundreds to tens of thousands (schnitzer and Khan 1972), Probabìy the
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most important feature of humic matter is the netal chelating abiljty

which arises predominantly from two functional groups' -C00H and

phenolic -0H. In natural waters, humic matter has been reported as both

beneficial to algae (Prakash and Rashid 1968, Giesy 1976' Toìedo et al'

1980, DeHaan et al . 1982) and deleterlous (Sakanroto 1971, Jackson and

Hecky 1980, Francko and Heath 1983, Devol et a1 . 1984).

This thesis contains two major sections: 1) sediment-algal

interactions which are the results and discussion of the sediment

enclosure exper.iments and 2) moss-peat algal ìnteractions which are the

results and discussion of the moss-peat enclosure experiments. There

are two smaller sectfons: 1) a presentation of three enrichment

experiments conducted us.ing water from the moss-peat limnocorraìs and 2)

a comparison of the I.innocorral experiments with the observations made

in the lake after impoundment.

Experimental 0esiqn

Study area

Figure 1 gives the location of SIL. Figure 2 ìs a more detailed

napofthelakeshowingthesevenreg.ionsdefinedbytheFreshwater

Institute study (NevJbury et al 1984). Figure 3 indicates the area in

tlupaw Bay where the enclosures were situated.

Sedinent encl osures

sIL shorel.ine sediment was added to three limnocorrals throughout

two summer sèasons. sufficient sediment was added weekìy or biweekly to

majntaln a Secchi disc value comparabìe to some moderate'ly and extrenely

turbid areas in the iake. A fourth limnocorral had no sediment added



FlGURtl.ThegeographicalsettìngofsouthernlndjanLakeandthe

Churchill Rjver Diversion (fronr Newbury et al 1984) '
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FIGURE 2. Map of southern Indìan Lake. Nunbers denote regions defined

by Newbury et al (1984). Letters denote shoreline sediment

samp I ing s j tes.
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F IGURE 3. Map of t,lupaw Bay showing the location of the limnocorrals'
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but was coVered with a screen to reduce light penetratìon to the same

degree as the sedjment. Thjs was done to observe the effect of reduced

llght aìone without the jnfluence of the sedjments. one limnocorral was

artif ic.ially enriched with nitrogen and phosphorus over one summer to

observe the effect of increased nutrients without the influence of

sediment or reduced I ight.

Moss-oeat encl osures

Mossandpeatnateria]takenfromaSlLshorelinewasaddedto

three ljmnocorrals. The vegetation was added al l at one time to

simulate flooding. Two other ljnnocorrals were designed to observe the

effect of moss-peat vegetatlon that had been flooded for some time. one

linnocorral was instal led over a mossy area that was flooded during the

1976 impoundment. The effeCt of moss-peat after one year under water

was observed by monitoring a moss-peat limnocorral two years in row' At

the beg.inn.ing of the second summer the sides of the limnocorral were

'lowered for a few days to allow circulation of lake water'

Four untreated ìinnocorrals were studied as controls. One of these

was studjed tvio years in succession. Each year samples from the lake

just outside the limnocorrals were studied as well'

The response of the algae to the various treatments was Íìonitored

by neasuring primary productivity, algal biomass and nutrient status

indicators on a regular basis each summer. since the ljmnocorrals were

part of a larger study invoìvìng severaì people other than myself I was

able to obtain water chemistry and zooplankton data to help interpret

the algal resPonse.
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In addition to the routine measurements on the moss-peat

l.imnocorrals three enrjchment experiments (two in the lab and one in

sjtu) were conducted usìng water from one of the noss-peat limnocorrals.
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METHODS

Descriotion of the linnocorrals

The limnocorraìs l{ere made of fibre-reinforced translucent

polyethylene supplied and sewn into cylinders 10 m in diameter and 4 m

deep by Curry industries (601-3 Bownan Ave. l'linnipeg, Manitoba' RzK

1F7). Five of the ljmnocorrals had plastjc floors sewn in while the

remaining eleven were open to the sedjment. The limnocorrals were

supported by styrofoam and wood collaì1s and secured wlth sandbags and

anchors (FiS. 4). The treatments' type of bottom, depth and volune of

each limnocorral are gÌven in Table 1. The volume of each iimnocorral

was calculated by mixing tritlum (3¡f) into the limnocorrals and

a
jmmediaLely measur.ing the 5H concentratíon. Dilutjon of the trìtjum

concentratjon over time gave an estimate of leakage. The ljnnocorrals

are identified by letters to indjcate the treatment and numbers to

indicate the year and limnocorral number (Table 1). For exampìe control

limnocorral number one used ln 1981 is C81-1.

Moss-peat Addition

The material added to the moss-peat limnocorrals was najnly

sphagnun and feather moss and underlying peat fron a nearshore area in

l,lupaw Bay. The material was collected by hand down to the permafrost

(about 50 cm). In 198i the rîoss-peat material was added over a perìod

of 2 days by emptying uniform tub-fulls into the limnocorrals'



FIGURE 4. A cross-sectìonal view of a limnocorraì to show the basic

structure and the method used to suspend large containers

in situ for the enrichment experiment'
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TABLE 1. Limnocorra] code names, treatnents, bottom type, volume, and

depth.

Name Treatment Bottom
Type

Vol ume Dep th

(m)(r3 )

c81- 1

LM81-2

PN81-3

L581-4

c81-5
HS81-6

Contro I
Low mossS 63 Kg noss-Peat
added June 21,i981 (daY 173).
Phosphorus and n itrogen added

bi -week lY.
Low sediment; sediment added
bi-weekìy to maintain Se cch i
depth of 0.50 m.

Contro I
Hìqh sediment; sediment added

bj ]weekly to maintain Secchi
depth of 0.30 m.
Contro I
Lake

Flooded noss; l i nnocorra l

i nstal I ed over moss-Peat
veoetation flooded in 1976.
Scieen; surface comp I etel Y

covered wi th one thickness
of black fibregì ass screen.
Low moss; 52 Kg moss-Peat
added June 28.-i982 (daY 180).
High moss; 104 Kg moss-Peat
added June 28,1982.
Controì; used for 2 Years
(previousìy LC81-1)
Contro l
Hiqh sediment; sediment
adãed weeklY to Secc h i
depth of 0.35 m.

0jd noss; moss-Peat
I imnocorral studied for 2

years (prev iouslY LM81-2).
Lake

natural
natural

pl asti c

plastic

pl asti c
pl asti c

natural

natural

natural

natural
natural

natural

3.48
4.01

221
275

241,

316

3.07

4.02

81
50

2
3

?73
318

c81-7
181-8

plastic 273 3. 48

natural 161 2 .05

natural 2.70

FM82- I

sc82-2

LM82-3

HM82-4

0c82 - 5

c82-6
HS82-7

0M82-8

182-9

215

279

211

26r

231
225

3 .60

2.70

3. 30

90
90

2
2

254 3. 20
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occasionally tubs were weighed to estimate the amount of materiaì added'

and sampled for chemical anaìysìs. Durìng the additjon the water in the

ljmnocorral was n'ixed using a snralì battery-operated outboard trol ling

motor nounted inside the ljmnocorral . The moss an-d peat floated at the

surface for about a week before becoming water-logged and sìnking' In

Lg82 the hand picked moss and peat material was formed into uniform

bales us.ing chicken wire and subnerged in the limnocorral overnight.

This was done to saturate the naterial more quickìy so it would sjnk to

the bottom when the chicken wire was removed from the limnocorral the

folìow.ing day and thus more closely sinulate flooding of attached moss.

After the moss and peat additjon and inltiaì mixÌng with the outboard

motor, the nross-peat limnocorrals remained untreated throughout the

suÍÍmer.

Sedinent Addition

Sediment was col lected from SIL shoreline site FH (Fig' 2) in large

plastic barrels. The weight of sedinent in each barrel was measured and

sub-samples were taken for dry weight, grain size and total carbon,

nÍtrogen and phosphorus (c,N,P) analyses. sedjment additions were made

by pumping water from the 'limnocoffal lnto the sediment barrel which was

stirred.to create a suspension. The submersibìe pump was then placed

inside the sediment barrel and the sediment-water mjxture pumped into

the limnocorral . The trol ìing motor was operated to mix the suspended

sediment .lnto the limnocoffal. The pumping was repeated untiI the

desired amount of sediment was added. sufficient sediment was added lo

reduce the secchj disk readings to values sìmilar to those found in

partsofthe.lakeafterflooding.InlgSlsecch.idepthsof0.3m'inthe
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highsedinentìinnocorra](Hs81-6)ando.5minthe]owsed,iment
limnocorral (1581-4) rfere maintajned. In 1982 a Secchi depth of 0.35 m

was maintained in HS82-7. Sjnce the larger sediment particles did not

remajn in suspension it was necessary to add sediment every two weeks to

maintajn the desired Secchi readings. In 1982 sedinent was added rveekly

to reduce fluctuations in light due to sedimentation between treatments.

Phosphorus and N i troqen Enrichment

Limnocorral PN81-3 was artificially enriched wjth phosphorus and

nitrogen. Nitrogen was added as NaNO, on two occasions only (25 g on

June2land20gonJu.ìy15).Nitrogenadd.itionswerestoppedtoseeif

N deficiency could be induced when it became clear thal P was the

limiting nutrient under the initial treatment regime' Phosphorus in the

form of NaHrPoO'2Hr0 was added at approximately 2 week intervals from

June 2| to August 21, 4 g each time. The nutrients were disso.lved in

400 ml double distilled water and then mixed into the limnocorral with

the trolIing motor.

Screen Covered Li mnocorral

Limnocorral sc82-2 t{as covered with a screen to reduce light

penetratjontothesaf,ìedegreethatlightwasreducedbythesedimentìn

HS82-7. The screen was made by sewing 1.5 m wjde strips of black

fibreglass window screen into a circle 10 m in diameter which was

stapled onto the wooden collar supporting the limnocorral' Ten square

blocks (20 cm on a side) of Styrofoam floatjng on the water surface

inside the limnocorral supported the screen.
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Samole Col I ect ion

Samples were collected in 2 L dark brown Nôlgene bottles using an

integrating sampìer simi lar to that described by Fee (1976) ' The

samplerwasoperatedbyìower'ingthewe.ightedbottlefìttedwjthasmal]

diameter inlet and outlet port up and down through the euphotic zone'

Thedepthoflllìghtpenetrationinthe]innocorra]swasusually2.5m

or more. Since the depth of the limnocorrals was approximately 3'0 m

thesamp'lerwaslowerednodeeperthan2.5mtoavoidst.irr.ingupthe

bottom. In i98i net sanples were collected by draggÍng a 10 uM nesh

planktonnetthroughthewater.A]lwatersampleswerestored.inlight

tight insulated coolers. Most of the analyses were begun t,jithjn 8 hours

of sanpl i ng.

l.Jatersampleswereco.l.lectedbi-weekìyfromJune20toAugust?4'

l98landweekìyfromJune30toAugust23,L982'sampleswereroutinely

taken from the PN81-3 and sediment limnocorrals on days that were about

halfway between the nutrjent and sediment additions to avoid any pulse

response to the treatnent.

F iel d Ì',leasurements

Temperature profì1es were measured each tjme a water sample was

collected. Readings were taken at 0'5 m intervals using either a

l,lhi tney-Montedoro model CTU-34 or a Yel low Sprìngs Instruments

tenperature/ conductivity neter. Temperature calibrations were made

agalnst a thermoneter and were accurate to 0'loc'

Secchj disc measurements were nade using a 25cm disc with

aìternating black and white quadrants. Measurements were nade in the

shade. The values reported are the averages of the depth of
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disappearance and reappearance of the disc. Readings nade by four

observers at the same station djffered by 151 at a nean depth of 1.8 m.

Irradjance was measured from 0 to 2.5 m at 0.5 m intervaìs using a

Li-Cor (Li-Cor Ltd., Box 4425, 442L Superìor St', Lincoln, Nebraska

68504) quantum sensor and meter. This instrument measures the total

quanta of photosynthetical ìy active radiation. These data were used to

calculate the vertical light extinction coefficjent (k) (Hutchinson

1957) and the mean water column Iight intensìty over 24 hours, IrO (Fee'

1979, Ramberg 1979, and Hecky and Guiìdford 1984)'

The vertical extinction coeffjcÍent, k' ìs the sìope of the ljne

derived by Iinear regression of the natural logarithm of the irradiance

measurements versus depth. The ìÍght extinction coeffjcjent was

partitioned usjng the method of Hutchjnson (1957) to determine the per

cent extinctÍon due to upward scattering by suspended particìes (Pr)'

absorption by chlorophyll (Pchl), and absorption by other material (Pu)'

The light extinctjon due to upward scattering was found by:

5s
P, = too 5-z+.: -o.o3

5u = (s:) (z)(np)

(1)

where (2)

and where Z is the l.ight extinction coefficient corrected for the

assumption that all ìight is coming from the zenjth position (at the

latitude of SiL the correctjon factolls 1.2, Hecky et aì' 1979), Rp is



18

the ratio of upwelììng light measured iust below the water surface to

incorning]ightatthesurface,and0.03istheextinctjoncoefficientof

pure water. The ì ight extìnction attributable to chlorophyi l is

ca lcuI ated as

P.hì - roo (0.016) A
L

trzt
o

(3)

whereAistheconcentrationofchlorophylla,0'016istheext'inction

coeff.ícient for ch.ìorophylì suggested by Bannister (1g74) in units of m2

mg-1 chl. The Ilght extinction attributable to absorption by dissolved

material is

1oo- (P5+P.xr)Pd (4)

The quantity IrO is found by the folìowing integral formula:

E¡7r

I (5)

where IrO = mean light ìntensity of the mixed layer over 24 hours' z =

mean depth of the mixed layer' zm = rlðXimum depth' k = extinction

coefficient, Io = daily integraì surface irradìance' I24 was caìculated

using equation (6) which is the solution for the integral in equation

Ior-k. d=
¿et
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(5):

(6)

Ì(z

Laboratory measurements

v{atersamp]eswereanalyzedforchlorophy.lla,partìculatecarbon,

nitrogen and phosphorus (CNP), dissolved ìnorganic carbon (DIC) ' total

dissolved nitrogen (TDN), total dissolved phosphorus (TDP) ' solubìe

reactive phosphate (SRP), ÞH, humic coìor, primary product Ìvity'

adenosinetri-phosphate(ATP),a1ka]inephosphataseact.iv'ity,and

phosphorus and nitrogen debt. The methods for chlorophyll a' CNP' DIC'

TDN, TDP, and SRP are those of Stainton et al' (1977)'

Humi c color

The absorbance at 455 nanometers (ACSS) of filtered and centrjfuged

water samples was read routfnely as a relative estimate of humic content

of the water. Varjous wavelengths in the vfcinity of 455 nm have been

used as indjcators of humic content (Schnitzer and Khan 1972 (465 nm) !

Gjessing 1976 (430 nm), Jackson and Hecky 1980 (465 nm))'

Primarv Productì on

Rates of prinary production were measured using a 14C incubator

technique similar to that described by Shearer and Fee (1974) ' The plan

for the incubator used is given by Shearer (1976)' Samples were

I -- T.?4
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subsampled for DIC, then inoculated with 14C as sodlum bjcarbonate to a

concentration of approximately 0.15 uci/ml . subsamples were ifirmediately

taken for standardization and counted in a Packard liquid scinti'l lation

counter containlng an automatÍc external standard. The remainder of the

ìabelled water sample was sjphoned into ten 60 fìl bottles. Two bottles

were incubated .in the dark and the remajnder at four different fight

intensities for 3 hours. At the end of the incubatjon the sampìes were

acid.if ied and bubbled with ajr to remove any label that had not been

converted to the organic form. subsamples were counted on a Packard

liqujd scintillation counter.
'lÀ

The rate of rac uptake at each l.ight intensity was calcuìated using

the fo llowing equat i on:

(orc)(rac (r)
C

6 (7)
o (t) ,OC

b)

where Co ìs photosynthesis (mg c t--1 ¡,-1), DIC is in mg L -1, 14 Cu is

activity of 14c in the al iquot counted (dpm), 14co is the activity of

14C udd.d to the incubation bottle (dpm), ub is the volune of the

incubatjon bottle (ml), vu Ís the volume of the al iquot counted (ml)' t

is the i.ncubation time (hours) and f is an isotopic correctìon to

account for the preferential uptake of 12c ltina lszs¡ ' A tvpical lìght

response curve is given Ín Fig. 5 where carbon uptake values have been

normalized to chlorophyl ì and dark uptake values have been subtracted

from the Iight values. The uptake curve has three parameters which are

discussed ìn the results: PrB, In, and alphaB. PrB is the maximum rate



FIGURE 5 Parameteri zat ion of the i ncu bator-deterrn Îned curve of

photosynthesis per unit chìorophyì1 (P) against irradiance

(I). PrB is the maxÍmum rate of carbon fixation, cf it tn'

initial slope of the function consìdered lìnear through the

lowest two irradiances in the incubator, and I* is the

interception of ats with trt. t* is taken to be the nomÍnal

irradiance at the onset of Iight saturation' The solìd

curved line is the function P = PrBtanh 1"Bt /erB ) of Platt

and Jassby (1976). which fits most of the data wel l '

Vertical bars indicate the range of repl icates (from Hecky

and Guìldford 1984).
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of primary productivity measured in the incubator' AlphaB is the slope

of the line connecting the two lowest carbon uptake values' In is the

R nd alphaB, and It is the irradlance at whichintersection of Pr" a

photosynthesis begins to be saturated' The coefficient of variation for

PrB was 5l at 13.4 *g c t-3 h-1'

Daiìy ìntegral primary productivity was calculated using the

computer program designed by Fee (1973) ' The program combines the ììght

response of the algae from the incubator with the light penetratìon

measurements made at the time of sampling to give an estimate of primary

productivity per square meter of lake surface' Then using actual or

simulated (cloudìess) solar irradiance (Fee 1977), daily integral

productionisca]culated.AtSouthernlndjanLakeso]arirradjancewas

monitored using an Eppìey pyranometer located on a high point of land'

thesouthlndjanLakeairport.Tomakecomparisonsbetweenpr.imary

productivity on different days the cloudless lrradiance data was used'

ATP

ATP was extracted fron water samples and measured using the nethod

described by Rudd and Hanilton (1973)' The water sample was filtered

ontoa0.22uMnon'lna]poresizemenbranefì]terwhjchwasimmediateìy

extracted in a boiìing solution of 0'5 M Tris buffer' The ATP ìn the

extractwasmeasuredphotometricallyusingthefireflylanternextracts'
.luciferinandlucjferase.fhecoeffjcientofvariatìonforal,lupawBay

water sanple contalning 1.0 ug l-i ATP was 16% (n = 18)' Normalìy three

replicates were done for each sample'
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t.latersamplesfromthesed,iment.limnocorra]scontainedhjgh

concentrations of suspended sediments. To test whether the sediments

might interfere with the ATP extraction or photometric analysis' three

sets of extractions were done using increasing anounts of sediment'

These experiments are descrjbed ìn Appendix 1' All the data indicate

thatsedjment.interferesw'ithATPmeasurement;however'itwasnot

possible to quantify the probìem accurately' The experìments showed

that ATP may be underestimated by 20 to 901 at high sediment

concentrations. For this reason ATP measurements from the sediment

l imnocorrals were not used.

Alkal ine PhosPhatase act'ivìtY

Alkaline phosphatase activity was used as an jndicator of

phosphorus deficiency. The method is descrìbed in Healey and Hendzel

(1979). Most phytoplankton produce enzynes capable of breaking down

organicphosphoruscompounds;usua.llytheenzymeactivityincreaseswith

phosphorus deficÍency. Alkaline ptrosphatase activity was measured by

incubating water samples with 0-methyì-fluorescein phosphate and

observingtherateofappearanceof0.methy.l.f.luorosce'inwhichbecomeS

fluorescent when the phosphate bond is hydrolyzed. Actlvìty was

measured in the whole water sampìe and in the fi ìtrate of the sample

(<0.45 um), the difference beÌng the activity ôssociated wlth the

phytoplankton and other seston. The rate of alkaline phosphatase

activity was caìculated from the linear portion of the slope of the line

of fluorescence versus time. The ìine was usually Iinear over a one

hourt.imeperiodwithacorrelationcoeffjcientof0.gg.Themethod.is

very reproducibìe' Perry (1972) using enriched natural samples found a
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coeffìcient of variation of 3l at a level of 1'6 umole p t--1f't-1' The

activities in the l.imnocorrals ranged from 0 to 2.8 umole p L-1n-1. tf,e

alkalinephosphataseactivitywasusuallynormaljzedtoATP'a]though.in

some instances chlorophylì a (chl) was also used' Levels of 0'02-0'i0

-1 -1unoles p ug ATp - h - and 0.003-0.005 umoles p ug chl-l h -1 indicate

moderate P deficiency. Levels greater than 0'1 umole P ug ATP -1 h-l

and 0.005 umole p ug chl-l h-l indicate severe deficiency, These values

were suggested by Healey and Hendzel (1979) and are based on work usìng

cu]turesandnatura]sampìesincludingsouthernlndjanLakewater.

I debt and I debt

Pdebtwasusedasanotherindjcatorofphosphorusdeficiency.

EnoughPisaddedtothewatersaltlpletosaturatePuptake.ThetotalP

takenup.isanindicationofthedegreeofphosphorusdeficiency.The

techniqueisdescribedinHeaìey(1973).Irrrmediate.lyfoììowingthe

addition of a final concentration of 10 uM KH2P04 to 100 ml water

sanples, triplicate subsanples were taken and filtered' After 24 hours

inthedarkatroomtemperaturefinaltrîpìicatesubsamplesweretaken,

fi]teredandanalyzedforSRP.Thedifferencebetweeninitialandfinal

isthePdebt.TheassayforNdebtwassimi]arexceptaf.inal
concentration of 10 ull NHOCì was added. Levels greater than 0'5 umole P

tl
ug ATp-I or 0.075 umole p ug chl-r indicate P deficiency and greater

than 1.0 umole N ug ATp-l or 0.15 unole N ug chl-1 indicate N

deficiency. The correlation coefficients for the standard curves for

bothNandPanalyseswereusua].ly0.99.Ifoneofthe3tripìÌcate

subsamples was qujte different it was not used'
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Conrnosition Rat i os

Fivecompositionratios,N/C,P/C,N/P,ATP/Candchìorophylla/C'

wereexanjnedforindicationsofnutr.lentstatus.Indicatorva,lues

suggested by Healey and Hendzel (1980) are in Table 2' Composition

ratios Ínvolving P were not reliable indÍcators of nutrjent status in

the sedirìent ìimnocorrals. This was due to the large proportion of

detrital P associated with the inorganic sediments added to these

'limnocorral s (see APPendix 2).

Sed inrent analYsi s

Subsamp.lesofshorelinesedimentaddedtothesedimentlimnocorra]s

were air-dried or oven-dried at 60oc then ground and total cNP

determined using the same procedures described for seston samples'

Read.i]yavai]ab]ePvrasestimatedbyextract'ingshorelinesediments

wjthdisti]ledwater.Thisana.lysiswasperformedonfourshoreline

sediment samples collected from different areas of SIL (locations in

Fig. 2). About 100 mg of dried sediment was combjned in a centrìfuge

tube with 30 ml double distÍlled water (DDl|l) and agitated on a shaker

overnjght.Themixturewasthencentr.ifugedfor200minutesat13,000

G, 10,000 RPM, the supernatant was col lected and analyzed for SRP and

TDP. The pellet was re-extracted a second and th'ird time' and the

combined supernatants anaìyzed for SRP and TDP' The pellet l{as then

resuspended in 15 ml DD!,J and filtered onto a preweighed GF/C fiìter'

The filtrate was analyzed for SRP and TDP' and the filter-retained

solids were analYzed for total P'
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TABLE2.compositionratjosthatindicatenutrjentdeficiency.Unitsare
1 -1

ug mgC-r except for N/P which is ug ug ^'

Ratio Type of
deficiency

Deqree of defÍclencY
none - moderate def i ci ent

N/c

P/C

N/P

chr/c

ATP/C

N

P

P

general

general

>140

>20

<10

>20

>2.0

80- 140

10-20

10-20

<80

<10

>10

<10

<2.0
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Enrichnent Experiments

Three enrichment experiments l{ere conducted on water from the

moss-peat limnocorrals to test the hypothesis that these I imnocorral s

were iron limited. Two experÍments were done in the lab and one in situ'

Enrichment Experiment ! (Auqust 4-i1' 1981)

Four 300 mL aì iquots of water from each of the moss-peat

ì imnocorral (Ll,]|81-2) and control limnocorral (c81-1) were poured into 500

mL Erlenmeyer flasks whiCh had been acid washed and autoclaved. -lhe two

sets of four flasks t{ere given the folìowing ïreatments: 1) no

treatment, 2) trace metal solution (finaì concentratjons are in Table

3), 3) Na, EDTA (final concentratjon 0.87+ mg L-1), 4) NaZEDTA (final

concentration 0.g74 mg t-1¡ * rect, 6Hr0 (fina1 concentration 2.34 uM

Fe)andthen.looselycoveredwithaìuminumfoilandincubatedatroom

temperature (26-27oq. The flasks rYere lit from below by vita-LÍte

fluorescent ìarnps deì iverÌng 54 ut r¡-2sec-l. The flasks were moved

daÍ.lytoconpensateforvariabjlityjnthel.ights.Theflasksvrere
subsampled on August I and 11 for prlnary productivity' DIC' alkaline

phosphatase activity, and chlorophyìl a' Because of the small volume

aval.lableintheflasks,primaryproductivitywasmeasuredononel.ight

and oné dark botile only. The ììght bottle was incubated in the second

compartment of the incubator. This ìight intensÍty was chosen because

during August, pnimary productivity was saturated in the second

compartment.Theotherana.lysesweredoneasdescribedprev.iousìy.



28

TABLT 3. Fìnal concentrations of trace elements used in the enrìchment

eioãriments. The trace metal solution is a five fold dilution of that
itãã'ìi-i.ãin*álè"-tã¿irt t'JC of Guil lard and Lorenzen (1972)'

Trace metal Compound

_l
(ms L ')

E I ement E lement

(weight t-1) (umol e)

Na, EDTA

FeCì,. 6Hr0

CuS0O'Hr0

ZnSOO3 'iHt0

CoCl r' 6Hr0

MnCì r' 4Hr0

Narl'loO.'2Ht0

0.874

0.630

0.002

0 .004

0.002

0.036

0.001

0. 20

0.13 mg Fe

0.5 ug Cu

1.0 ug Zn

0.5 ug Co

0.01 mg Mn

0.5 ug Mo

0.034 mg B

ca.2.34 (EDTA)

ca. 2.34

ca.0.008

ca.0.016

c a. 0.01

ca.0.0i8

ca.0.006

ca. 3.2
H3 BO:
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Enrichment Experiment II (Auqust L-Z' L982\

l,,laterfromthemoss-peat(1M82-3)andcontrol(c82-6)l.imnocorrals

wascollectedin20Lnaìgenecontajnersw'itha2o0umscreenplaced

over the mouth to exclude zooplankton. The containers were covered to

keepoutsun.light.Three2400mLaìiquotsfromeachcontainerwere

siphoned into acld washed sterile Fernbach flasks' The fol lowing

treatments were gÌven to the two sets of flasks: 1) no treatment, 2) 5.3

g (wet weìght) moss-peat dredged from LM82-3, and 3) NaTEDTA (finaì

concentration 0.874 mg t_-1) * recl, 6Hr0 (finaì concentrat.ion 2.34 uM

Fe).Theamountofmoss-peatmater.ialaddedtoflaskswasproport.ional

to that added to the moss-peat limnocorral at the beginning of the

summer. The flasks were ìoosely covered wìth aluminum foit and incubated

atroomteÍìperatureoverabankofVita-Litef]uorescentlanps
delivering 200 uE m-2 sec-I. Subsamples (500 nrl) were siphoned from

eachflaskonAugust2,4.5,andTandanalyzedforATP'alkalìne
phosphatase activiy, ÞH, absorbance at 455 tìm' DIC' primary

productivity, and chlorophyll a. P debt was measured on August l and 7'

All analyses were done as described previously'

In situ Enrichment Experiment (Auqust 1- 10' 1982)

This experiment was similar to Enrichment Experiment II (August 1-7

1gg2) except that the water was incubated ln larger containers jn situ.

The containers were incubated at two depths or covered with screen to

test the effect of different Iight intensities'
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Seven20LNa]genecontajnerswerefj]ledwithwaterfromthe

moss-peat limnocorral (1M82-3). A 200 um screen was pìaced over the

mouth of each container whì1e fi lìing to exclude zooplankton. Three of

the containers received no treatnent, two received 50 g wet weight of

noss-peat (dredged from LM82-3), and tvro received Fe and Na,EDTA

solution (finaì concentrations as in Enrichment Experiment II)' One of

the control containers was covered with one thickness of black

fibregìass screen. one of each set of two containers as well as the

screen covered container were positioned in the surface water of LM82-3'

The remaining three were anchored at 0.8 m in the limnocorral where they

would receive about the same amount of light as the screen-covered

contajner.Fig.4jllustrateshol.,thecontainersweresuspended'inthe

linnocorral. The containers were subsampled at the beginning of the

experiment and on August 3, 6' and 10. Samples were taken by pumpìng

about 1200 mL from each container into brown 2 L naìgene bottles. The

containers anchored at 0.8 m were raised to the surface for sampìing'

Carewastakentoavoidexposingthesecontainerstodirectsunìight.

The samples were anaìyzed in the same nanner as for Enrichment

Experiment II.
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SEDIMENT LIMNOCORRALS

RESULTS

SIL Shorel ine Sediments

The SIL shorellne sediment added to the limnocorrals was primarily

inorganic clay. The nean CNP neight ratio was 37:1:1 and about 707 of

total carbon vias carbonate (based on analyses in Appendix 3). Although

rich in total P relative to C and N, only about 2% of total P was

extractab]e into d'i st'i lled water (Table 4). The total weight of C, N

and p added to each sed i ment-treated ljmnocorral is gìven jn Table 5.

ThesedimentwasmadeupofS5%c]ayandl5lsilts.izedparticles

with the majority of particìes less than 1'0 unr jn diameter (G'K'

McCul.ìough, unpublished data). The smaller particìes remained ln

suspensÍonscatteringandôbsorb.lnglight.L.ightextinction(k)
increased in sed i ment-treated limnocorrals ln direct proportion to the

totaì suspended solíds (TsS, Fig. 6). Mean water column ììght intensity

per day (I zc\ decreased as TSS and depth increased (Table 6) '

PartÍtioning of k ìnto the three components Pr, Pu and P.n, showed that

inthesedjmentlinnocorralsover50lofìightextjnctionwasdueto

scattering by suspended particles (Figs. 7 and 8), Seasonal secchi disk

and k values are given in Appendix 4.

Aloal biomass i nd i cators

Thelovrerrateofsedimentload.inginlgSi(1s81-4)jncreased

ch.lorophylì and suspended c (Table 7, Figs.9 and 10). In 1982 both lhe

sedinent addjtion (HS82-7) and the screen (s82-2) increased chlorophyll
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TABLE 4. Total and distìlled wa!çr extractable P from four Southern
inãiãn Láf.. shoret.ine sites in ug mg ' dry weìght (Hecky unpublished
data). Hater extractable TDP is the sum of three dìstì I led waler
ãiiiåãtioñr of the sediments. About 90 % of TDP in the extract was SRP.

i 
-p- i, water extractable TDp expressed as a per cent of total P in the

sediments. Sample site locatjons are in figure 2.

Sanp I e Total P

-1(ug mg ^)

tlater extractabl e
TDP 1¿ P

(rg rs-1)

CH

CH

BL
BL

1
2

I
2

KHE

KHE

ñ ÃÃ

0. 57

0.69
0.68

0.010
0 .009

0.008
0.019

2.8
2.5

L.4
3.2

1.8
1.6

1.3
1.5

HHE 1

HHE 2
0.69
0.67

009
010

0.019
0.017

U.
0.

57
59

0
0
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TABLE 5. Total r,,eight of nutrient elements added to each

iìrñõcó""u1 with thõ three dìfferent tvpes of treatments'
experimental

Limnocorral Treatnent c N P c0^-c
(sf(s) (s) (s)

Lt'l81- 1

LM82-3
H¡'182-4

moss-peat
moss-peat
moss-peat

sedjnent (32 Kg)
sed iment (52 Kg)
sediment (52 Kg)

265
219
437

25
?L
42

441
364
728

63 Ks)
52 Ks)
10a Ks)

24255
20020
40040

none

LS81-4
H581-6
HS82 - 7

759
1196
1196

19
31
JI

528
832
832

t7
26
26

PNSi-3 P&N 45 19 none



FIGURE 6. Reìationship between k, the 1ight extinction coefficìent'

and totaì suspended solids (TSS) ' The data are from the

1981 lìmnocorral experiments' TSS was not measured jn 1982'
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TABLE6.Seasona]neansofsome]ightrelatedparameters.for.the
iäãir.ni, p&N and controt Iimnocorraìs. k is the vertical I ight

;riìFiå1.,¿::1il:å:l'¡.åffili,ll'.i:'!.illi":l'iüå"'flll' 3li!",ð'i:
Åüãuii 

-ããf¿uv--i7t-Z¡s). In 1982 the season for the secchi depths was

îñ;'ir.;-àg-io Ãusuit ¡o (¿uv I8o-242) and for k Juìv 7 to Ausust e

(day 188-221).

Limnocorral Treatment k fzq TSS

(r-1) (r m-2 ¿-ly (rg r-1)

Depth

(m)

Secch i

(m)

c81- I
c81-5
c81-7
LS81-4

H581-6

contro I
contro I
contro I
sediment
(33 rg)
sediment
(52 Ks)
P&N

I ake

20. 3

20 .8
20.2
9.2

3.6
2.5
2.2

10.1

2.8
3.5
3.5
4.0

I
2
2
0

84
43
44
82

2.09
0.51

2.29
1.30

1 .03
0.80
0.83
1 .69

4.0 0.54 2.L7 7.5 14.6

PN81-3
181-8

3.1
3.3

2.9
2.9

2.7
3.3

1.s1
1-47

L7 .4
t7.2

1.13
2.0?

18. 0
10.6

1 .05
1. 19

10. 6
15. 5

n.d.
n.d.

10
06

I
1

3.7
4.0

.1n.o.
n.d.c82-6

HS82- 7

sc82-2
182-9

control
sediment
(51.5 Kg)
screen
I ake

I n.d. = not done



F IGURE 7. Partitioning of the mean ìight extinction coefficients for

the 1981 Iimnocorrals into the three coÍîponents; P.

(proportion of light extinction due to scatterjng by

suspended particles), P.n.' (ProÞortìon of ìight extinction

due to absorption by chlorophylì), and Pu (ProÞortion of

light extinction due to other absorption processes)' L

'ìake, C = control, PN = phosphorus and nitrogen, LM = low

moss, LS = low sediment, and HS = high sediment' Aì1

'I imnocorrals except C81-1 and LM81-2 had plastic bottoms'
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FIGURE 8. Partjtjoning of the mean 1Íght extinction coefficients for

the lg82 lìmnocorrals into the three components; P,

(proportion of I ight extinction due to scattering by

suspended particìes), P.nt (ProPortion of ìÌght extjnction

due to absorption by chlorophylì ), and Pu (ProÞortion of

light extinctjon due to other absorption processes)' L

lake, C = control, 0C = L year old control' 0M = l year oìd

moss, FM = flooded moss, LM = low moss, Htl = high moss, and

HS = hiSh sediment. All limnocorrals had natural bottoms'
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TABLE 7. Chìorophyll a and suspended carbon data for the sediment and

côniiol I imnocorrais- in 1981 and 1982. The data are time weìghted means

iãl-¡riv 10 io nugust 24, 1981 (davs 19i-236) and Juiv 7 to August, 9'
iõeZ--(ãu,r l1g-ziL). Thé expe.imental ìinnocorral data are expressed as

ã-pãrcèni-of the apÉropriate controìs. Individual controls are expressed
ãs'ã pãi cent of thä rnàan of the controls for each year in order to show

the rânge of variablity between the controls.

Limnocorral Treatnent Chlorophyl I a

_1ugL' %

Suspended carbon

-1ugl' ?{

chr /c

ug mg
-1

c81-8
c81-s
c81-7
LS81-4

111
103
86

131

719
787
70L
813

98
t07
95

111

control
contro I
control
sed i ment
(33 Kg)
sed i ment
(52 Kg)

P&N
'I ake

80 474 64 Ão
HS81-6

PN81- 3
181-8

c82-6
HS82-7

sc82-2
t82-9

3.9
3.6
3.0
4.6

2.2
3.2

4.
4
6
3

7

11.8
'E

337
7l

1981
435

2.8

2.7
2.r

t45

269
59

4.
c

6.0
5.8

2.4
J. L

control
sed i ment
(52 Kg)
screen
I ake

909
1019

100
IT2

00

L23
95

909
644

100
7L

0
3



FIGURE 9. Chlorophyll a concentrations in the 1981 sedÍment

ìimnocorral experiments. C = control , LS = low sediment and

HS = high sedÌment. Dav 170 is June 19 and dav 230 is

August 18. All limnocorrals had plastic bottoms'
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FIGURE 10. Suspended carbon concentrations in the 1981 sedjment

ljmnocorral experiments. C = control, LS = ìow sedinrent and

HS = high sediment. Day 170 is June 19 and day 230 is

August 18. All linnocorrals had plastic bottons'
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but had litile or no effect on suspended c (Tabìe 7, Fìgs. 11 and L2).

PandNenrichmenttripìedch]orophyljandsuspendedC(Tab'le7'Figs.

13 and 14). During both years, suspended C and chìorophy].1 were 
.lower in

the lake than in the control ljmnocorrals (Tabìe 7, Figs. 11 and 14).

Bacterì a

Twosetsofcountsweredoneonthe.limnocorralsinl9Sl.Themean

values are given in Table 8. There t{as little difference jn cell

numbers between the sediment linnocoffals and controls wìth plastic

f.loors(C81-5andC81-7)andthe]ake.TheP+Ntreatment(PN81-3)had

double the bacteria of the controls. The two Iimnocorrals with sediment

bottoÍts c81-1 and LM81-2 had nore bacteria than the plastic bottom

I innocorral s.

Zoopl anktqn

In both years there were less zooplankton in the sedjment

limnocorrals than in the comparable controls (Table 9). The type of

limnocorral bottom seems to have affected zoopìankton numbers. The only

control jn 198i which had a natural sediment bottom rather than plastìc

(C81-1) had the lowest number of zoopìankton, but it also had the

hfghest numbers and blonass of f ish as well (R'E' Hecky personal

communi cation) .

Primarv Producti vi tY

î,,|ean integral productivjty was 25% lo 40'l ]ower jn al] three

sedinent limnocorrals and in the screen covered limnocorral than that in

thecontrols(TablelO).Seasonalpr.imaryproductiVityparametersare



FIGURE 11. Chlorophyll a concentratjons in the 1982 sediment

limnocorral experiments. C = control , HS = high sediment'

SC = screen covered, L = lake. Day 180 is June 29 and day

240 ìs August 28. AlI linnocorrals had natural bottoÍls'
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FIGURE 12. Suspened carbon concentrations in the L982 sediment

limnocorralexperiments.C=control,HS=hìghsediment'

SC = screen covered, L = lake' Day 180 is June 29 and day

240 is August 28. Al 1 limnocorrals had natural bottoms'
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F IGURE 13. ChlorophylI a concentrations in the 1981 P and N

Iinnocorral , Iake and controls' C = control' PN

phosphorus and nitrogen, L = lake' All limnocorrals except

C81-1 had plastic bottoms. Day 170 is June 19 and dav 230

is August 18.
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FIGURE 14. Suspended carbon concentrations in the 1981 P and N

'I imnocorral , lake and controls' C = control ' PN

phosphorus and nitrogen, L = ìake' All limnocorraìs except

C81-1 had plastÍc bottoms' Oay 170 is June L9 and day 230

'is August 18.
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TABLE 8. Bacteria in the limnocorrals and lake in 1981. Numbers are the

uuãiã.. of replicates, one set from July and one from August'. H'Kling
;;;;åã -¡.,å-'Ouãièiiå using rhe fluóresence microscopy technique of
Hobbìe et al (1977).

Limnocorra l Treatment Bacteri a

cells ml

Bottom type

-1

c81-1
Lt'l81-2
c81- 5

c81-7
LS81-4
HS81-6
PN81-3
181-8

2530
2470
17 50
1780
1860
1640
3010
i750

natural
natura l
pIastic
plastic
p lasti c
p1ast ic
pl asti c

control'moss-peat (63 Kg)
contro l
contro I
sediment (33 Kg)
sedìment (52 Kg)
P&N

I ake



TABLE 9. lltean zooP I ankton
l imnocorrals and the Iake
zoopl ankton.

47

'in the sediment and control
and 1982. D. Ramsey counted the

numbers
i n 1981

Linnocorral Treatment Zoopl ankton Bottom tYPe

an imal s L-1

c81-1
c81- 5

c81-7
LSS I -4
HS81-6
PN81- 3
181-8

control
contro ì

contro I
sediment (33 Kg)
sediment (53 Kg)
P&N

I ake

contro l
sedinent (52 Kg)
screen
I ake

39
98

i16
73
69

t7t
48

natural
pl astì c
plastic
plastic
pl asti c
pì asti c

natura l
natural
natural

c82-6
H582 - 7
sc82-2
182-9

7L
27
15
4¿
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TABLE 10. Seasonal means of relevant parameters.of prjlqly productivity
iär-ilã-i"¿irènt and conirot limnocorräls in.1981 and 1982. The data

;;';;.;;-'i;;- J;iv-io to Ausust 24, 1e81 (davs 1e1-236) and Julv 7 to
ni,õuri-ö,-rgeã t¿ãi.-188-221).-The experimentat rimnocorral data are

eiËiàsseú as a ier-cent oi-ifre appropriate controls. Individual controls
ã"ã ãipiesse¿ ai a per cãnt ò¡ tirb mäan of the controls for each vear in
oiã.i [o-ii'o* the ränge ãi varjaUility between the controìs. Svmbols are

explained be 1ow.

Limnocorraì Treatment I.P. % I %41
-----;-B-

m
I,

K-1;.i
16.4
17 .0
15 .6

lzs
1

1

1

0

7 .07 95
7.29 98
8.04 i08
6.74 90

19.3
20.6

17 .3

T,
K

;-
2
2
6

?4-__

c81- 1

c81-5
c81-7
LS81-4

HS81-6

control
control
contro l
sediment
(33 Kg)
sed i ment
(53 Kg)
P&N

l ake

i6.0 0.4

14.1 1.2
19.3 0.9

0.6

500 99 zL.l
480 95 20.0
541 107 20.4
369 73 8.7

4.80 99
4.74 98
5.04 104
4.02 83

290 100 18.7
208 72 10.6

103
98
99
43

33

100
57

4.98 100
4.50 90

6.7 8.42 lL3 5.22 L07

181 62 lo.2 55 3.08 73 3.48 70

PN81- 3

181-8

2.88 59
6.30 130

239 47

924 182
449 89

07 68
74 1L7

17.0 83 5

17.4 85 8

4.24 100
3.40 80

c82-6
HS82-7

control
sediment
(52 Kg)
screen

1.0
0.5

sc82-2

I.P. is the daily rate of primary productivìty 1mg c m-2 o-1¡

Iro is the mean water column llght ìntensity during 24 hours (E t-2U-1)

frpfgB .i: !!1 .f iilll^:r.pe of the primarv oì."lilti;¡,r'fîo*2l1ïn"[ili
ì¡iiñe incuuator expressed per unit of chlorophv
a ')
PB is the naxinum rate of primary productivity -ob¡çrved in the

ln[ruåio."äip"äil.ä-p.t unit or cirtoropnvtì (ms C nrg Chl a ')

In is irradiance at the onset of light saturation 1f m-2 d-l¡
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inAppendix5andFigs.15tolT.InPNS1-3lntegra.lproductivitywas

near'ly doubìe that in the controls. Integral production lvas monitored

routinelyonlyoneyearinthebayanditwasl0*]owerthanthe
controls. Integral production is a function of IZC and the Iight

response in the incubator (defined by alphaB and PrB)' All treated

limnocorrals had lower IrO than the controls (Table 10)' Low sediment

(1s81-4) , h'igh sed.iment (Hs82-7), and screened (sc82-2) ] imnocorra'] s had

lower alphaB and PrB than the controls. The high sediment limnocorral

(HS81-6) and the lake (81-8) had hlgher alphaB and t*t than the

control s.

integralproductionforallthe.ìirnnocorralsinl9S2wason]yone

third to one half the .leve.ls of 1gg1. prB values were comparable for

both years but aìphaB values in 1982 were about half the values for

1981. IrO values were sjmilar for the 2 years but these values have

been calculated using cloudless irradiance. cloudless irradiance was

used to faci litate comparisons between prjmary productivÍty on different

days and ìn different years. Surface irradiance data for comparable

seasonslnbothyearsarenotavailable.l.,latertemperatureswere]ower

in 1982 (Fig. 18), and these cooler temperatures may have been caused by

lower solar irradiance in 1982.

Indi cators of N deficiencY

TherevrasessentiallynoNdeficiencyjnthecontro]sorsedjment

lifìnocorrals as indlcated by N debt or N/C ratios (Table li and Appendìx

6). PN81-3 developed N debt large enough to suggest N defÍcÍency on 2

of 3 dates sampled after N additions were stopped and -P alone was added

(FiS. 19); however, the N/C ratios remained in the no deficiency range



F ] GURE 15. Seasonal pattern of daily integral primary productivity ìn

the 1981 sedinrent llmnocorra'l experiments' C = control' LS

= low sedinent, and HS = high sediment' Day 170 ìs June 19

and day 230 is August 18. All linnocorrals except C81-1 had

pl asti c bottoms.
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FIGURE 16. Seasonal pattern of daiìy ìntegral primary productivity in

the 1981 P and N limnocorral, controì limnocorrals, and

'lake. C = control , PN = phosphorus and nitrogen, and L =

lske. Day 170 is June 19 and dav 230 is ,August 
18' All

limnocorrals except C81-1 had plastic bottoms'
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FIGURE 17. Seasonal pattern of daily integral primary productivity in

the 1982 sediment ìinnocorral experiments' C = control' HS

= high sediment, and SC = screen covered' Day 170 is June

19 and day 230 is August 18. All limnocorrals had naturaì

bottoms.
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FiGURt 18. Seasonal temperatures for f'lupaw Bay (3'0 m)

during 1981 (+) and 1982 (+).
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TABLE il. Mean values for various physiological indicators of N and P

¿eiiðiãñ.V in the sediment and contról limñocorraìs in 1981 and 1982. P

ãnA H tteaäings indicate parameters indicative of P and N deficlency
ieipectivelyi general indjcators cannot on the basis-of.present evidence
Uè-'ãiàriueá úittt any certaintv to either N or P deficlency (Healev and

Hendzel 1980). Composìtion ratios are-rug particuiate P, N' ATP. or
Cñ:orootrvi'ì 'a (chi) mq partjculate C-'; ug particulate N ug particulate
p-r. Httiient ¿èbts'aré i,rmoles arnmoni um or phosphate removed in 24 h

¿arfnÀis uo chl-r. Neqative debt means net release of nutrlent. Alkalìne
phosphatasé -4ctivity-, (Pase) is umole o-methyl fìuorescein phosphate

hydrolyzed h-' ug chl ^. n.d. = no data.

N P GENERAL

Limnocorrar Treatmenr ffi;i-Ntõz P;r;3- ;;;;4;7¿5-Nñ6 c;i7¿7 Ãñi¿8

c81- 1

c81-5
c81-7
LS81-4

0.101 210
-0.079 190
-0.087 190
0.060 180

0. 146
0. 155
0.173
0.I24

0.285
0.422
0.476
0. 300

L4
9

II
16

16
2l
L7
11

0.77
0.67
0.80
0. 33

HS81- 6

c82-6
HS82-7

sc82- 2
182-9

control
control
contro I
sediment
(33 rs)
sed ì ment
(52 Ks)
P&N

I ake

control
sedinent
(52 Ks)
screen
'lake

190
180

0.026
0 .003

180
2L0

EE

4.6
4.4
6.2

23
9

0.45
1"99

P N81- 3

181-8
0. 106

-0 .032
200
160

0.383 9
0.204 20

6.5
6.3

3.0 0
3.5 0

-0.079 190 0.077 0.192 32 6 6.4 0.42

0.093
0.056

20
10

n. d.
n.d.

n.d.
n.d.

n.d.
n. d.

n.d
n.d

0.019
0.008

11
2L

L2
15

L7
15

3.1
3.4

.76

.72

.07

.37

1>0.15 = N deficiency
2 80-140 = moderate, <80 = severe N deficiency
3 O.OO3-0.005 = noderate, > 0.005 = severe P deficiency
4>0.075=Pdeficiency
5 10-20 = moderate' <10 = severe P deficiency
6>10=Pdeficiency
7 <10 = deficiency
I <2.0 = defi c iency



FIGURE 19. Seasonal pattern of N debt normalized to ATP in the 1981 P

and N Iimnocorral and controls. The broken horizontal line

indicates the occunence of N deficiency ìn algae as given

by Healey and Hendzel (1980). C = control , PN = phosphorus

and nitrogen. Day 190 is Juìy 9 and day 230 is August 18'

A1 ì limnocorrals had plastic bottoms.
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at al I tines.

l&j_çg!gÞ of P def iclency

Sediment treatnents, LS81-4 and HS81-6, and the controls, C81-5 and

C81-7 were severeìy P deficient throughout the summer according to the

alkaline phosphatase and P debt data (Figs. 20 and 21). The mean

sediment Iimnocorral vaiues, however, were about 25 and 501" less (for

LS81-4 and HS81-6 respectively) than the controls (Table 11). The P/c

and N/P ratios jndicated P defjciency in C81-5, C81-7' and LS81-4 but no

deficìency jn HS81- 6 (Fig. 22 and 23). These ratios underestimate P

deficiency in the sediment treatments because of the ìarge particulate P

contribution due to detritus (AppendÍx 2).

In 1982 the control (C82-6) and the screen (SC82-2) lìnmnocorrals

were P deficjent throughout the surÍmer according to alkaline phosphatase

activfty and the N/P and P/C ratios (Table 11 and Figs. 24 to 26\. The

phosphatase activity ìn the sediment linnocorral (HS82-7) indjcated

there was no P deficiency after July 14 (day 196; Fig. 24). In both

1981 and 1982 the lake was less P deficient than the control (Fìgs. 26

to 28).

Indicators of deficiency not specific to ! or !: Chlor/! and ATP/9

The sediment and control limnocorrals for both years had chlor/C

ratjos less than 10, which ls a general indication of deficiency (Table

li). The neans for the sedinent límnocorrals were not as ìow as for the

controls. This is probably due to the hìgher chlorophyll content

associated rvith low light environments. The ATP/C ratios ìn the

controìs, screen and P+N Iimnoconals were also ln the defjcient range.



FIGURE 20. Seasonal pattern of alkaline phosphatase activjty (Pase)

normalized to chlorophylI a (chl) in the 1981 sedlment and

control limnocorrals.. The broken horizontal line indicates

the occurrence of severe P deficiency Ìn algae as given by

Heaìey and Hendzel (1980). C = control, LS = low sedjment,

HS = high sediment. Dav 190 is July 9 and day 240 is August

28. AlI ljmnocorrals had plastic bottoms'
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FIGURE 21. Seasonal pattern of P debt normalized to chlorophyl l a

(chl) in the 1981 sedimeht and control iimnocorrals' The

broken horizontal I ine indicates the occurrence of P

defìciency in algae as gìven by Healey and Hendzel (1980)'

C = control, LS = ìow sediment, HS = high sediment' Day 190

js July 9 and day 240 ìs August 28. AlI I imnocorrals had

pl astl c bottoms.
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FIGURT 22. Seasonaì pattern of the particulate P/C ratio jn the 1981

sedimentandcontrol]lmnocorrals.Thebrokenhor.izontal

lines indjcate the occurrence of severe, moderate' and no P

deficiency ìn aìgae as gìven by Healey and Hendzel (1980) '

C = controì, LS = ìow sedinent, HS = high sediment' Day 190

is Juìy 9 and day 240 is August 28' All limnocorrals had

pl astic bottoms .
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FIGURE 23. Seasonaì pattern of the partìculate N/P ratio in the 1981

sediment and control linnocorrals' The broken horizontal

line indicates the occurrence of P defjciency in aìgae as

given by Healey and Hendzel (1980) ' C = control , LS = ìow

sediment, HS = high sediment. Day 190 is July 9 and day 240

is August 28. All limnocorrals had plastìc bottoms'
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FIGURE 24. Seasonal pattern of alkaljne phosphatase actÍvity (Pase)

normalized to chlorophyll a (chl) in the 1982 sediment

'I imnocorral experiments. The broken horizontal lines

indicates the occurrence of severe' moderate' and no P

deficjency in algae as given by Heaìey and Hendzel (1980).

C = control, HS = high sediment, SC = screen covered, and L

= lake. Day 190 is Juìy 9 and day 240 is August 28. All

I imnocorral s had natural bottoms.
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FIGURE 25. Seasonal pôttern of the particulate P/C ratio jn the 1982

sediment Iimnocorral experinents. The broken horizontal

' lines indicates the occurrence of severe, moderate, and no

P deficiency in algae as given by Healey and Hendzel

(1980). C - control , HS = high sedlment, and SC = screen

covered. Day 190 ls Juìy 9 and day 240 is August 28' All

I imnocorral s had natural bottons.
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FIGURE 26. Seasonal pattern of the particulate N/P ratìo in the 1982

sediment limnocorral experìments' The broken horizontal

line indicates the occurrence of P deficiency in algae as

given by Healev and Hendzel (1980). C = control , HS = hìgh

sedjment, and SC = screen covered' Oay 190 is July 9 and

day 240 is August 28. All limnocorrals had natural bottoms'
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FIGURE 27. Seasonal pattern of alkaline phosphatase activity (Pase)

normalized to chìorophyll a (chl) in the 1981 P and N

limnocoral , control ì irnnocorrals, and lake' The broken

horizontal ìine indìcates the occurrence of severe P

deficiency in aìgae as given by Healey and Hendzel (1980) '

C = control , PN = phosphorus and nitrogen, L = lake' Day

190 is July 9 and day 240 is August 28' All limnocorrals

except C81-1 had pìastic bottoms'
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FIGURE 28. Seasonal pattern of P debt normalized to chlorophyll a

(chl ) in the 1981 P and N i imnocorral, control

ì imnocorraìs, and lake. The broken horizontal line

'lndicates the occurrence of P deficiency ìn aìgae as given

by Healey and Hendzel (1980). C = control, PN = phosphorus

and nÍtrogen, L = lake. Day 190 is July 9 and day 240 is

August 28. All Iimnocorrals except C81-1 had pìastic

bottoms.
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Each year the lake had the highest mean ATP/C ratio'
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D ISCUSSION

Sediment as a nutrient source

The type of sediment added to the I imnocorrals was a

gìac'ial-ìacustr.ine, sì]ty c]ay orìgina.lìy deposited in glacia.l Lake

Agassjz 12,000 years ago. The sediments are mainly inorganic, very fine

grainedandgreyishincolour.Therehasbeenlitt'leopportunìtyfor

these permanently frozen sediments to become enriched ìn organic matter'

The N:P ratjo in these sedjments is low ( about 1.0 by wejght) relative

to the ratio of these nutrients in organic natter. For example, Healey

(1975) reports a wide range of N:P ratios in algai cultures, dependÍng

on the degree of nutrìent deficìency, but none below 2.0. Because the

N:P ratjo in the sediments is ìow and because there is littìe history of

n.itrogen limitatìon jn Southern Indian Lake (Guildford 1978, Heaìey and

Hendzel 1980), it rvas expected that P assocjated with the sediments

would be more ljkely to affect the nutrjent status of the algae than N.

l|¡j.l]iamseta].(1980)foundagoodcorre]ationbetweenNa0H

extractable P in a variety of sediments from jn and around Lake trie and

a.ìgal growth in cultures where the sediments were the sole source of P.

Fluvial sed.iments and sedinents taken from the ìake itself had

relatively high proportions of NaOH extractable P (20-371) and could

support growth of P starved Scenedesmus quadricauda. However sedinents

from eroding b'luffs on the north shore of Lake Erie contained only 5%

Na0H extractable P and this was not adequate to sustain algal growth'

The slL shorel.ine sediment added to the sedinent limnocorrals appears

simjlar to the Lake Erie bluff sediment. Both have a high proportion of
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clay and contain about 0.6 ,g g-1 d"y weight total p. Because 5Í of the

bluff sediment total P was inadequate to support algal growth (even

though total sediment concentrations in ||lilliams experirnents were

greater than in the sIL 1ìnnocorrals), .it js un] jke.ly that the 2%

readi]yavai]ab]eP(basedondjstil'ledwaterextract.ions)fromsIL

sediments would have much impact on algal nutrient status even 1f |rhe 21

is an underestimate. Kelly et aì. (1978) measured 30-400u ìncreases in

totalPinfive]akesinNovaScotiaduringtheconstructionphaseofa

hydroeìectric project. However, in al I the lakes chlorophyll decreased.

Kelly suggested that chlorophyll decreased because increased suspended

sediments reduced f ight penetration.

Reduction of light þY sediments

I^. values in the sediment limnocorrals were about half those of
¿.1

the controls. Light reduction in the sed'iment limnocorrals was clearìy

caused by the addition of sediment. IrO is a function of depth and k'

Depth in the limnocorrals was fa'irly similar (3'2 n +/- 0'5 m);

therefore I^, was prinrarily controlled by k. In the sediÍìent treatment
z1

limnoconals, k varied directìy with TSS (Fig' 6)' Partìtioning of k

revealed that over 50% of k was due tol ìght scatterìng in the sediment

linnocorrals. Partilioning also showed that the lake stations were ìess

trônspôrent than the controls because of suspended sediments. This was

due in part to the restricted water circulation in the linnocorrals.

Although the limnocorrals were well mixed vertìcally' there vjas no new

sediment-laden water introduced to the control limnocorrals to repìace

sedimentation losses. In 1981, all but c81-1 and LM81-2 had pìastic

bottomssotherewasnomixingwiththelakebottonsedjments.PNS1-3
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wasa]solesstransparentthanthecontrols;however,inthjscasehigh

chlorophyìl concentrations l{ere responsible.

To determine if the low IZq values found in the sediment

ìimnocorra.lsmightbelimit.inga'lgalgrowth'light.leve.ìsinthe
sediment linnocorrals were compared to 'l Íght intensities used to create

light 1Ímitation for some species of algae in the laboratory (Table i2).

The lowesl mean iro value in the sed i nent-treated I imnocorrals (7.5 E

,-2 o-1) would have been 
.ì ight limìting to some spec,ies but not to

others.

Bionass i nd i cators

Itjsdjfficulttoneasureaccuratelyalgalbiomassinnatura]
samples. Chlorophylì a, suspended carbon and nitrogen, and ATP were

measured as biomass indjcators for the lÍmnocorral expeninents.

Suspended C, N and chìorophyll a are relatively easy to measure;

however, they do not distinguish between f iving and dead material

(trletzel 1975, Halìegraeff Lg77l. Chlorophylt a is found onìv in

photosynthetic organisms; however, laboratory experiments show that the

chlorophyll a content of cells can be quìte variable depending on

environmental conditions such as light intensity (Rhee and Gotham 1981b'

Zevenboom 1980), temperature (Rhee and Gotham 1981a) and nutnient status

(EppleyandRenger1974,Hea.leyl985).Inthe.limnocorralexper.iments

there were wide ranges of light intensjtjes and nutrjent status;

therefore, the chlorophylì data must be interpreted with this in mind'

A maior concern wìth the suspended C analyses tras that the large

quantities of sediment added to the three sediment limnocorrals would

conta.in large enough amounts of detrital carbon to mask changes in



TABLE 12. Some light intensities below
I aboratory cultures.

70

which l lght is Ilmiting in

Speci es Lì gbt _1 Tenperature Reference
(E m ' d -)

Thalassiosira f luvati I is
Ceratium furca

-¡T-----iÌ-Gonvau I ax Po lYedra-._---r--îi-

8.99
2.29
L.27
2.86
1 E2

4.75
10 .48
10.20

20
20
10
20
10

5-20
23
22

Laws and Banni ster
Meeson and SweeneY

1980
1982

Svnura sohaqn ico ìa
ÞÏãeo?'aõï vlîñ-Tilðorn u tum
Svnechococcus lt nearl s

Healey (i983)
Fawley ( 1984)
Healey (1985)
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living carbon. A comparison of mean chlorophyll/C ratios from net and

seston samples from sediment limnocorrals (1581-4 and HS81-6) showed the

seston samples had no more suspended c relative to chlorophylI than the

netsamples(Table13).itwasexpectedthatifdetrìta,lcarbonwas

abnormally high in the sediment Iimnocoffals, the chlorophyll/c ratÍos

inthesestonsampìeswou]dbe]owerthaninthenetsamples.Asjmjlar

comparison by Healey and Hendzel (1980) on samp'les from SIL gave the

sane resu I ts.

ATPbeginstobreakdownifirmediate]ywhenace]ldies,so'itshould

be a good estimator of ìiving matter ìn a natural water sampìe' The

procedure for ATP extraction and measurement is more complex than that

for suspended C and chlorophyìl a and the samples must be extracted

quick.ìyandskjl]fullytoensureATPisnot'lost.Eecausea.l'ììivìng

mattercontainsATP,theestimatewillincludebacteriaandsmall

zooplanktonaswellasphotosyntheticorganisms.TheATPcontentof

cells has been shown to vary signÌficantly with nutrient status

especially P deficiency (Sakshaug 1980, Healey and Hendzeì 1980) '

Experinents described in Appendix I showed that, in natural water

sampìes and in a uni-a1gal culture, hìgh concentrations of suspended

sedjment interfered wth the extraction of ATP resuìting in Signìficant

underestinatjon of ATP. For these reasons, it was decided not to use

the ATP data (given in Appendix 7) to estimate biomass' Oata from

samplesthatdjdnotcontainhìghconcentratjonsofsuspendedsedìments

wereusedinnornraì.izingthenutrientstatusindicatorsalkaljne
phosphatase,PdebtandNdebt.Inthesedjment]imnocorra]snutrient

status indìcators were normalized to chlorophyìl a. The biomass response

.Ìn the limnocorral experiments must be assessed using chlorophyll a and
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TABLE 13. Mean chìorophyll/carbon ratios (rg ,g-1) in seston and net

samples in 1981. Net plankton are >10 um.

Limnocorral Treatment
Ch lorophyl l/carbon

Seston Net Bottom type

c81- 1

Ll'181-2
c81- 5

c81-7
LS81-4
HS81-6
PN81-3
L8i-8

natural
natura I
piastic
pì asti c
pl ast'i c
pìastic
pìastic

contro I
moss-peat (52 Kg)
control
contro ì

sediment (33 rg)
sediment (52 Kg)
P&N

I ake

6.9
6.9
5.1
4,0
7.t
5.4
5.4
6.4

.4

.4

.6

.3
,7
.9
.U
.7

5

5

4
4
E

5

6
5
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suspended c results. The suspended N data were very similar to the

suspended C resu I ts.

Itwasexpectedthat,iftheSlLshorelinesedinrentsaddedtothe

limnocorrals trere a readily available source of P' the P might be

apparent as increased algal biomass. P added to PN81-3 caused a three

fo]dincreaseinsuspendedCandch.lorophyl]abovethecontro]

limnocorrals. It is not clear that there was any signifìcant bjomass

increase in response to the sedirnent additlon. Based on the fÍrst years

experiments it appeared that the lower concentration of sediment

(1S81-4) may have stimulated biomass while the higher sediment

concentration (HS81-6) decreased biomass. In 1982 the high sediment

concentration (Hs82-7) increased biomass. HS81-6 and Hs82-7 had the

sane wejght of sediment added but the resulting light environments were

different because the i982 linnocorrals were shallower than those in

1981.Ifthechìorophy]lajncreasesinLSSI- andHS82-Tweresole]y

in response to reduced ìight levels rather than available P, then screen

covered sc82-2, designed to have the same nean water column f ight

.intensity as Hs82-7, shou.ld show sim.i]iar chìorophylì a va]ues. sc82-2

had23landHS82-7had46%norech.lorophyì.lathanthecontrol.This

suggests that chlorophylI in HS82-7 lncreased due to the combined effect

of decreased light and increased P from the sediments'

Itwasthoughtthatthef.lne.gra.inedsedimentsmightincrease

bacterial biomass as a result of increased surface area. The results of

two sets of samples showed thôt except for PN81-3 the bacterial nunbers

were not significantly different in any of the plastic bottomed

I i nnocorral s.
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Primarv Product i vi tY

IntegraìprÍmaryproductivitywas25to50Ílowerinthesediment

linnocorrals than jn the controls. This appears to be the result of

lower nean water column light intensity (IZq), caused by the sedinent'

rather than any physiological interaction between the sediment and the

algae. This can be ij lustrated in two ways' Flrstly' the

screen-covered limnocorral (sc82-2), which was desjgned to have the same

ÍzqasHs82-Tbutw.ithoutsed.inentadditjon,hadsim.i]arintegral
production lo HS82-7 (Fig. 17) durlng the first half of the season until

the screen-covered limnocorral became P defìcient' Secondly, integral
OQ

production which is dependent on lZq' alpha", and Pr" varied

consjstentlywithl,ojnthesediment]imnocorra,]sbutnotwiththe
physiological paraûreters, aìphaB or erB {ris. zs).

Therelationsh.ipbetweenlzqandintegraìproductiv.lyindicates

that the algae ìn the sedjnent limnocorrals were lÍght ljmited to

varyingdegreeswithHsSl-6be'ingthenostìight.limited.HSS1-6was

the only l imnocorral with alphaB and trt values greater than the

contro.l.Thismaybeanjndicationofadaptationtolowerlight.
Prèzel jn (1981) and Falkowski (1980) give exampìes of algae that

demonstrated higher rates of light linited photosynthesìs (atptraB)

and/or light saturated production (PrB¡ when moved from high to lorier

ì i ght.

Thelargeovera].ldifferenceinintegralproductionbetweenl9Sl

and 1982 can be expìained by the decrease in alphaB. However it is not

clear why alphaB values were so much lower ìn 1982'



FIGURE 29. The relatioship between daiìy ìntegral primary productivity

(1.P.) and mean daiiy water column light intensitV (lto) Ín

the sedjment, screen covered, and control linnocorrals from

both 1981 and 1982. The data are tirne wejghted means

expressed as a percent of the appropriate controls in order

to intercompare the different years. Individual control

limnocorraì values are expressed as a percent of the nean

of controls for each yearin order to show the range of

variabil ity between controls' The control limnocorrals are

denoted by the sYmbol "0".
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Althoughlightreductjonresultedins'i9nÍficant.lylessintegral

production in LS81-4, HS81-6, HS82-7 and SC82-2 compared to the

controìs, there was no corresponding decrease in biomass except Ín

HS81-6. As discussed previously, nean chlorophylì a and suspended

carbon values in the sedinent limnocorrals were not renarkably different

from the controls. one possìble explanation for this descrepancy between

production and biomass is that higher rates of zooplankton grazìng in

the controls accounted for the lower biomass concentrations found there.

There is an excellent correlatjon between ìntegral productivity and

zooplankton abundance in sediment and control Iimnocorrals (Fig' 30)'

Loss rates of biomass, caused by sedjmentation, might also be

accelerated in the control limnocorrals jf the algae are in poor

condition due to nutrient depìetion. Titman and Kilham (1976) found

algae sank faster when nutrient poor. The siL control limnocorrals were

definltely more nutrlent-limited than the sediment limnocorrals'

Nutrient Status

Nitrogen did not appear to be a timiting nutrìent in either the

control or sediment limnocorrals at any time during the summers of 1981

or 1982. Onìy when PN81-3 was enriched with P alone was there a

suggestjonthatNmightbe]imitjng.However,Ndeficiencydidnot
repìace P deficÍency, PN81-3 remajned severely P deficìent throughout

the season. Nitrogen fixatìon by blue-green algae may have prevented

severe N lirnitaton. N, fÌxers were present before the N treatments were

stopped and there was a doubìing in biomass of NZ fixers after N

treatnents ended (Kì ing, personal communicatìon).



FIGURE 30. The relationship between daily integral prinary

productjvity (I.P.) and number of zooplankton in the

sediment, screen covered, control and P and N limnocorrals

from 1981 and 1982. The data are mean values for each year'

The control limnocorral C81-1 (denoted by the symbol "o")

had an unusually low nunber of zooplankton' This may have

been due to the abnormally high number of fish in this

'ì innocorral (Hecky unpubl ished data) '
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The results show that in general , P was the I inriting nutrient in

the limnocorrals. This is not surprising since P has been shown to be

the nutrient most Iikely to be limiting Ìn ìakes (Schindler 1976, Healey

and Hendzel 1980). Even the P&N enrichment limnocorral remained P

deficient although to a lesser degree than the controls'

The P nutrient status indicators show that shorel ine sediment can

reduce P deficiency. There was no P deficiency in HS82-7' In LS81-4

and HS81-6, although P deficiency was stilI present, it was less than

that in the controls; and the limnocorral with the higher sediment

concentration was less P deficient than the low sediment llmnocorial .

It is not cìear fron the results whether P defìciency was lower because

P was made availabìe from the sediments or because the demand for P was

lower due to decreased light levels and the resulting lower rates of

prirnary productÍvitY or both.

The sediment extraction experiment discussed previously showed that

about 2l of totaì sediment P could be extracted in distìlled water. The

rnean sRP data from the sedinent ììmnocorraìs (Table 14) also indicate

that a small amount of sediment P is readily extractable' lf ?% of

total sediment P was released each time sedinent was added to H581-6 the

PO- concenration in the limnocorraì wouìd increase by about 0.007 umole
4

L-l. The SRP data show the sediment linnocorraìs have 0'01-0'02 umole

L-l more SRp than the control . These changes in P concentration are

quite small and I would not expect a significant growth response by the

algae to these changes based on growth rates of P lirnited algae in the

literature (Rhee 1973, Tilman and Kìlham 1976). In fact there was no

signìficant jncrease in biomass in the sediment Iimnocorrals,

productivity was less than the controls and, although reduced. P
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TABLE 14. Mean SRP and TDP for 1981. Analyses were done at SIL

chemi stry ì ab (Hecky unpubl ished data) .

Limnocorral Treatment SRP (umo le l-1t TDP (umol e
---î-------
L)

c81- 1

LM81-2
c81-5
c81-7
LS81-4
H581-6
PN81- 3
181-8

0.11
o.25
0.09
0.10
0.t2
0.13
0. 11
0. 13

control
moss-peat (63 Kg)
contro l
control
sed iment
sed i nent
P&N
'lake

Kg
Kg

(33
(52

02
L2
03
02
04
04
03
03

0
0
0
0
0
0
0
0
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deficiency was still present in 1981. Therefore jt seened that the P

released from the sedinents elther was not in a form the algae could use

or was in .lnsuff .icient amount to have a detectable effect on the algae.

The culture experiments of |tiilliams et al . (1980) showed P starved

Scenedesmus did not grow appreciably with shoreline sedjments as a sole

P source even when added at greater concentrations than those used jn

the I imnocorral .

In 1982 the screen limnocorral experÌnent was especially designed

to determjne whether the sediments relieved P deficiency by releasìng P

or by reducing f .ight and thus P demand. The nutrient status results

support the hypothes.is that P was released. Both Iinnocorrals had

similar mean light intensities yet the screen Iimnocorral remained P

deficient. It should be noted however that the degree of P deficiency

experienced by all the limnocorrals in 1982 was much ìower than 1981.

So, although the screen limnocorral was in the P deficient range,

neither the screen ljmnocorral nor the control was nearìy as P defjcient

as any of the 1981 linnocorrals. Thus only a small amount of P would be

required to reljeve P deficiency.

Themajor'inf]uenceofthesedjmentsonnutrjentstatuswasthrough
.lightreduction.Thedecreaseinlightintens.ltyduetosediment

addition caused a decrease in integral productivity (Fig' 29)¡ and' as

integrai productìon decreased so did P deficiency (Fig. 31). Rather than

the sedjments reducìng P deficÍency by reìeasing P, the sediments

reduced ìight whìch reduced integral production so there was ìess P

demand and therefore less P defìciency.



FIGURE3l.TherelationshjpbetweendailyÌntegra.lprìmary
productìvity (I.P.) and alkal ine phosphatase activity

(Pase) in the sediment,screen covered' and control

]imnocorralsfrom1981and1982.Thedôtaaretimeweighted

mean values for each year' The lake station (181-1) which

fel ì well outside the relatlonship is noted'
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Interactions of liqhl and nutrients

The productivity data showed that in al l three sedlment

limnocorrals and in the screen lÍmnocorral , IrO was weìI be'ìow Ik and

productivity was light limited to varying degrees. since P deficiency

was reported in 3 of these 4 limnocorrals it appears that two factors,

light and a nutrient (P), were limiting a population simultaneously.

Rhee and Gotham (1981a) and Healey (1985) have shown in laboratory

cultures that a single specjes can be both light and nutrient Iimjted

over a narrow range of light intensities and nutrient concentrations

because, to a degree, a physicaì factor can compensate for a nutrient

and vice-versa. In the limnocorrals this apparent sinultaneous

tinitation may aìso have been a case of different specles being lìmited

by different factors such as described by Titman (1976)'

The major effect of shoreline sedinents added to the Iimnocorrals

was to reduce light resulting in lower levels of integral productivÍty

ln the sedirnent Iif¡nocorrals and a reduced demand for P. Although

productivìty was higher in the controls, blomass was not much hÍgher

than the sediment limnocorrals. Thjs descrepancy is probably due in

part to zoopìankton grazing. Based on the low productìvity and low

zooplankton numbers jn the sedlnent l imnocorrals one could speculate

that jncreased sediment concentrations could cause significant decreases

in overall productjvity of similar systems.
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MOSS-PEAT LIMNOCORRALS

RESULTS

Physical-chemical response to moss-peat additjons

The main physical change observed after the addition of moss-peat

material was ìn water color. The water became dark brown as a result of

leached díssolved humjc matter (DHM). Absorbance at 445 nm jncreased in

proportion to the weight of moss-peat naterial added to the limnocorrals

(Table 15) The jncrease was not a gradual change over time. It rose

within 10 days of the moss-peat addjtions and remajned hÌgher throughout

each summer (Figs. 32 and 33).

Increased ìight absorption by DHM usually resulted in slightìy

higher light extinction coefficients (k) in the moss-peat limnocorrals

(Table 15). However, compared to the k values in the sediment

limnocomals (Table 6) these increases were small.

The C:N:P weight ratio for the moss-peat material added to the

'I imnocorrals was approxinately 960:10:1 (based on analyses in Appendìx

8). The total weight of moss-peat materjal and individual nutrients

added to the three limnocorrals is given in Table 5. Only about 2% of

tota'l carbon was carbonate. The moss-peat added much more organlc

carbon and nitrogen (Table 5) than the two other types of lirnnocorral

treatnent (fine-grained sedirnents and P and N enrichment). Two months

after the noss-peat addition to Ll'181-2, an Eckman dredge sample of the

moss-peat material recovered from the bottom of that limnocorral was

analyzed for C, N and P (AppendÍx 9). The organic carbon content

decreased about 201 while the N and P increased.
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TABLE 15. Mean values for selected physical and chemjcal parameters

meãiure¿ in the moss-peat and control limnocorrals in 1981 and 1982. Fe,

fóñ, un¿ TDp analyses were done at the Freshwater Institute analytical
'ìab.

t*nl rå-rrr,53,. ,--r¡1111'. ,--r¡1J31'. ,-1
pH

)
Limnocorral Treatment

c81- 1

LM81-2

0c82- 5

c82-6
LM82-3

Ht'182-4

0t'l82-8

FM82- 1

control
moss-peat
(63 Kg)

0 .045
0 .070

1 .03
1.10

22.6
26.0

8.09
7 .51

0.7
1.5

0.96 0.7

1.29

0.97

1. t5

23
42

U

0

control
(i yr old)
control
moss-peat
(52 Kg)
moss-peat
(104 Kg)
moss-peat
(1 yr old)
noss-peat
(flooded 1976)

0.055

0.062
0 .079

0. 100

0.055

0.073

l3
08

7

7
1

i
1.1

1.5

1.8

0.29

0.32
0.52

0. 55

0. 36

0. 36

21.8

22.6
24.2

¿1.3

23.7

?4.3

7 .70

7 .15

8.02

7.86

99
52



FIGURE 32. Seasonal pattern of absorbance at 445 nm in the 1981

moss-peat and control l'innocorral s ' C = control and Llil =

low noss. Oay 170 is June 19 and day 230 is August 18'
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FIGURE 33. Seasonaì pattern of absorbance at 445 nn in the t982

moss-peat and control limnocorrals' C = control and LM =

low moss, and HM = high moss' Day 180 is June 29 and day

240 is August 28.
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In the first few days immediately foììowing the moss-peat

additions, pieces of vegetation floated at the surface of the

'I imnocorrals. After a week nost of the material dìsappeared, and the

total suspended solids data (FiS. 34) indicated that the moss-peat

limnocorral (1M81-2) did not contajn an unusually high load of suspended

naterìal greater than 1 un.

Thenross.peat]imnocorralsconta'inedmoredissolvedNandPthan

the controls (Table 15). These nutrients tended to ìncrease over the

suriÍer (Figs. 35 to 38). About 50% of the TDP in the moss-peat

limnocorral LM81-2 was SRP. In the control (c81-1) SRP was usually

below the limit of detection (Table 14).

In 1981 the total Fe concentratìon in fÎoss-peat limnocorral LM81-2

was double that jn the control (Table 14). In L982 there r{as no

difference in total Fe concentration between the comparable limnocorral

LM82-3 and control '

one year after the noss-peat addition, 4445, TDN and TDP in the

l.imnocorral (0M82-8) containing the one year old noss were sjmilar to

the controls (Table 15). However, total Fe remained hìgh' In the

.l imnocoffal situated over flooded shorel ine (FM82-1), Aoou and total Fe

were above the contro l s.

Biomass response to moss-peat addition

Ch]orophy]]aandsuspendedcarbonwereusedtoestimatea.lgaì

bjomass jn the moss-peat limnocorrals. As discussed in the section on

sediment algal ìnteract.ions there are several disadvantages to using

suspended c and chlorophyl l to estimate alga'l biomass. t'lith respect to

ther¡oss-peat]imnocorralsinparticu]artherewasconcernthatthe



FIGURE 34. Seasonal pattern of total suspended soìids (TSS) in the

1981 control and moss-peat limnocorrals' C = controì and LM

= low noss. Day 170 is June 19 and day 230 is August 18'
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FIGURE 35. Seasonal pattern of total dissolved nìtrogen (TDN) in the

1981 control and moss-peat ljnnocorrals' C = control and LM

= low moss. Day 170 is June 19 and day 230 is August 18'
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FIGURE 36. Seasonal pattern of total dÍssolved phosphorus (TDP) in the

1981 control and moss-peat limnocorrals' C = control and LM

= low moss. Day 170 is June 19 and day 230 is August i8'

TDP analyses were done at the Freshwater Insti tute

analYtical chemi stry I ab.
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FIGURT 37, Seasonal pattern of total dissolved nitrogen (TDN) in the

1982 control and moss-peat linnocorrals' C = control, LM

'low moss, and HM = high moss. Day 180 is June 29 and day

240 Ìs August 28.
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FIGURE 38. Seasonal pattern of total dissolved phosphorus (TDP) in the

1982 control and moss-peat limnocorrals. C = control' LM

low noss, and HM = high Jnoss. Oay 180 is June 29 and day

240 is August 28. TDP analyses were done at the Freshwater

Institute analvti cal chemistry ìab.
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.largequant.ityoforgan.iccarbonaddedasfìoss-peatfîaterja]would

distort the suspended carbon rneasurenents. If the moss-peat limnocorral

containedsignif.icantamountsofdetrita]carbonsma]lerthan10un,one

wou.ìdexpectthech]/cratjointhesestonsamp,letobelowerthanthe

ch]/Cratjointhenetsamplewhichretainsparticlesgreaterthanl0

um. The ratio in the seston sample was less than the net sample (Table

13); however, the mean ratios in the comparable control ljmnocorral were

the same as jn the moss-peat limnocorral . This suggests differences in

chì/C ratios between seston and net sampìes are unrelated to the

moss-peat material . Even when the wejght of moss-peat added to the

limnocorral was doubled (Hl.{82-4) , the chl/c ratio remained greater than

the controì (Tabìe 16). In the shaìlowest Iimnocorral situated over

flooded moss-peat vegetation (FM82-1), there was evìdence that a

signif.icantportionofthesuspendedCwasdetr.itus.Thech]/Cratio

for FM82-1) was less than half the control (Table 16) '

Because of its sensitivity to P deficiency, ATP was not used as a

biomass indicator but was used to normalize P defÍcÌency indjcators.

Init'ial]ychìorophy.ììaandsuspendedCwerestimulatedby

moss-peat materjal . l.¡ith the lower addjtion of organic material (1M81-2

and Ll',182-3) this phase lasted onlv a few weeks (Fìgs' 39 to 42)' Mean

chlorophylìandsuspendedCinLMsl-ZandLM82-3were30%lowerthan

theircdntrols(Table16).InHM82-4whichhadtwjceasmuchmoss-peat

as LM81-2 and LM82-3, the phase of stimulation lasted ìonger and mean

chlorophyì1 and C are almost double the control' However' by the end of

theexperiment,chlorophyì1andClnHM82-4weresimilartothecontro].

Theinhibitoryeffectofthelgslmossadd'itiononchlorophy.ììand
carbonwasnotevidentafterlyear.0Ms2-EwhichwasLME1-2jn1981
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TABLE 16. Chlorophyl I a and suspended carbon data for the moss-peat and

control limnocorräli jn 1981 and 1982. The data are time weighted means

iòi July 10 to August 24,1981 (davs 191-236) and Julv 7 to August 9'
1982 (days 188-221). Ìhe experimenial limnocorral data are expressed as

a perient of the appropriate controls.

Limnocorral Treatment Ch ì orophyl l a

-1ugl^ il
Suspended carbon

-1ug L' 1¿

chr/c

ug mg
1

c81- I
Ll'l81-2

0c82-5

c82-6
LM82-3

Ht'182-4

0l',l82-8

Ft'l82 - i

contro ì

(1 yr old)
contro l
moss-peat
(52 Kg)
moss-peat
(104 Kg)
moss-peat
(63 Kg)
(1 yr old)
moss-peat
( attached )

2.L 96

contro I 10
moss-peat 2.7
(63 Kg)

ql
5.4

2.4
2.5

69

2
6

2.1

719
496

885

909
645

L442

913

69

2.
1. 7L

1s9

i03

¿.4

l-7

4.4

2.5

73

200

1i9

3.1

2.7

L26L i39



FIGURE 39. Seasonal pattern of chlorophyìl a in the 1981 control and

moss-peat limnocorrals. C = control and LM = low noss' Day

170 ìs June 19 and day 230 is August 18.
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FIGURE 40. Seasonal pattern of suspended carbon in the i981 control

and moss-peal Iimnocorrals. C = control and LM = low moss'

Day 170 Ís June 19 and day 230 is August 18'
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FIGURE 41. Seasonal pattern of chlorophyìl a in the 1982 control and

moss-peat ljmnocorrals. C = control, LM = low moss, and HM

= high moss. Day i80 is June 29 and day 240 is August 28'
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FIGURT 42. Seasonal pattern of Suspended carbon in the 1982 control

and moss-peat limnocorrals. C = control, LM = low noss, and

HM = high moss. Day 180 is June 29 and day 240 is August

28.
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had as much suspended C as the control and 60% more chìorophylì a'

In the limnocorral Fl'482-1 whjch was situated over actual attached

moss vegetation that was flooded in 1976, the mean chlorophyl I valUe was

the same as the control indicating that six year old attached moss

ne'itherstjmulatedorinhibitedtheaccumulationofch.lorophyll.

Suspended c in this limnocorral was 40% greater than in the control;

but, as mentioned previous'ly thìs was probab'ly because of contamination

by detrital carbon due to the shallow depth'

B acter i a

l,lean oxygen concentrations in the moss-peat limnocorrals were

cons.istently lower than in the controls (Table 17). This indicates a

h.igher rate of oxygen consumption and probably more bacterial activìty

in the moss-peat Iimnocorrais. Two sets of water samples were counted

for bacterja (Table 8). There was essentjally no difference between the

noss-peat treatment and the control. It is possible that nore bacterja

were present in the moss-peat limnocorrals, but they were not sampled

becausetheyweregrow.ingontheorganicmaterialatthebottomofthe
'limnocorral. Alternativeìy bacterial activity nay have been higher ìn

themoss-peat]jmnocorra]s,butbacteria]numbersweredepressedbythe

greater number of zooplankton grazing there (Table 17)'

Zoopl ankton

Moss-peat clear'ly stimulated zooplankton nunbers (Table 17)' After

1 year the moss-peat limnocorral OM82-8, whìch was moss-peat LM81-2 the

previous year, stjll had about twice as many zoopl ankton as the control.

Themossvegetationfloodedjn19T6(FM82-1)djdnotstimulate
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TABLE 17, Mean oxygen concentrations (expressed as a percentage of
atmosphenic saturation) and rìean zoopìankton nurÌbers for the moss-peat
and cäntrol Iìnnocorrais in 198i and 1982. C. Anena analyzed the oxygen'
and D. Ramsey counted the zooplankton. All Ijmnocorrals had natural
bottoms.

0xygen ZooP l an kto¡ tÍ an imal s L
Li mnocorra l Treatment

c81- i
LM81-2

0c82- 5

c82-6
LM82-3
HM82-4
0M82-8
FM82- 1

contro I
lnoss-peat (63 rg)

control (1 yr old)
control
moss-peat
moss-peat
moss-peat
moss-peat

10a Ks)
63 Kg, 1 yr oìd)
flooded i976)

92
91
82
7I
91
87

61
7l
93

207
125
72

99
8i

39
173

52 Ks)



101

zooplankton numbers in 1982.

Primary Productivity

Mean integral production was 20'30i¿ lower in the moss-peat

'ìimnocorrals (1li|81-2 and LM82-3) than in their controls (Tabìe 18). This

appears to be the result of two factors: a requirement for higher 'l ight

intensitjes (Io) and lower availabìlity of light (It4). The moss-peat

treatment did not inhibit production immediately (Fìgs' a3 and 44)' For

about a month integral production was the same or higher than the

controls. Thjs was followed by a 30-60Í decrease below the levels of

the control s.

OM82-8 is the former moss-peat LM81-2 and C82-5 the former control

C81-1. After l year ìt appeared that the noss-peat in the bottom of the

'I jmnocorral had no .inhibjtory effect on prÍmary productivity (Table 18).

In fact the mean data indjcate that the one year old moss-peat material

mìght stimulate productivity. However the comparfson between the one

year old control and one year oìd treated lirnnocorral may not be

appropriate because the one year old control linnocorral had much

heavier perìphyton wal ì growth than the one year old moss-peat

limnocorral . tJhen the one year old moss-peat limnocorral is compared to

the nevl tg82 control (c82-6) there is no difference in fntegraì

producti on.

Only two sets of production neasurements were made on FM82-1, the

'I imnocorral that was situated over actuaì flooded shoreline. It is

diff .icult to compare this limnocorral to the control or other moss-peat

l.imnocorrals because it ìs alnost 1 m shallower and the moss-peat

vegetation is attached to the bottom whjch has been subiected to



FIGURE43.Seasona]patternofdailyintegralprimaryproductivityin

the 1981 control and moss-peat limnocorrals' C = control

and LM = low moss. Day 170 is June 19 and day 230 ls August

18.
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FIGURE 44 Seasonal pattern of daily integraì prinary productivjty in

the 1982 control and moss-peat Iimnocorrals. C = control

and LM = low moss. Dav 180 is June 29 and day 220 is August

8.
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TABLE 18. seasonal means of relevant parameters of_primary productivity
i---mosi-peat and control Iimnocorra'ls in i981 and 1982' The data are

mãuni-iãr'¡uly 10 to August 24, 1981 (davs 191-236) and Julv 7 to August

öl- igaã (ããvi iaa_zzt)l T¡re eiperimenrat limnocorrat data are expressed

ái u-pãi òeni or the 'appropriâte contro'ì s. Individuaì controls are

expreised as a per cãnt òr the mean of the controìs for each year in
õiãei to show the range of variabi lity between the controls. Symbols are

exp lai ned be low.

Limnocorral Treatment I.P. /" I 1( A1 phaB
B

P lzq

1.0
0.6

^ ,k
- -'-ì;
96 20

?t__ _E_-_
4.80
4.62

c81- I
LM81-2

0c82 - 5

c82-6
LM82-3

0M82-8

contro I
fnoss-pe
(63 Kg)

500
399 80

217

290
212 73

296 136

alL

2t.l
L6.2 77

7 .07
s.05 7L

r 1.2
2 0.8

contro l
(1 yr oìd
control

19.4

18.7
15. 1 81

19.8 102

18 .9

10 ?

23.3

20.4

2.7L 3.24

4.24 4.98
3.83 90 4.56 92

3.45 L27 4.44 t37

1.0

1.0

mos s-peat
(52 Ks)
moss-peat
(63 Kg)
(1 yr old)

i.P. js the daily rate of primary productivity 1mg C m-2 o-1¡

Iro is the mean water column light intensjty during 24 hours (E t-2 ¿-l)

ntphaB .is the inìtial slope of the primary product,ivity^.ir¡1dì2nce curve
'i¡lthe incubator expressed per unit of chìorophyìl (mg C E'm- mg chl
a ')
P B is the maximum rate of prinary productivity obgçrve{. in the
jHcubator expressed per unit of chlorophyìI (mg C mg Ch1 a ^ h')

In is irradiance at the onset of light saturatjon (¡ nr-2 d-1)
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sedimentation for six years. The mean of tvro production measuremnts

indicates that production was low relative to the control (Table 19)'

HM82-4 received twice as much noss-peat material as LM82-3' The

average of two productÌon neasurements shovis ìntegral production in

HM82-4 was alnost double that in LM82-3 (Table 19). However, the high

rate is probably due to the high chlorophylì concentrations in HM82-4.

l|lhen the ljght saturated rate of primary productivity is normaljzed to

chìorophylì (erB¡, tne rate is actualìy lower than PrB for LM82-3 (Tabìe

le).

Indicators of nutrient def iciency

There. were no positìve signs of nitrogen deficiency in any of the

moss-peat limnocorrals or the controls. Mean N/C ratios and N debt

values are in Table 20.

Moss-peat material reduced the occurrence and severity of P

deficjency in the limnocorrals. The means of the P deficÍency

indicators are given in Table 20. Alkaline phosphatase normalìzed to

ATP shows that the control (c81-1) was severely P deficient while

LM81-2, the only noss-peat limnocorral ìn 1981, was moderately P

deficjent.Pdebt/ATP,N/PandP/CratiosindicatenoPdefjciencyin

the moss-peat limnocorral but P deficiency in the control C81-l'

In 1982 a similar but less dranatic response was observed' The

controls c82-6 and c82-5 were moderately P deficient accordìng to

alkaline phosphatase/ATP and ?/C and N/P. The two noss-peat

linnocorrals created jn Ig82 ' LM82-3 and HM82-4, both had no P

deficiency according to alkalìne phosphatase activity but moderate P

deficiency according to the cornposition ratios, N/P and P/C' The older



TABLE 19. Relevant parameters of prjmary productivity for moss-peat and

.oñi.oi ìimnoco.¡als'in 1982 based on the two days July 21 and August 9.
Headings are as in table 18.

%41

106

--l---'-r---!zgßo
19 .9
20.4

19.0

20.7

18. 9

Limnocorral Treatment I.P. f I

c82-6
Ltl82-3

Hl'182-4

FM82- I

L82-9

349
240 69

436 125

L76 50

226 65

17.4
t4.2 82

PB
m

;.;;-
5. 10

control
noss-peat
(52 Kg)
moss-peat
(104 Kg)
mos s -pe at

(fìooded 1976)
I ake

16.5 95

24.2 L40

15.4 89

3.32
3 .83

2 .98

2.55

2.89

115

90

77

ót

3.66

3. 18

3. 54

i18

85

74

82

0.9
0.7

0.9

1.2

0.8
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TABLT 20. Mean values for varjous physiologicaì indicators of N and P

¿ôiiciency in the moss-peat and conlról Iimñocorrals in 1981 and 1982. P

ãnå 
-lf- 

¡Ëa¿ingi .indicate parameters indicôtive of P and N deficiency

".ip.ãtiuãlV, ieneral indicalors cônnot on the basis of present evidence

be-ãicrjUed-wi[¡ any certainty to either N or P deficiency -(Healey- 
and

¡rÃnãiãl 
-igeol . Coñrposition ratios-1are ug 

. 
particulate P, li, ATP' or

.ñio.ãpnvii-ã'(crri) ing particulate c-'; ug pãrticulate N ug particulate
p-ll -Ñü"trrett'-àe6ts- are umoies ammoniùm or phosphate removed Il ?1 t'

darkneSs uq ATP-r. Negative debt means net release of nutrìent. Alkallne
õñoipñãiusã actjvity (Pase) is umole o-methvl fluorescein phosphate

hydrolyzed h-r ug ATP-'. n.d. = no data.

Limnocorral Treatment Ndebt

P GINERAL

1-ni;2 ;;;;3--;;;;o;7,5-n,;6 c;ì7¿7 Ãil7;8

c81- 1

LM81- 2

0.961
-0.259

210
170

2.635
0.120

control
moss-peat
(63 Kg)

1.226
0.061

0.047

0.079
0.007

0.004

0 .083

0.77
2.23

.76

.33

n.d.

n.d

n.d

5.5
5.8

3.0 0
3.3 I

14 16
277

d.
d.

0c82- 5

c82-6
Lt'182-3

HM82-4

0M82-8

FM82- 1

n.d. 190

190
200

n.d 180

190n.d.

control
(1 yr old)
control
moss-peat
(52 Kg)
moss-peat
(10a Ks)
moss-peat
(63 Ks)
(1 yr old)
noss-peat

(flooded 1976)

I2

11
15

17

12

L7

20
15

13

17

3.8

3.2

2.9 0.92

n.d.
n.d.

1.13

0 .93

n.d. 160 0.122 n.d. 10 L7 t.7 0.70

1>1.000 = N deficiency
2 80-i40 = moderate, <80 = severe N deficìency
3 O.O2-0.10 = noderate, > 0.10 = severe P deficiency
4>0.500=Pdeficiency
5 10-20 = moderate, <10 = severe P deficiency
6>10=Pdeficiency
7 <10 = deflcìency
I <2.0 = def ì c iency
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moss-peat iimnocorrals, FM82-1 and OM82-8, both showed as much or more P

def .iciency than the controls. There was a tendency for P deficiency t0

decrease over the summer in the noss-peat limnocorrals (Figs' 45 to 50)'

The controls tended to become rnore P deficjent throughout the surmer.

Ratios for ATP/C less than 2.0 suggest nutrient deficiency (Healey

and Hendzel 1979). l',lhi'le only one moss-peat Iimnocorral had a ratio

greater than 2.0, all the new moss-peat limnocorrals had ratios greater

than the controls (Table 20). This jndicates that the noss-peat

linnocorrals were less nutrient deficient than the controls. The

relatively h.igh AIP/C ratios in the noss-peat limnocorrals were the

result of h.igh ATP concentrations and low suspended c in the moss-peat

limnocorrals conpared to the controìs. The P deficiency indjcators

dìscussed previously suggest that ATP levels were high ìn the moss-peat

l.innocorrals because there t{as ljttle or no P deficiency, There is

l.lt e difference between the moss peat ìimnocorrals and the controls

with respect to the chlorophyll/c ratio. All the ratios are less than

10 which indicates nutrlent deficiency.



FIGURE 45. Seasonal pattern of alkaìine phosphatase activity (Pase)

normal jzed to ATP in the 1981 moss-peat and control

linnocorrals. The broken horizontal 'ì ine indicates the

occurrence of severe P deficiéncy in algae as given by

Healey and Hendzel (1980). The range for moderate P

deficiency is denoted by the symbol ¡'Mr'. C = control and

Ll'l = low moss. Day 190 is July 9 and day 230 is August 18'
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FIGURE 46, Seasonal pattern of alkaline phosphatase activìty (Pase)

normal ized to ATP in the 1982 moss-peat and control

limnocorrals. The broken horizontal lines indicate lhe

occurrence of severe, moderate, and no P deficiency in

algae as given by Heaìey and Hendzel (1980) ' C = control'

LM = low moss and HM = high moss. Day 188 is July 7 and day

220 is August 8.
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FIGURE 47 Seasonal pattern of the particulate P/C ratio jn the 1981

noss-peat and control linnocorrals. The broken horizontal

lines indicate the occurrence of severe, moderate, and no P

deficiency in aìgae as given by Healey and Hendzel (1980).

C = control and LM = low moss. Day 180 is June 29 and day

240 is August 28.
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FIGuRE4S.Seasona]patternofthepartÍcu]ateP/cratiointhe1982

moss-peat and control limnocorrals' The broken horizontal

lines indjcate the occurrence of severe, moderate, and no P

deficiency in algae as given by Healey and Hendzel (1980) '

C = control, LM = ìow moss, and HM = high moss' Day 180 is

June 29 and daY 240 is August 28'
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FIGURE 49. Seasonal pattern of the particulate N/P ratio on the i981

moss-peat and control limnocorrals. The broken horizontal

line indicates the occurrence of P defìciency in algae as

given by Heaìey and Hendzel (1980). C = control and LM =

low noss. Day 180 is June 29 and day 240 is August 28'
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FiGURt 50. Seasonal pattern of the partìculate N/P ratio on the 1982

moss-peat and control limnocorrals. The broken horizontal

line indicates the occurrence of P deficiency in aìgae as

given by Healey and Hendzel (1980). Day 180 is June 29 and

day 240 is August 28.
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D I SCUSS ION

The inìtial response to Íloss-peat addjtion

In the first four weeks after the moss-peat additions, increases ìn

the concentrations of DHM, TDN, TDP, chlorophyl l, suspended C and the

rate of integraì pr.imary productivity were observed. Thìs response is

simìlar to the nutrient and trophic upsurge described for newìy flooded

reservoirs (Rodhe 1964, Baxter and Glaude 1980, 0strofsky and Duthie

1e8o).

The increase in nutrients and humic natter vras the result of

ieaching from the moss-peat material . GjessÍng and Samdal (1968)

measured an increase in humic color when a reservoir was formed in an

area of peaty vegetation in Norway. CampbelI et al' (1975), in an

enclosure experiment involving flooded topsoi ls, measured increases in

N, P, Fe and 1,4n. ostrofsky (1978) caìcuìated that about one-half of the

p concentration in Snallwood Reservoir in Labrador couìd be accounted

for by estimating the amount of leaching from newìy flooded vegetation.

He suggested most of the P was in the analyticaìly reactive form. over

half the TDP in the moss-peat limnocorral (Lü81-2) vlas SRP'

InaP-timitedsystemthereleaseofavailab]ePshou]dresu.ìt.in

an increase in bjomass and productivity. Nutrient status indicators

showed that P was Iinriting in limnocorrals that did not receive

Ítoss-peat material . It appears that initial ly at least avai lable

nutrients leached from flooded organic materlals were transformed into

bionass. chlorophyìì, suspended c and integral production were al1

h.igher than controls in the moss-peat limnocorrals immediately after the

nross-peat addjtions. campbeìl (1975) in enclosure experiments measured
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higher algal biomass in response to leached nutrients frorn flooded

topsoi I s.

The lonq term response to moss-peat addition

After about four weeks a decrease in the levels of primary

productivity, suspended C and chlorophyll was observed in the moss-peat

'ì imnocorraìs (Lll8i-z and LM82-3). TDN and TDP continued to be higher

than in the controls. Nutrient status indicators showed that N was never

'I imiting and that P was rarely ìimitÍng.

It is not surprising that N was not limÍting because N was never

liniting in the controì limnocorrals either. However it was very

interesting that P was not limiting in the moss-peat limnocorrals

because in the controls P was clearly the limiting nutrient. TDP and

humic color in the moss-peat limnocorrals were higher than in the

controls, and in fact there was a direct correlation betvieen humic color

and TDP (Fjg. 51). Koenings and Hooper (1976) and Francko and Heath

(i983) have reported that P0o-3 is bound to DHM via Fe(OH)r. This mav

be what happened in the moss-peat linnocorrals. One might expect that,

if DHÞl bound P, then P might have become limitìng. However there is

ampìe evidence that P was not lirnitÌng in the moss-peat limnocorrals and

therefore a significant fraction of TDP r¡ust have been available to the

algae. Alkaline phosphatase activity, P debt, P/C and N/P ratios all

indicated nuch less P deficiency in the moss-peat limnocorrals than in

the controls. in spite of this, chìorophylI, suspended C and integraì

productivity fellwell below the levels of the controls. In HM82-4, the

'ì imnocorral receivìng the largest moss-peat addÍtion. the "trophic

upsurge" appeared to last longer but by the end of the experiment bhis



FIGURE 51 The relationship between absorbance at 445 nm and total

dissolved phosphorus (TDP) in moss-peat and control

'I imnocomals from 1981 and 1982. The data are rnean values

for each year.
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linnocorral also exper.ienced decreasing chlorophyll and suspended c with

no sign of P deficiency. Some factor other than the nutrients N or P

nust have been lÍmitlng productÍvity and biomass ln the rnoss-peat

I lmnocorra l s.

Light may have been the ì irniting factor. The moss-peat

Iimnocorrals were dark in color due to DHI'| leached from the moss-peat

material . DHM decreases I jght penetration by absorbing l ight

selectively at short wavelengths (especially 350-500 nm, tlletze l 1975).

Thus the water in the the moss-peat limnocorrals transÍìitted less 1ìght

and a different quality of ììght as weìl. As the maior peak Ín the

absorption spectra of both chìorophyìl and carotenoids is withÍn the

range of maximum absorbance by DHM, high concentrations of DHM might

significantly reduce ìíght available for photosynthesis.

l',lean ìight extinction coefficients (k) in two of the noss-peat

limnocomals (Ll{81-2 and HM82-4) were hìgher than in the controls; but,

'in Ll,,l82-3, k was lower than in the control . IZq, the mean lrater colunn

ìight intensity, which is a function of depth as wel l as k was slightly

lower, on average, in all three moss-peat Iimnocorrals than in the

contro I s .

The slightly lower IrO vaiues in the moss-peat limnocorrals cannot

account for the low rates of integraì production observed in the latter

half of the experimental period. IrO ìn LMS1-2 and LM82-3 was lower

than in the controls alI suÍmer, not just ìn the latter half (FiS' 52

and 53). Production on the other hand remained high for the first month

after the addftion, and then it dropped sharply (Figs.43 and 44).



F]GURE 52. Seasonal pattern of the nean water column l ight intensìty

(Ie¿) in the 1981 moss-peat and controì limnocorrals' c =

control and LM = low noss. 0ay 170 is June 19 and day 230

is August 18.
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F iGURE 53. Seasonal pattern of the mean water column light fntensìty

(Izq) in the 1982 moss-peat and control limnocorrals. C =

control and LM = ìow moss. Day 188 is July 7 and day 220 is

August 8.
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In the noss-peat linnocorrals PrB was slightly lower than in the
Þ

controls in 1981 and 1982 and alpha" was considerably lower in 1981 and

o

sljghtly lower in 1982 (Table 18). Low aìpha" indicates that the aìgae

in the moss-peat lÍmnocorrals were iess efficient at using subsaturating

'I ìght intensìtieb than algae in the controls. The fact that production

ìn the moss-peat limnocorrals is related to alphaB means that the

moss-peat rnaterial decreased primary productivity by affecting algal

physiology rather than by reducing the availability of light. This

suggests a nutrjent rather than a physjcal limjtation. It has already

been demonstraled that the maior nutrients N and P were not ìÍmiting ;

however, other essential micronutrients could have been in short suppìy.

Fe may have been the l inliting nutrient in the moss-peat

limnocorrals. Fe js an essential element valuable to microorganìsms
)t

because of the large energy difference between its reduced (Fe' ) and

2!
oxldized (Fet') states. Fe is a component of many important enzyme

systems (ferredoxin, cytochrones, electron transport chains) and Ís

involved in major cellular functions (e.9. photosynthesis, respiratìon'

and N. fixation). Fe is usual ly in the oxidized state under aerobic
I

conditions and in this form is readi ly chelated by humic matter (Giesy

1976). As mentioned above there was a good correlation between humic

color and TOP in the linnocorrals (Fjg. 51), and P0O3- has been shown to
'2

be bound to DHM by Fe3+ and Fe(OH), (Koenings and Hooper 1976; Francko

and Heath 1983). The P nutrient status indicators showed that P was not

limiting for algae ìn the moss-peat limnocorrals, but Fe itself may have

been.
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Jackson and Hecky (1980), studying lakes and reservojrs in the

boreal forest of northern Manjtoba, including SIL' found an inverse

corre'ìation between prirnary productìon and hunrìc - colloidal hydrated

ferric ox.ide complexes. They hypothesized that humjc natter binds Fe

making ìt unavailable to algae. Sakamoto (1971) also found evidence for

Fe ljmitation ìn the presence of hunic matter. He found the addition of

humic riìatter alone to lakewater reduced . pnimary production but the

addition of humic matter plus Fe and trace metals stimulated primary

production. Limitation by Fe js difficult to prove. Although Fe

chelating compounds have been identified for one species of algae

(Murphy and Lean 1976), technìques to detect Fe limitation are iust

beìng developed (TrÍck 1983). To clarify whether Fe night be the

limiting factor in the moss-peat Iimnocorraìs, three enrichmenl

experìments were conducted using water from the Íloss-peat limnocorraìs.

These experiments are djscussed in a separate section'

In spite of overall lower rates of primary productivity ìn the

moss-peat limnocorrals, the zooplankton nur¡bers were much higher than in

the controls. The zoopìankton were probably feeding on the bacterja

which were growing on the moss-peat naterial at the bottom of the

limnocorral . During the two months the noss-peat matenial was submerged

in 1981, the carbon content decreased by about 22%. If 22% of the total

carbon added to the moss-peat limnocorral (23.9 Kg C) was metabolized by

bacteria 5,250 grams organic C would be respired. This amount is about

3 times the cumuiative integral primary productivity for the moss-peat

linnocorral, more than enough carbon to explaìn the lôrge zoopìankton

popu I at ions .
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. Thus in these moss-peat Iimnocorral experiments, the moss-peat

material had a negative affect on primary productivìty but the secondary

levels of productivity were stjnulated. In the sediment limnocorrals

the addition of SIL shoreline sediments inhibited primary productivity

by decreasing l ight, and zooplankton numbers decreased in direct

proportion to primary productjvjty. The sedinents added to these

limnôcorrals were mainly inorganic and apparentìy offered little

suitable substrate for bacterial actjvity.

Moss-peat alqal interactions in the one and six year old l imnocorrals

In the noss-peat limnocorral studied for two years (0M82-8) the

inhibitory effect of the moss-peat material disappeared after one year.

l,later was al ìowed to circulate with outside lake water for two days at

the beginning of the second summer so thÍs nay have djluted the

" inhìbltory factor". However, once the Iimnocorral sides vrere sea'led to

the bottom sediments again, the moss at the bottorn did not release

sufficient humjc material to color the water sign'if icantly or inhibit

productivity. The inhibitory effect was probably nul I ifjed by a

combinatìon of photod egradat j on of DHM, mineralizatjon of the moss-peat

material by bacteria and flushing. P hotodegrad at i on of DHl'l has been

demonstrated by Stewart and lletzel (198i) and Francko and Heath (1979).

The oxygen saturation data for the iimnocorrals show that the noss-peat

'limnocorrals had consistently hìgher levels of 0, consumption probably

due to bacterial activity.

It is difficult to say whether after six years the flooded

moss-peat vegetation still affected algal growth in FM82-1. Biomass was

high relatjve to the control , and the limnocorral FM82-1 hias more P
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deficienf than the control. This suggests the íross-peat vegetation no

longer inhibjted the algal population. Production was measured only

twice, and it was lower than the control, however thjs may have been due

to the shallow depth of the limnocoral .
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ENRICHMENT EXPTRIMENTS

I NTRODUCTION

The enrichment experiments were designed to test three hypotheses

regarding the moss peat limnocorrais. The first hypothesis was that Fe

or some other metal was limjting because it was bound tightìy by DHM.

This hypothesis was tested in alI three enrichment experìments. The

other two hypotheses arose as a result of the fjrst enrichment

experiment. It was expected that, if Fe or some other metal was

I imiting, a positive response to enrichment would be observed. The

enrichment did stimulate the algae, but there was also a posit'ive

response in the untreated flask. Since the major change in the

unenriched flask tras exposure to continuous artificjal light in the

laboratory, it was hypothesized that light quantily or quality may have

been a Iimiting factor in the moss peat lìmnocorraì. This hypothesis

was tested jn an in situ experiment. The third hypothesis, also formed

to explain the positive response 1n the untreated fìask, was that in

order for inhibjtion to occur the moss-peat material had to remain in

contact with the water. This hypothesis was tested jn the second

enrichnent experÍnent and in the in situ enrjchment experinent.

RESULTS

Enrichment experiment I

The first enrichment experìment began on August 7,1981 (day 220).

At this time inhibit'ion ìn the rìoss-peat ìimnocorral was welI

established. LM81-2 had less chlorophyì'], pnimary productÌvity and
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alkaline phosphatase actìvity than the control. Water from each

linnocorral was treated with three types of enrichnent: 1) trace metaìs,

2) Fe and EDTA, and 3) EDTA alone. After five days of incubation under

contlnuous illumination in the laboratory, chlorophyll a, primary

productivity and alkaline phosphatase activity increased in all four

flasks containing water from moss peat LM81-2, including the "no

enrjchnent" flask (Table 21). The ìargest response occurred in the two

flasks enriched with Fe pìus EDTA and EDTA alone. These two enrìchments

also stimulated chlorophyll a and primary productivity in the water from

control C81-1 aìthough not to the same degree.

Enrichnient experiment II
The second enrichnent experiment was started August 1, 1982 (day

213) after inhibition in moss-peat limnocorral LM82-3 was established.

l,Jater from both the control (C82-6) and the moss-peat (1M82-3)

limnocorrals was enriched with: 1) Fe and EDTA or 2) moss-peat material

dredged from LM82-3. As in the first enrichment experiment the water

from the moss-peat limnocorral responded nore to enrichment than the

water from the control. The resuits of the experinent are given in

Figs. 54 to 59. The largest response was to Fe and EDTA. After five

days chlorophylì increased seven-fold, primary production nine-fold and

alkaljne phosphatase activity changed from indicatìng P deficiency to

indicatÍng severe P defÍciency. The Fe and EDTA enrlched water from the

control C82-6 was not stimulated at all; chìorophyì1, primary

productivity, and alkaline phosphatase activity were alI considerably

'lower at the end of fjve days.
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TABLE 21. Results of the first enrichment experinent. Control viater was
from control limnocorral C81-1 and moss-peat water was frorì moss-peat
I imnocorral LM81-2.

ENRI CHÞ,|ENT

Analysìs l,{ater Day Trace netals Fe, EDTA EDTA None

Ch lorophy ì ì

(ug L-')

Prinary
Product{vìty
(mgCm"h')

contro l

moss-peat 2

2
Ã

1.0
1.7

2.6
5.1

3.8
5,2

3

5

3

1.4
1,.4

¿.u
3.2

3.8
3.4

9.0

contro l

7

2
5

2
Â

5

2
5

2
5

6

11

3.3
3.6

6.0
9.3

13
23

9
1

2

2

1.
4.

3.
4.

Ã

10.
s-peatmo

AlIkaline control 0.31
0.17

0.16
0.24

0. 11
0.21

0.00
0.12

0 .00
0. 15

0
UPhosphatase,, r

(unrole P h-' ug ATP-')
moss-peat 0 .02

0. i4
0 .02
0. 11



FIGURE 54. Chlorophyìl a concentratjons in water from control

limnocomal C82-6 enriched with a solution of Fe and EÐTA

or flooded moss-peat material from noss-peat limnocorral

LM82-3. "Nonerr means no enrichment. Day 0 was August 1,

L982.
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FIGURE 55. Chlorophylì a concentrations in water from moss-peat

'I imnocorral LM82-3 enriched wìth a solution of Fe and EDTA

or flooded moss-peat materjai from moss-peat limnocorral

LM82-3. "None" means no enrichment. Day 0 was August I'

t982.
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FIGURE 56 Photosynthet ic carbon uptake i n water frorì control

linnocorral C82-6 enriched with a solution of Fe and EDTA

or flooded moss-peat naterial from moss-peat limnocorral

Ll'182-3. "None" means no enrichment. Day 0 was August 1,

t982.
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FIGURE 57. Photosynthetic carbon uptake ìn water from moss-peat

limnocorral LM82-3 enriched with a solution of Fe and EDTA

or flooded moss-peat material from moss-peat limnocorral

LM82-3. "None" means no enrichment. Day 0 was August 1'

L982.
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FIGURE 58. Alkaline phosphatase activity (Pase) in water from control

limnocorral C82-6 enriched with a solution of Fe and EDTA

or flooded moss-peat materjal from moss-peat limnocorral

LM82-3. The broken horizontal ìine indicates the occurrence

of severe P defjciency ln algae as given by Healey and

Hendzeì (1979). The range for moderate P deficiency is

denoted by the symbol "Mu. uNone" means no enrichment. Day

0 was August 1, 1982.
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FIGURE 59. Alkal ine phosphatase actjvity (Pase) in water from

moss-peat limnocorral LM82-3 enriched with a solutjon of Fe

and EDTA or fìooded moss-peat material from moss-peat

limnocorral LM82-3. The broken horizontal llne indicates

the occurrence of severe P deficiency in algae as given by

Healey and Hendzel (1979). The range for moderate I
deficiency is denoted by the symbol "M". "None" means no

enrjchment. Day 0 was August 1, 1982.
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Unlike the first enrichment experiment, encìosing water from

moss-peat limnocorral LM82-3 in a flask with no enrichment did not

stimulate primary productivìty or alkaline phosphatase actÍvity although

ch lorophy l ì doub l ed. The water from the control C82-6 responded

negatively to enclosure in a flask with no enrichment.

tncìosing the water from the moss-peat Iimnocorral LM82-3 with

moss-peat material dredged fron LM82-3 resulted in a four-fold increase

in chlorophyll and primary production and caused the development of

severe P deficiency. Moss-peat material incubated with water from

control C82-6 stimulated chìorophyll a sl ightly but not primary

productivity or alkaline phosphatase activity.

In silu enrjchment experiment

The in situ experiment was conducted sjmultaneously with the

second enrichment experiment and was similar in design except that onìy

water from the moss-peat Iimnocorral was used and the water was

i ncubated i n I arger contai ners suspended w ith j n the moss-peat

limnocomal . The containers vrere incubated at two depths to determine

whether 'l ight was Iinitìng. One container was shaded with a screen and

suspended at the surface. This container receìved the same amount of

l ight as a container suspended at 0.8 m without a screen. These two

containers were compared to see whether the change in Iight quality due

to absorbance by DHM would affect productivity.

Results for the in situ enrichment experiment are in Figures 60 to

68. Fe and EDTA enrichment of the contaìner suspended at the surface

stimulated chlorophyìì and primary productivity four-fold and resulted

in severe P deficiency. A smal ler response was observed at 0.8 m.



FIGURE 60. Chìorophyll a concentrations in water from the moss-peat

limnocorral LM82-3 in 20 L contaìners suspended in situ at

the surface (0 m). The containers were enriched with

either a solutìon of Fe and EDTA or flooded moss-peat

materlaì from moss-peat llmnocorral LM82-3. "None" means no

treatment. Day 0 was August 1' 1982.
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FIGURE 61. Chlorophyl l a concentratjons in water from the moss-peat

'I innocorral LM82-3 in 20 L containers suspended in situ

below the surface (0.8 m). The containers were enrjched

with either a solution of Fe and EDTA or flooded moss-peat

materJal from noss-peat limnocorral Ltl182-3. "None" means no

treatment. Day 0 was August 1, 1982.
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FIGURT 62 Photosynthetic carbon uptake ìn water from the moss-peat

'I imnocorral LM82-3 in 20 L containers suspended in situ at

ihe surface (0 m). The contajners were enniched with either

a solution of Fe and EDTA or flooded moss-peat naterìal

from noss-peat I imnocorral LM82-3. "None" means no

treatment. Day 0 was August 1, 1982.
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FIGURT 63. PhotosynthetÍc carbon uptake in water from the moss-peat

limnocorral LM82-3 in 20 L containers suspended in situ

below the surface (0.8 m). The containers were enriched

wjth either a solution of Fe and EDTA or flooded noss-peat

material from moss-peat limnocorral Ltll8z-3. "None" neans no

treatÍtent. Day 0 was August 1, 1982.
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FIGURE 64. Aìkal ine phosphatase activity (Pase) in water from the

moss-peat limnocorral LM82-3 in 20 L containers suspended

in situ at the surface (0 m). The broken horizontal lines

indicate the occurrence of severe' moderate' and no P

deficiency in aìgae as given by Healey and Hendzel (1980).

The contaìners were enriched with either a solution of Fe

and EDTA or flooded moss-peat materiôl from moss-peat

linnocorraì LM82-3. "None" means no treatment. Day 0 was

August 1, 1982.
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FIGURE 65. Alkal ine phosphatase activity (Pase) in water from the

moss-peat llmnocorral LM82-3 jn 20 L conta'iners suspenede

in situ below the surface (0.8 m). The broken horizontal

lines indicate the occurrence of severe, noderate, ane no P

deficiency in algae as given by Healey and Hendzel (1980).

The containers were enriched with either a solution of Fe

and EDTA or flooded moss-peat naterial from noss-peat

'ì imnocorral LM82-3. "None" means no treatment. Day 0 was

August 1, 1982.
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FIGURE 66 Chlorophyll a concentrations in water from the moss-peat

limnocorral LM82-3 jn 20 L containers suspended in situ at

the surface (0 n) and below the surface (0.8 n).one of the

containers at the surface was covered with a screen which

reduced the Iìght intensity inside the contaìner to the

same as the light intensity in the container at 0.8 m.

"None" means no screen. Day 0 was August 1, 1982.
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FIGURT 67. Photosynthetic carbon uptake in water from the noss-peat

limnocorral LM82-3 in 20 L containers suspended jn situ at

the surface (0 m) and below the surface (0.8 m). One of the

containers at the surface was covered with a screen which

reduced the l ight intensity jnsjde the container to the

same as the ìight intensíty in the container at 0.8 m.

"None" neans no screen. Day 0 was August 1, 1982.
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FIGURE 68. Alkaline phosphatase activity (Pase) in water from the

moss-peat limnocorral LM82-3 in 20 L containers suspended

in situ at the surface (0 m) and below the surface (0'8 m)'

one of the containers at the surface was covered with a

screen whjch reduced the tight intensity inside the

container to the same as the I ìght intensity in the

container at 0.8 m. The broken horizontal line indicates

the occurrence of moderate P deficiency ìn algae as gìven

by Healey and Hendzel (1979). "None" means no screen. Day 0

was August 1, 1982.
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In the unenriched container at the surface, the chlorophyl l

increased 701 over nine days, prinary productivity remained constant and

alkaline phosphatase activity decreased. At 0.8 ttt, chlorophyl l

increased 40?ú, and primary productjvity and alkal ine phosphatase

actì vity decreased .

Moss-peat materi a l , dredged from LM82-3, caused a sma ì I but

consistent increase in chlorophyl ì, primary productivity and alkaljne

phosphatase activity in the surface container. At 0.8 m chlorophylì

also increased but productivity and alkaline phosphatase activity

decreased.

After nine days the chìorophyìì in the screen-covered container was

the same as in the container suspended at 0.8 m. Prìmary productivity

and alkaline phosphatase activity were slightly higher.

DI SCUSS ION

Hypothesis I: The moss-peat Iimnocorrals are ìimited by Fe or some

other metal bound bY DHM

In al ì three enrichment experiments Fe and EDTA rel ieved the

'inhibjtion brought on by the moss peat vegetation. The results of the

enrichment experinents support but do not prove the hypothesis that the

moss-peat limnocorrals were limited by Fe or some other metal associated

with DHM.

EDTA and other compounds with cheìating properties such as TRIS and

BICINE are used routìnely in culturing algae. Chelators are added to

media to prevent the precipitatìon of essential nutrìents (Droop 1960'
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Lewin and Chen 19il). l'lithout chelators, precÍpitates often form when

the pH of the media is elevated during autoclaving. These precip'itates

can be insoluble and essentially remove available Fe and P04 from

solution. In theory EDTA allows Fe to remain available because Fe is

chelated rather than preci p i tated.

Anderson and Morel (1978) usìng labelled 59Fe showed that EDTA

chelated Fe so tightly that it lfas unavaj lable to Fe I imited algae.

However in the fight EDTA broke down rapidly, 59F. b..ur. avaìlable, and

the Fe-limited algae were stimulated. Thìs may have been the mechanjsm

by which EDTA stimulated the aìgae jn the enrichnent experiments. The

I argest response to Fe and EoTA was observed I n the laboratory

experiments where the flasks were illuminated constantly. In the in

sÍtu experinent anbient Iight was lower than in the laboratory and the

response to enrichment was not as great. The container at 0.8 m had the

lowest response to Fe and EDTA enrjchment.

Another way in which artificial chelators such as EDTA appear to

stimulate aìgaì growth is by chelating toxic metals. Sunda and Guillard

(19i6) and Anderson and Morel (1978) dernonstrated that aìgae couìd grow

at concentrations of Cu that are normally toxic as long as EDTA lvas

present. In the moss-peat linnocorrals it js possible that toxic

concentrations of metals were released when the moss-peat material $/as

submerged and that EDTA stimulated growth by chelating these toxìc

metals.

Hypothesis II: Light quality and/or quantity due to absorbance by DHM

was limiting in the noss-peat limnocorrals
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It was expected that if DHM significantly reduced light penetration

ìn the moss-peat llnnocorra'ì s, an increase in chlorophyll and

productivity would be observed in the untreated carboy suspended at the

suface of the moss peat linnocorral . At the end of the nine day in sjtu

experiment there was slightly more chlorophyll a, primary production and

alkaljne phosphatase activity in the untreôted carboy at the surface

compared to the 0.8 m carboy. There \ilas a much greater increase in the

parameters measured in the tlvo carboys enriched with Fe and EDTA

suspended at both depths. Thìs suggests that ljght ìntensitv was not a

lìmitìng factor. It was only when the ìimiting factor was relieved by

Fe + EDTA that a significant response to lìght was observed. Similar'ìy,

if ìight quaìity due to selective absorption by DHM was a liniting

factor in the moss-peat IÌmnocorraìs, it was expected that chìorophyll a

and productìvity wou ld be greater in the screen-covered container

suspended at the surface, than in the carboy suspended at 0.8 m. There

was no difference in chlorophyll a concentration but primary productjon

was slighty higher at the surface.

The results of the in situ experiment suggest that ìight quantity

and quality are potentially limiting Ín waters rjch in DHM. However ìn

this particular situation sorne other factor was Iimiting growth.

Hypothesis III: In order for inhjbition to occur the moss-peat

material must renain in contact with the water.

when moss-peat material dredged from the moss-peat limnocorrai was

incubated with the water in flasks in the laborôtory or in large

contajners at the surface of the Iimnocorral , chlorophyì l and

productivity were stìmulated. This is the opposìte effect to l',hat was
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expected jf the moss peat vegetation was causing inhibition in the

I imnocorral . The fact that no stinuialion occurred in the carboy

suspended at 0.8 m and that the response jn the flask ìncubated in the

laboratory was much greater than the response insitu at the surface

suggested that the reason for the stimujation by the moss peat

vegetatìon might be related to lìght' Humic matter is broken down by

sunlight (Stewart and l',¡etzel 1981; Francko and Heath 1983). Therefore

Fe may have been released fron humic matter in a manner simjlar to that

described for EDTA and Fe by Anderson and Morel (1978) ' The fact that

moss-peat naterjal stirnulated rather than inhibited growth jn these

experiments indicates moss-peat rnaterial did not release toxic

concentrðt i ons of metals.
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COMPARISON OF LIMNOCORRAL EXPERII'lENTS

AND SIL RESPONSTS TO IMPOUNDMENT

The Iimnocorrals were designed to clarìfy the response of Southern

Indian Lake to flooding by isolating the response to the two main types

of flooded material . The overall response to impoundment in the lake

was a decrease in mean water column light intensity (IZù, a decrease or

disappearance of P deficiency ônd, on average, no change in integral

primary productivity (Hecky and Guiìdford 1984).

The sediment limnocorrals demonstrated that ìnorganìc sediments

were not a major source of nutrients. IrO decreased due to ìncreased

light extlnction from scattering by suspended sediments and P deficiency

decreased because ììght limitation replaced P limitation.

The moss-peat limnocorrals demonstrated that the moss-peat Ílaterìal

was a ready source of available P and N and inititially this nutrjent

re lease caused increased primary productivity. The upsurge jn

productìvity ended when Fe or some other essentjal metal was chelated by

leached humic matter to the extent that it Iimited growth.

In the two regions of the lake (regions l and 2 in Fig. 2) where

the largest proportion of eroded materiaì was inorganic sediment and

increased light extinction combjned with increased nean depth to yìeld

very low Iight intensjties, P deficiency and integral primary

productivity decreased (Hecky and Guildford 1984) which js what was

observed in the sediment-additon limnocorrals.

One najor region of the lake (region 5 in Fig.2) and a smalI bay

where floodjng of tttoss-peat material predominated experienced trophjc

upsurges as jndicated by dramatic increases in chlorophyll and ìntegraì
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productivity (Hecky and Guildford 1984). In region 5 the algae were

neither P nor light limjted which was similar to the situation in the

noss-peatlimnocorralswhereitvJashypothesizedthatFewasìimitìng.

Inthesmal]bayPwastheìlmìtingnutrient.Thissmal]baydiffered

fromregion5inthattheexchangetimeofthewaterwasmuchshorterjn

the bay and the inhibìting effect of leached humic matter may have been

d i luted.

Inmostofthe]ake,althoughinorganicsedinentsreducedìight

drastically, the photosynthetic efficiency of the algae as measured by

aìphaB and prB .increased and mean integral primary productivity remajned

thesameorincreased(HeckyandGuj.ldfordlgs4).Incomparison

adaptationtodecreasedlightcondjtionswasnotobservedinthe

sediment limnocorrals. The ability of the lake to adapt compared to the

ljnnocorrals was probably the result of a combination of two factors:

nutrient avaiìabììity and aìgal succession.

Firstly, all regions of the lake recejved at least some

nutrient-rich organÍc noss-peat material, but the sediment limnocorrals

received onìy ìnorgan,ic mjneral materíal. In addition the limnocorrals

were cut off from nutrìent input from the watershed' During both

sufimersofthelimnocorralexperiments,thelakejustoutsìdethe
linìnocorrals was ìess P deficient than the controls; and' although

chlorophy.llandsuspendedcarbonconcentrationswerelower.inthe]ake,

Íntegralproductivitywasessent.iaìlythesafieasthecontrolsinthe

one year it was measured.

Thewholelakeprovidedaccesstoavar.ietyofalgalspeciessome

of which may have been more suited to low llght intensities. In the

'I imnocorrals the nunber and variety of potential successional specìes
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was limited to trhat was present when the curtain was dropped. In the

lake importation and colonjzatjon by a large variety of different

spec ies were always Possible.
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APPENDIX 1

The effect of suspended sedinent on ATP extraction
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whether increasing

measurement of ATP.

rout inely added to

as descri bed. i n the

rel ati ve measure of

Three experiments were conducted to determjne

amounts of suspeneded sedjment interfered with the

In each experiment the sedinent was the same as that

the sediment 'ì irnnocorrals. ATP extractions were done

nethods section. Absorbance at 543 nm was used as a

suspended sedirnent (Hecky and l''lcCullough 1984).

Exper'íment I

ATP was measured in two water samples from the 1982 high sedjnent

limnocorral (HS82-7) ; one taken immediateìy before the vreekly sediment

addition and one immediateìy after. The addjtion takes about 30 minutes

so it was not expected that there would be any change in the actual ATP

concentration during that tjme. The sample taken after the sediment

additjon contained L3 1l less ATP than the pre-addition sampìe (table

22); however the varìance anong repl icates was greater than the

d'ifference between the two samples.

txperiment il.

increasing amounts of sediment were added to a water sampìe from

SIL. The initial absorbance at 543 nm was 0.380 (table 23). The addjtion

of sufficient sediment to double the absorbance had no sìgnificant

affect on ATP. At higher sediment concentratjons the amount of ATP
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(ug t--1) in the Ig82 high sediment'ly before and after one of the weekly
sediment additions, Absorbance at 543 nm js given as a reiative measure
of suspended sediment ìn the samples (Hecky and McCuj'lough 1984).

TABLE 22. ATP concentrat ion
I imnocorral (HS82-7) irìmed i ate

Absorbance
(543 nm)

ATP _r Mean ATN
(us L ') (us L ')

Before addition 0.405

After add i tion 0. 567

470

489

597
390
502

0
0
0

0
0
0

0. 570

0.496
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TABLE 23. ATP concentrations (ug L-i) in a water sample containing
increasing amounts of sediment. Absorbance at 543 nm is-given as a

rãiaiiu" ñeasu"e of suspended sediment (Heckv and McCuìlough 1984) '

Absorbance
( 543 nn)

ATP
(ug L

-1) Mean AT
(us L-

0. 38

0. 660

0.925

1 .750

0. 539
0. 508
ñ Â20

0.301
0.321

0. 564

0.529

0.311

0.068

567
539
586

019
084
t02

0
0
0

U

0
0
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extracted from the water samples was greatly reduced (table 23). However

the two highest sediment concentrations were much higher than any of the

sediment concentrations achieved in the SIL high sediment linnocorrals.

The highest Absorbance at 543 nm recorded ìn a high sediment limnocorral

was 0.600 in HS82-7.

Experiment I I I.

Increasing amounts of sediment were added to a laboratory culture

of Scenedesmus ¡p.. The initìal absorbance at 543 nm of the culture was

0.053 (Table 24) and the average ATP concentration was 1.250 ugll. The

additìon of sedjment clear'ly interfered with the extraction of ATP. The

ATP concentration decreased dramatical ly as more sediment was added and

the variablity between replicates increased (Table 24).

Based on the results of these three experinents it was concluded

that ATP measurements made in the sediment I imnocorrals may be

unreliable. No atternpt was made to quantify the effect of suspended

sediments on the extractìon of ATP from water samples using the data

from these experi ments.
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TABLE 24. ATP concentrat i ons
Scenedesmus ¡p. contajnjng
543 nm is gìven as a relati
McCu llough 1984).

(ug L-1) jn a laboratory culture of
increasìng amounts of sediment. Absorbance

ve measure of suspended sedjment (Hecky and

Absorbance
(543 nm)

ATP '' l'lean AJP
(us L-') (ug L-')

0.053

0. 130

0.215

0. 307

0.409

0.531

0. 658
0. 781
0.843

0. 268
0. 332
0.7 52

t.250

0.761

0.559

0.451

0. 169

0.216

0 R¿O

185
300
220
780
180

n

U

I

303
093
280

32
50
25

0.2
0.0
0.2

0 .003
0.135
0. 511
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APPENDIX 2

The effect of suspended sediment on conposition ratios involving P

There was concern that conposition ratios, involving P, used as

indicators of nutrient status would be unreliable in the sedinent

limnocorrals because of the P associated with the added sediments, The

sediment was rich in mineral P (appendix 3). ln order to determjne

whether P/C and N/P ratios in the sediment limnocorrals were affected by

sedjment P, net samples were taken and compared with the routineìy

collected water samples. It was expected that the net sampìes would more

accurately reflect the P/C and N/P ratios of the algae whereas the

seston samples would reflect the compositìon of the entire water sample.

The P/C ratios in the seston sanples from the high sediment

l imnocorral H581-6 (f ig. 69) were significantly higher than the P/C

ratios. in the net samples (fig 69). There was no consistent difference

jn the P/C ratios in the net and seston samples from the low sedjment

limnocorral 1581-4 or the trvo control limnocorrals C81-5 and C8i-7 (fig.

69 and 70). There was a similar pattern when the N/P ratios were

comþared (f ig 71 and 72) i.e. the N/P ratio in the seston sampìe from

the high sediment limnocorral HS81-6 was affected by P assocìated with

suspended sedjment .

Based on these comparisons it was concluded that seston P/C and N/P

ratios in the sediment limnocorrals probably underestimated the degree

of P deficiency of the algae.



FIGURE 69. P/C ratjos in net and seston samples from the sediment

limnocorrals LS81-4 and HS81-6. The broken horizontal lines

indicate the occurrence of severe, moderate, and no P

deficiency in algae as given by Healey and Hendzel (i980).
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FIGURE 70. P/C ratios in net and seston sanpìes from the control

limnocorrals C81-5 and C81-7. The broken horizontal Iines

indicate the occuffence of severe, noderate, and no P

defìciency in algae as given by Healey and Hendzel (1980).
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FIGURE 71. N/P ratios jn net and seston samples from the sediment

limnocorrals LS81-4 and HS81-6. The broken horizontal line

ìndicates the occurrence of P deficiency in aìgae as given

by Healey and Hendzel (1980).
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FIGURE 72. N/P ratjos Ín net and seston samples fron the control

limnocorrals C8i-5 and C81-7. The broken horizontal line

indicates the occurrence of P deficiency in algae as gjven

by Hea]ey and Hendzel (1980).
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APPENDIX 3

CNP and C0, analysis of sediment added to the Iimnocorrals
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TABLE 25. C, N, P, and C0" anaylysis of sediment added to the
limnocorrals. tach group of data"consists of several subsamples taken
each time bank material was removed from site F for the limnocorral
additions. The average ratio for the four sets of data is 230.50.616.

c N P C03-C
(mg g-t dry wt.)

Date

June 1981

July 1981

August 1981

June 1982

23
23
l1
19
17

0.
U.
0.
0.

19
46
2L
2L
49

L4
L2
1A

18
27

4
4
?

1

2

0.
0.
0.
0.
0.

0.2

0.3
0.2
0.4

0.3

0.6
0.6
0.6
0.6
0.6

0.6
0.6
0.6
0.6
0.7

0.7
0.6
0.6

0.6
0.6
0.7
0.6
0.6
0.6
0.6

mean 31 0.3 0.6

0.6

0.6

0.6

L7

17
i0
22
I

T2

l4

10
27
L2

16

t3
17
20
16
t2
i5
14

15

2
3

1

3

2

mean 19

mean 2I

20
2T
23

L7
20
23
23
16
18
T7

L.4
1.0
1.0
1.1
1.0
L.2
1.5

nean 19 I.2



170

APPTNDIX 4

Seasonal data for Secchi depths and light extinction coeffjcients.
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20-Au B- B I

23-Aug-81

1,50

Llå
1,44

tt0
Lll
L,L¿
a tt

t,47
1,3ó

t,8B
1,72
I lÞ

2,u
2,01
1.77
tÕ0

1,ó0

2, 1É

|,97
1,87

I.UI

2,4b

?,38

2, l4

l,9J
l,il
, Þ1

2,0ó
1.7ó

?,08

I ,84
I Þi

2,47

2,03
t.95
2,37

2,08
,t tl

2,40
2,0r
t êi

n, d,

t,3l
l, l0
¡,07
0,9ã
1,03

t,07

88

90

d,

7B

90

74

87

8l
b7

î5
rh

0É 0,99
At iì0Þ

17 l, 13

4l n, d,

2l 1,0ó

09 l,?l
95 t,22
04 Ll4
94 1, 17

90 0,93
34 t,19
00 l,0l

0,

L
0,

0,

l,
L

0,9t
0,85
(J,U/

n, d,

0, 78

0,88
0,85

u, Ëó

0, óÈ

0,94

u, óY

0,8l 1,0ã

0,t8

î,d
0,9t
1,05

n4
182

r84

188
iÞt

194

l9ó
li¿
200

203

203

208

tt I

2l I

214

2r8

2t8

228

232

235

l'{e¡n t,ó9 2,n
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TABLE 29. Light rlìti0riion ror{liÊisntr (ln n'l) in thå limocor¡ål¡ ånd l.t! during lî8?, F ' flooded
rorsr Lll : Ior rorr, lll'1 = high ro¡¡r 0C n I ycår old control, C. ¡ontrolr 0ll .1y¡¡rld ro¡r, L t I¡kÊr llS
. high åÊdirentr ¿nd SC ' ¡cr:en rovèrFd, All lirnÞrorr¡lr h¿d n¡turål bottoN, Dry li d¡y ol thÊ yr¡r rnd

'n,d,'rrånB no d¿t¿.

!¿te D¡y Fl'182-l Lll82-3 llll82-4 0C82-S C82-A 0ü82-S t82-?

04-Jul-82
U/-¡Jul'Ël
l1-Jul-82
2l-Jul-82
28-Jul-82
3l-J u I -82

0l -AuE-82

03-Au9-82

04-Aug-82

0ó-Aug -82

09-AuE-82

t85
i0Þ

l9:
2þ2

209

213

2lã
2t6
tiÞ

2?t

l{e¿n

r iô

1,05

0,15

0, 82

0,78

n, d,

n, d,

n, d,

0,83
n, d,

1,34

0.99

Lt0
1,02

0, 9l
0,84
0,81

n. d,

n, d,

n, d,

0,8i
n, d.

1.39

0, ?9

, ¡i
ôi

,00

,t2

l¡28
l, ?l
l,0å
1,02

n, d,

n, d,

n, d,

t,2?
n, d,

t, 10

l, l7

1.25

1,08

0,9ó

n. d,

t,3ó

1,42

t,?9

l.0t
t,00

l,?0
l, l0
n, d,

n. d,

n. d,

n, d,

n, d,

t, r0
l,!2

n, d.

l,t5

1,23

1.08

n, d,

n, d,

i, d,

l,r4
n, d,

t,08
r t0

t,02
1¡2t)

t,38
n, d,

n, d,

n, d,

t,¡å
n. d.

¡)¡i è D¡y HS8?-7 D¡t e 0¡y SC82-2

02-Jul -82

04-J ul -82

05-Jul -82

05-Jul-82
07-Ju1-82
ut-Jul -Ëz

0B-iul -8?

l?-Jrl-82
It'¡JUl-UZ
l4-Jul -82

l5-JuI-82
I t- 1,, I -4,

l5-Jul-82
l9-Jul-82
l9-Jul -82

2l-Jul-82
22-Jul -82

22-Jul -8?

28-Jul -82

ZY-JUI -UZ

29-Jul-82
Jl-Jul-82
02-Auq-82

03-Auq-82

0ó-Auq-82

0ó-Au!-82
09-Aug-82

09-Aug-82

r83

185

18ó

l8ó
188

lg9

l8?
193

l9¡
t 0t

l?ó

l9ó

200

200

202

203

203

209

210

2t0
212

2t1
21r

2t8
2ll

l¡¡n

2,t7
2,07

2,48
2.il
2,06
2,50
2,1à
2.8 r

2,34
1,94

r,87

2,2!
2,02
L89

2,07
à rt
2,81
iol

r Þi

a t')1

l, 49

2,q7

04-Ju1-82

07-Jul-82
08-Jul-82
12-J u I -82

l4 -i ul -82

l5 -Ju I -82

l9-iul-82
2l -Jul -82

22-Júl -82

28-Jul-82

3l -Jul -82

0?-Au9-8?

03-Au9-82

0ó-Aug-S2

09-Aug-82

lBt
188

189
t0t
t¡Ê

l9å
200

202

20i
209

210

2t2
,t !
215

218

22L

I ?i

l.?0
1,08

1.02

1.00

0,94

Ll8
ì tó

1,21

u,Ëô

0,90

t.0Ê
0, 91

1,33
(J, Ë,t

llÉ¡n 1,07
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APPENDIX 5

Seasonal pnimary productivity data.



TABLE 30. Seasonal data for' alI relevant primary productivìty

parameters in all limnocorrals and the ìake during 1981 and 1982, I.P.
_,) _1

is the daily rate of p|imary productivity (mg C m'd'), IrO is the
.>1 A

mean water column light intensity during 24 hours (E m-'d-') , Aìpha"

'i s the initiaì sìope of the prìmary productivity ìrradiance curve in the
_1 t -1'incubator expressed per unit of chlorophyì1 (mg C E'm'mg Ch1 a'),

P B is the maximun rate
m

of pnirnary product'ivìty observed in the

jncubator expressed per unit of chlorophyll (mg C mg Chl a-l ir-1) anO Io

is irradiance at the onset of light saturation (E m-2 ¿-1¡. Dav is day

of the year,Chì is chlorophyll a (mg m-3¡ and k is the light extjnction
_1

codfficient (ln m-'). C = control, LM = ìow moss, HM = hìgh moss, FM =

flooded moss, 0M = l year old moss,0C = l year oìd control' LS = low

sediment, HS = hìgh sediment, SC = screen covered, PN = phosphorus and

nitrogen,andL=lake.
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tlri!.11.___._.... -----"-'-.'--------ã-"
LirnDEÞrr¡l Date D¡y l.P, AlPhl' pB

!
r r-. chl kk21

¡ot -t

1il81-2

PÌlSl-3

tsEl-4

:ååf1

leån

tÞÞ

584

å8ó

ó07

à2i
¡57

500

34å

890

ló88

1005

7óB

ó{l
90É

ô17

å9?

795

8, ló
Á.?9

8, 84
Lao

9,¡5

4,16

5,27
ó, l2
4,42

5, l0
4,7 ó

i, /E

4,93
4.59

5, ól

22.0

20,4

22-Jun-81

02-Jul -81

l0-J u I -81

20-lul-81
03-Auq'81

24 -Auq -81

zó-Jun-Ël

02-Jul-ål
l0-Jul -81

Z0-Jul-81
03'Aug-81

l3-Auq -81

14 -Aug-B l
l6-Auq-Bl
20-Auq-81

24-Auq-81

zJ-J un-Ë ¡

0?-iul-81
l0-Jul-gl
20-Jul-B I
03-Au9-B l
l3-Aug-gl
tl-åug-81
ló-Au9-81

20-Au9-81

24-Au9-Bl

174

183
lot

201

215

ZJô

4,2h

4,l2
ã, r0

4,38
J,Zl
8,34

t4,7
n,7

ti,4

21,b
24,2
18, I
21,5

t8, 0

18, 8

l,ó
3,ó
t,9
{,4
4,5
2,4

0, Yi
0,9ó

1,2ó

1,02

t,ll
0, B2

1.08

7,07 4,80 17, I 21, I 3' I l' 0?

2?-Jun-81

0?-J ul -81

l0-J u l -81

?0-J ui -Bl

03-Auq-81

?4-Au9-Bl

li4
183
tot

201

215

Ióô

tot

b7i
759

227

339

209

5,44

b,46

5. t0
4,ó0

3,0ó

3,90

5,58

2,4b

7 ,i2
3,54

t4,4
ló, 1

t8, i

t8, i
lÞ 0

Lb,7

t3, 3

3,0

3,0

2,7

0å

0¡
il
09

04

00

,2t
,l4
,17

93

,l0
,01

1,30

l, ó9

rÂ?

2,03

t,88
( o?

1,87

l, Éã

1,85

399 3,05 4,à2 tL,2 ?,7 1, I I

174

183
t0i

20r

226

232

2¡É

IPåN

174

lB3
tót

2tã

¿t6

228

252

IJö

tÊèn

3,78
I l¡J

3, {2

2,22

2,34

2,4ô

2,88

1,8ô

2,94

4,50

19, I
t7, I
tJ,ã
12, 4

12,4

12, 4

12, g

10. 2

tó,3
18, 4

2t,i
21,7

19,4

I å,9
tó,1
t5,I
17, ¡
13, ô

13,9
14, ó

2,4
b,I

t3, 7

14, 0

10, I
t0,I
10, 7

12, 0

9,ó
9,4

10, g

t9
9l
IO

i24 5,07 2,88 14,1 l7'0

194

329

áå0

i:¿c

3tt
234

22t
254

104

135

3ó?

¡rÞ
4,42
7.48
ã,44
7Þ1

7,48
ó,ló
7,ó5

t0, ¡7

l{, 1

21,2

15, 0

l{,8
l{,¡
t¡, ó

t 7,0

tå,7
lB, 0

11,7

t3,3
t0,I
ll,4
7'

b,7
ó,9
7,4
ò.i

4,1

4,7
tÂ

¡,0
!,0
1,8
1,8

3, {8

3,84

¡, É0

3,30
tÞ¡

4,74

4,b2

4,20

{,74
B, l0

b,7 4 t,02 15,6 8,7 {,5 t,12
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ÎABLE 30. icontinurd)

LiriÞcorrål D¡ie D¡y LP, AlphlB tnt lt I., Chl Itl

c8l-!

HSEl+

c81-7

tgt-8

l,{

J,7
2,4

23-Jun -B I

02-Jul -81

l0-Jul-Bl
20-J u I -81

03-Au9-81

l3-Aug-81

l4-AuE -B I

lÉ-Au q -81

20-Aug -81

24-åu9-81

148

4{ó

1023

¿tn

134

lô3
tôc

l0l

4,25
5,95
t !t

1,93

ó, t2
to tÞ

7 ,18

10, 54

4,12

2,22
3, ¡0
J. Ë4

2,94

4,26
It,3{
ó,00

t2,42
4, b2

t,50

t 4,0
tf,t
t3,I

lB,0
15, ó
tÞ t
2i ,7
tó, l
22,0

'rt a

20,1

19, I

2 r,9
22,3

tL a

tÞ t

1,4
l¿

ó,s

3,4
û,9
0,7
0.6

0,9
1,0

0, 9l
0,8ã

0, B3

0,88

O, B¡

0, åó

0,59

0,94

0, 82

u. ô't

174

183
tÞi

2Al
2t5
221

228

232
tt¿

tÞån

174

tg3
191

201

215

221

a1Þ

232

lóô

tÊà n

180 7 ,29 4,74 ló,4 2þ,þ ¡, s 0,80

23 -i un -B l
0? -'1u I -81

l0-J u I -81

?0-Jul-B I
03-Auq-81

l3 -Auq -81

l4-Aug-81

lå -Au9 -B I
20-Au9-81

24-Au9-81

t I lo

9, l8
7, t4

É,t2
10,20

7,14
9,ô9

9,35
t,ð2

10,37

{,92
5,88
5, ó4

3, i4
5,52

4,44
å,0ô

t, tó

B,ló

¡¡¡/
t6, I
19, 0

14, 7

lå,0
16, r

14,3

19, É

I ?.3

9,0
ó,8
8,5

ó,6

ã.4

2,tË
1,94
, tt
1,il
2,03

2,lt

?,40

2,01

2,2t

341

104

?84

7A

183

l{3
tö

l0B

8,42 i,22 lÉ,0 h,1 J,0

l,t-,J un-Ë I

02-Ju1-81

l0-iul-Bl
20'Jul-81
03-Aug -81

24-Auq-81

t 7À

183

l9l
201

2lã
23ó

ó0ô

1003

ètt

ttt

å,46
4,7ó
LaÞ

13, 43

¿,4ó

8,04

4,74
4, á2

3,72

3, ¡0
ó, óô

ô,00

ts,2

14, 7

l5,l

tt I

23,4

21,ó

22,0
t0 0

18, 4

ló,7

174

tg3
l9t
201

215

23ó

14t

224

390

å8t

103

339

4{9

i,3l
9.8ó

7,48

il,10
7,48
8.84

t.2b
3,84

t,å8
4,92
B, 88

7,t0

t4, I
10, I
tã, {

,þ1

23.0

20,7

15, a

li,t
tó,7

3,0
4.7

1,9

2.2

I

7,

4,

2,

0,

0, 8l
0,r8
0,84

0,90

u, Ë/

u, /ô

nÊån ¡,04 r7,0 20,4 3,3 0,84

23-Jun-81

02-Jul -Bl

l0-Ju1-Bl
20-Jul-Bl
03-AuE-Bl

24-Auq-81

,3l
,07

,01

8.74 å.30 19,3 17,4 2.7 1.08ttån
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TABLE 30. (conti nürd )

Li rnoco¡råI D¡te Day L P, AIphrB tnt I* rzl cht

¡82-6

scB?-?

lit 8?-i

LllE?-3

0cB?-5

0t182-F

0/-'Jlll-ËZ
l4-Jul-82
2l-Jul-B?
28-Jul-8?
0?-Auq-82

!ee

20i
?21

ó. Uô

5, t0
3,57

3,0ó

I

4,74

4,b2
ó,óó

4,02

t6,I
20,0
19, 4

ti,7

22,3

18,0

18, 0

18, 5

Lá,1

t,7
t,å
io

1,8
t0

188

3ól
442

290

220

2?3

t87

82

lðu

l8t

t74

238

t7þ
aaL

?03

208

L00

nå¡n

IEåN

tÈårl

3,08

3,10

rÞÊ

2,08

1,08

0, 9l
0,84

0, 81

tTo

4,?4 4,98 tt,¡ 18,7 2,2 Ll3

?5

20

l0
l0

2þ

lg
24

07

0t
t7

35

35

1,03

0,9i
0, 82

0,78

1,34

07-Jul-8?
l4-Jul-82
2l-Jul-82
28-Jul -82

09 -AuE- B?

liB
195

202

209

221

4,25

1,42
4,?5
1,0?
2,72

tl, tþ
4,92

4,?2

t, J8

J,0ô

tÉ, 0

t¿ !
t7 ,9
lB,l
tb,7

20,4

22,3

I ?,4
1' !

22,1

2,2
2,0
2,7
tÞ

3, t8

4,02

4,5ó
I l¡

t7,3 20,1 2,1 l,l0

0i-Jul-82
l4-Jul-82
2l-iuI-82
âÞ - 1,, I -0t
09-A!g-82

tËB

195

20?

209

4,59
1 Þt

ó. u6

J,0å

17, 4

22,2

20,3
22,6
t7,6

I t.4
11,0

10, 2

10, I

10, 3

2,0

¡,2

t,'\ ¿ rÀ ¿ a A

0/-,Jut-ul
14-Jul-82
2l-Jul -82

zË-Jut-ët
09-Aüq-82

IBB

195

2þ2

20r

¿tt

320

195

293
ül
l8ó

4, ts
? ot

4,7å

3,5i
2,Ët

4,08

6,72

4,08

3,48

t7, I
r 7,0
2t,7
3{,ó
tð t

tå. 4

tó.9
t8,I
12, ó

il,¡

t,
L
L
2,

9Êån

188

l9ã
2þ2
,lic
,al

ßÊån

188

t9ã

202

209

ttt

¡Êt n

212 3,83 4,5ó 23,3 15,I t,7 l, l8

07-Jul-82
l4-Jul -82

21-Jui-B?
28-Jul-82
09-iu9-8?

lùô
25ó

24b

IUJ

2,38
2,89
2,21

2,12

3,9
2,8?

2,94

3,24

I {,5
lî,0
15, 0
ti ô

t9, å

20,5
22,3

22,t
12, 4

L
2,

2,

l,
2,0

2t7 2,1t ¡,24 lå,9 19.4 2,0 0,98

r.J/-JUt -!Z

l4-Jul -82

2l-Jul-82
2ð-JuI-Ë I
09-Auq-8?

¡0ó

227
iÞ1

327

449

ã,04

ã.4
3, l2

J. Jô

18, 0

t8,4
tt Þ

22,0
19, 0

20,I
2 r.8
22,4

22,0

t2,3

L
L
L
L

76

04

tt
72

29þ 3.45 {,44 20,4 ß,8 ?,5 0,?9
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IABLt 50, (cDnii nuÊd )

Lirnororr¡l D¡te D¡y LP, Alph¡ PI Ii l2l cht

F 8?- l ll-Jul-82
09-Auq-82

Hñ8?-4 2l -Jul -82

09-Auq-82

Ul8?-3

182- ? 2l-Jul -8?

09-Au9-82

C82-å 2l-Juì-82
09-Au9-82

221

tô5

r87

2,04

¡,0É
2, 88

3,48

22,3

t9, 0

25,9
2L,b

IJ. U

2,4
1,0å

Ll0

tåån

202

221

¡¡¡n

2A2

AEåN

ttt

frèen

202

22t

ÀÉÊn

t7ó 2,55 3,18 2þ,7 2,4 1,08

5,8 l,3 t

3,74 4,02

3,24

li, l t9,2
8,9

t1¿

580

tol

t8ó

?40

234

2t7

t0ô
?, 89

3,78

3,24

20,2

17 ,6
2,4 1,23

r,08

1,20

1,42

ll-Jut-H2
09 -Au o -82

4,76
2,8t

b,72

3,48

2!,7

4tó 2,98 3,óó 19,0 t¿,7

3,83 5. I 20,4 t4.7

l8 1,4

2,0
0, ié

Lt t,¡!

t5,ó
15, I

22à

442

lAq

2,8t 3,54 18.9 15,4 2,4 l,lå

3,32 4,32 ll,9 n,3 2,9 1,15

3.0ó
4,62
4.02

?0,0
ti,7

18, 0

I ¿.7
1,20
l,t0
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APPENDIX 6

Seasonal nutrient status d ata.



TABLT 31. Seasonal values for various physiological indicators of N

and P deficiency in aì1 ljmnocorrals and the lake during 1981 and

Ig82. N and P headìngs indicate parameters jndjcatÍve of N and P

defÍcìency respectively: general indicators cannot on the basis of

present evìdence be ascrjbed with any certajnty to either N or P

deficiency (Healey and Hendzel 1980). Composition ratios are ug

particuìate P, N, ATP, or chlorophyll a (chì) mg particulate C-1; ug

partìcuìate N ug partlculate P-i. Nutrìent debts are unoles ammonium

or phosphate removeö in 24 h darkness ug ATP-l oi ug ctrt-1. Negative

debt means net release of nutrjent. Alkaline phosphatase activity

(Pase) is umole o-rnethyì fluoresein phosphate hydrolyzed fr-1 ug RTt-l

or ug chl-1. Values that indicate nutrient status for each parameter

are given be I ow.

Ndebt/chl: > 0.150 = N defjcjencY
Ndebt/ATP: > 1.000 = N deflcjency
N/C: 80-140 = moderate, < B0 = severe N deficiency

Pase/chì 3 0.003-0.005 = moderate' > 0.005 = severe
Pase/ATP: 0.020-0.100 = moderate' > 0.100 = severe
Pdebt/chl: > 0.075 = P deficiency
Pdebt/ATP: > 0.500 = P deficiencY
PlC IO-20 - moderate, < 10 = severe P deficìency
N/P>10=Pdeficiency

Chl/C<10=deficiency
AIP/C < 2.00 = deficiency

ncy
ncy

P def icie
P deficie



rABLt 31,

Li rnororrål 0¿te Dåy l,¡d èb t
(çhl )

ildÈbt li /C
(ATP )

Pr¡e
(ch I )

gEllERAL

P¡rÊ Pd:bi Pdebt P/C iiiP ChiiC ATP/N

{åTP) (chl) {åTP)

tiôt-l

$tB1-2

PN81-3

tBl-3

0?-Jul -Bl l8l
l0-Jul-81 l9l
20-Jul -Bl 201

0I-Aug-Bl 215

20-Aug-Bl 232

2{-Au9-81 23å

02-Jul-Bl
l0-Jul-81
20-JuÌ-Bl
03-Aug-Bl

?0-Aug-E 1

2{-Au9-81

02-Jul -Bl 183

lo-Jul4l t9l
?0-Jul -81 201

03-Aug-Bl 215

?0-AuE-81 232

24-Au9-B l 23ó

n, d. n, d.
-0,020 -0,152

0,075 0,388

0,ló7 t,940
n, d, n, d.

0,079 0,517

n, d, n, d.
-0,00ó -0,072

0,083 0,78ó

0,018 0,1¡5
n, d, n, d,

-0,4ó0 -1.244

n, d, n, d,

0,180 1,334

0,240 1,23{
0.420 4, 91É

n, d, n, d,

0, få0 r,05?

n, d,

0,050

0,030

0.030

n, d,

0,070

n, d,

0,l9r
0.4å0

0. ó5?

n, d,

0, 140

5,8 2,23

6,! 0,{5

re¡n 0,101 0,îå2 210 0,14ó 1,22ó 0'285 2'ó35 14 ló 3,5 þ'77

r90

?10

2?0

180

270

tå0

n, d,

0, t57

0, t9r
0,1É{

n, d,

0,058

ó,4 n,d,
i,7 0,n
i,9 l, 13

4,2 n, d,

i.3 0,82

n, d,
-0,061

-0,253

¡, d,

0,0i{

n, d. 180

-0,475 220
-0, ó0{ 180

-0,2r4 170

n. d, 130

0. r6t 150

n, d,

0,041

0,030

0,00ó

n, d,

0,004

n, d,

0,¡17
0.0i2
0,01 I

n, d.

0,008

n. d,

0, {03

0,0i2
u, u¡ô

n, d,

0,149

2l
l9
24

{3

II

7,4
ôt

4,2
3,7

n, d,

|,07
2,33

z,ðt
n, d,

t,72

n, d,

1, tó7

0,987

t,9r5
n, d,

0, 381

n, d,

1,730

t, 430

n, d,

0,2?0

t8 1l

t3 ló
I I 2t
10 ti
2ã tl
9 lg

t7 14

821
829
822
I 20

s 19

923

I
t2

7

7

3

I

fJl-Jut -ðl
l0-Jul-Bl
I0-¡JUt-Ël
03-Au9-81

?0-Aug-B I

2 {-Au 9 
-81

n, d,

0,02{
0,070

0,029

n. d.

0, 318

n, d, 240

0,375 224

t,264 230

0,390 t80
n, d, 170

3,0r2 150

n, d,

0,100

0,079

0,108

n, d,

0,079

n, d,

1, ¡ó0

1 ,420

t, {80

n, d,

0, i50

n, d,

0.224
0,323

0,4ãl
n, d,

0, 415

n, d,

3, r84

5,8?0

t, r88

n, d,

3,970

9,ó i,d,
8,1 0,52

7,4 0,4 t

1,2 n, d,

4,7 0, {t

lB3

l9t
?01

,14

23ó

tei n

183

l9l
201

232

?36

nå¡n

-0,r00 -0,259 170 0,01ó 0,0ål 0,042 0,120

0,10ó 1,240 200 0,093 1,30¡ 0,383 5,272

LSSr-4 02-J u l -Bl 183

l0-Jul-81 l9l
20-J ul -81 201

03-Auq-Bl 213

?0-Aug-B l 23?

24-Aut-81 236

n, d, n, d, lS0

-0,0?1 -0,401 180

0,10ó 1,735 180

0,028 0, 817 180

n, d, n. d, 180

0.100 0.875 210

n, d,

0,086

0,l2ô
0,1ó2

n, d,

0,078

n, d,

r,t30
2,050

4,780

n, d,

0, ó80

n,d, n,d,
0,109 2,080

0,2ô9 4, ¡89

0,44ô 13,20r

n, d, n, d,

0,183 r,¡85

22

20

t7
l4
l4

9,0
t0, 3

7,3

2,h

n, É,

0,54

0,15

0, t8
n, d,

0, t3

I
I
l{
lt

t5

¡Þån 0,0ó0 0,940 180 0,124 2,74ã 0,300 ó,905 lt ll 6,2 0,33

220

22Ð

200

190

150

l{0

n, d,

0, t4t

0,200

n, d,

0,090

t5

2t
l9
t8
24

ti

n, d,
,lto
{,357
1, B3t

n. d,

0,37ó

n, d,

u, 62

0, ¡a
l0
!

9

I
ó

t,
t,
2,

n, d,

t,0å

rÞån -0,079 -0,03ó ltO 0,lli 1,220 0'422 3,J88 9 4, 6 0,67



TABLE ¡1, icontinsÊd)

P 6tìltRAt

Li¡nocorr¡ I l}¡te 0¡y lld eb i
(Ê hì )

P ¡¡e
(rhl)

PårÊ Pdebt Pdrbt P/C l{i P Chl/! AIP/I
{ATP) (rhl i {ATP)

ildebt tl/C

{AlP)

ltEBl-ó

c8l-7

r81-8

Ftl82 - I

10, r

7,4

¡,3
1,2

02-lul-Bl
l0'lul'81
z0-,Jut -ct
03-AuE-Bl

?0-Auq - B I

?{ -Au9 - 8l

lÞl
tot

?01

2ls
232
23Ë

t80

2t0
tB0

180

170

150

n, d,

0,070

0,070

0,100

n, d,

u,0t0

n, d,

1,0r0
O, BÉO

2,1ó0

n, d,
fJ. óð(J

n, d,

0,0{5
0, 219

0,238

n, d,

0, r53

n, d,

0, å4E

4,9¡4

n, d,

1,978

n, d, n, d,

0,0ô7 0,9t3
0,115 f,i43

-0, ?34 -{,84i
n, d, n, d,

-0. 14ó -1, Bió

råån -0,079 -1,752 190 0,077 1,340 0,19? 5,1å3

13

3ó

?8

53

27

25

32

l4
o

¡ù

I
ll
t¿

l0 ló
0lt
b22
6r,
lô I I

l0 l8
9 ?l
10 t7

ll l0

t0 l7

n, d,

u,/l
0, ó0

(J, Zô

n, d,

0,33

ftl¿-Jut -Ët

l0-Jui-Bl
:/U''lul-Ël
03-Aug-Bl
20-Au9-Bl

24-Aug-81

183

r9t
201

232

23ô

n, d,
-0,047
-0,00ô
-0,08ó

n,d'
-0,200

i, d,

0,443
-0,037
-0,37ó

n, d.
-0,433

z?Ð

22þ

200

180

150

140

n, d,

0,1?4

0,lit
0,221

n, d,

0,129

n, d,

L t80
0,09{
0,990

n, d,

0, ?80

n, d,

0, t83

0,449

0, å50

n, d,

0,3r7

n, d,

1 ,74{

2,831

n, d,

0,7 61

l5
)n

l4
?0

IJ
t1

1,1 n,d,
7,4 0,i8
5,1 0,89

3,t 0,7ó

l,å n,d,
t,7 0,78

ó á,4 0,42

t,ó
1,7

1,4

2,È

t,7
1,5
t,ó

2,5

L7 0,70

¡ràn -0,087 -0,208 190 0,173 0,6A7 0,47h 2'202 Ll l7'2 4,1 0,80

02-Jül -Bl 183

t0-Jul-Bl lll
20'Jul-81 201

03-Auq-81 215

20-Au9-Bl 232

24-Au9-81 23ó

30-Iun-B? l8l
05-Jul-82 18ô

07-Jul -82 188

l4-Jul-82 195

2l-Jul-82 202

28-Jül -82 209

03-Aug-82 ?l¡
09-Aug-8? ?21

lå-Auq-82 228

2hAuE-82 235

n, d, n, d, ló0
0.151 0.974 t70

0,032 0,092 r50
-0, lô¡ -0,491 170

n,d, n,d, f7þ
0,027 1,0å4 1ó0

n. d,

0,04i
0,087
0,058

n, d,

0,0?3

n, d,

0, ¡02

þ.247

0,17{
n. d,

0.053

n, d,

0,384

O. ¡B¡
0, ô81

n, d,

0,280

2b6
237
19 I
209
1ó I I

14 t2

0t
9,8
ó, ó

3,7

n, d,

2,33
1,7à

n, d,

n, d,

0,060

0,300

0,230

n, d,

0, t20

reån -0,03? 0,190 lå0 0,05ó 0,1i9 0,204 0,47ó 2i B'7 ó,3 1,t9

tå0

t30
180

lB0

1€0

t90

180

170

70

l?0

n, d,

n, d,

0,029

0,0?ó

0,094

0,04¡
n. d,

0.0J1

n, d.

n, d,

n, d,

n, É,

u. u/ó

0,0i3
0,24ô

0,099

i, d,

0.098

n, d,

n, d,

n, d,

0, ti

1,00

0,75

n, d,

n, d,

n, d,

têå n tó0 0.049 0, 122



TABLE 31, (cont i nu¡d )

Li¡nocorr ål D¡ie D¡y l{dèbt l{/ C

iATP)

P¡Bê
(ch I )

BIIIERAL

P¡¡¡ Pdebt Pdêbt P/C il/P Chli C åTPi I
(ATP) (chl) IATP)

tidÈb t
f chl )

Hí8?-4

30-Jun-82 181

05-Ju I -t2 18ó

07-Jul-8? 188

l4-iul -82 195

2l-Jul-82 202

28-Ju I-8? 209

03-Auq-B? 215

09-Aug-82 221

ló-Auq -8? ?28

23-Aug-82 23i

30-Jun-82 l8l
05-Jul -82 l8ó
07-Jul -82 188

l4-Jul-82 195

2l-Jul-82 202

zu-Ju¡ -bl IUY

03-Auq-B? 215

09-Auq-82 221

tå-Au9-82 228

zJ-Au0-Hl lJi

30-Jun-B? 181

0ã-,1u1-82 l8ó
07-Jül-8? IBB

l4-Jul -8? 195

2l-Jul-82 202

?8-Jul -82 209

03-Au9-82 2lE

09-âu9-82 221

I á-Aut-82 228

23-Aug-82 2Jt

180

190

lú0
170

210

2t0

170

n, d,

2,3
2,2

3, I

3,3
3,3
tÞ

{,1

n, d,

n, d,

0,93

0,83

0,9
1,18

n, d,

1,18

¡, d,

ñ, d,

210 n, d,

n, d,

0,01 I

0,()07

0,02¡
0, 017

0,03

n, d,

n, d,

n, d,

i, d,

0,005

0

0

0,003

n, d,

0, 001

n, d,

n, d,

n, d,

n, d,

0,028

0, 019

0,081
0,047

n, d,

0,078

n, d,

n, d,

n, d,

î, d,

0, 010

0,000

0,000

0,009

n. d.

0,002

i, d,

n, d,

t3 li
d, ¡, d,

s21
izt
I 17
è rÞ

t2 lB
12 l9
18 I
l8 I

L2 L7IPåN t80 0, 019 0,0ã2

200 0,004 0.007

3,1 l,0i

3, t r,33

22i
220

224

2!0
r80

190

2t0
200

tô0
ló0

n, d,

n, d,

0,01

0

0, 001

0,00ó

¡, d,

0,005

n, d,

n, d,

n, d,

n, d,

0,022

0,000

0,00t
0,0t?

n, d,

0,008

n, d,

n, d,

2,2

2,7
7,t
¡1

n, d,

n, d,

l,4l
l,¡3
L lô
n, d,
It0

n, d,

n, d,

t2n
l3 17

l? 19

922
l1 t7

t3 l¡

15 15tÞ¡ u

?10

180

170

t70
140

200

210

2r0
tB0

180

2,2
2,0
2,7
2,h
1,8

3,1

4,¡
ó,8
8,{

n, d,

n, d,

1,33

0, 78

1,08

n, d,

n, d,

n, d,

t4
{t

ló
IB

I
tå

l5
2þ

l1

l3
14

t{
7

7

tBo 0,001 0,001 17 13 3,8 Ll3aÊån
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IABLT 31, {conilnued)

P BEIlIRAL

Li rnoÊorrål D¡tè D¡y lld ebt

{chl }

lld eb t ìl/ C

{ATP )

P ¡:e
(rhl)

P¡ge Pdebt Pdrbt P/C il/P Ch¡/C åTP/C

(ATP) (Ehl) {ATP)

0cB2-5

c82-ó

llS8?-7

209

215

22r
7tp

235

teån

lð¡
r8ó

188

t95
292

209

22r
228

231

TEåN

181

l8ó
t88

195

202

2þi

221

228

,Þ- t,, t -!,
03-Aug-82
09-Au9-82

ló-Au 9 
-82

23-Au9-92

ti0
230

t?0

18t

200

180

210

200

170

ló0

n. d,

n, d.

0, 015

0,0t3
0, 014

0,052

n, d,

0,0t2
¡, d,

n, d,

n, d,

n, d.

0,027

0,045

0,049

0,073

n, d,

0,0?l
n, d,

n, d,

l4
lt

Ë

l0
9

l,i
tÞ

l7

¿,Ë

2,2

2,2
2,4
tt
tõ

0,7ô

0,94

n, d,

1,28

n, d,

n, d,

30-Jun-82 l8l
05-iul-82 18å

07-Jul-82 IBB

l4-Jul-82 195

2l-Jul -8? 202

tÁ

t7
tÞ

tt

tó
IL

l0
I

L7

l3 1,9

tb 2,7
t1 ¿,t
t0 I Þ

20 3,4
23 i,0

13 t,4

l9 r,8
å 1,7

t0 2

t0 2,7
t0 ¡,8
t0 3,4

l0 3,5

200

210

220

190

r90

190

200

2t0
170

r70

n, d,

n, d,

1,28

0,54

l?0 0, 01å 0,04i

190 0,0?å 0,079

lB0 0,00¡ 0,013

t2 2,q 0,92

30-J ui -82

05- J ul -82

0i-Jul -82

l4-Jul-82
2l-Ju I-82
2B-,lul-82
03-Au9-82

09-Aüq-8?

I ó-Au9-82

!3-Auq-8?

n, d,

n, d,

0,02i
0, 017

0,003

0,044

n, d,

0,031

n, d,

n, d,

i, d,

n, d,

0,04ó

0,042

0,010

0, rå2

n, d,

0,091

n, d,

n, d,

¡t
t4

1

I
t0
I

14

l3

n, d,

n, d,

l,24
0, 7l
0,6ó

0,54

n, d,

r,02
n, d,

n, d,

30-Jun-8?

0i-Jul -Ë/

07-Jul-82
l4-Ju I -82

?l-Jul-8?
28-Jril-82
03-Au9-82

09-Aq!-82
ló-Au9-82

23-Aug-82

2t0
140

t80

190

190

230

lB0

lô0
140

150

n, d,

n, d,

0,0t7
0,00i
0, 001

0,002

n, d,

0,002

n. d,

n, d,

n, d,

n, d,
{J,IJóô

0,0?4

0,007

0, 012

n, d,

0,008

n, d,

n, d,

23

l7
tË

t9

23

IB
t¡
3l
!l

n, d,

n, d,

0,9ó

0, ó7

0, ô/

0,7
n, d,

0,73

n, d,

n, Ë,

ll 20 3,0 0,76

2t l0 3,5 4,72IE¡N
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TABLE 31, {cDnti¡urd)

SEtISRAL

Lirnocorr¡l D¿te D¡y tld ¡b t
f chl)

P ¡¡e
(chl )

ildåbt lt/ C

fATP)

P¡ÊÞ Pdrbt Pd.bt P/C ll/P Chl/C åIP/C
(AfP) (ch I ) (AlP)

01182-E 30-lun-82 l8l
0ã-Iul-82 l8ó
07-lul-8? 188

l4-Jul-82 195

2l-Jul-82 202

?8-Ju I -8? 209

03-Auq-82 215

09-AuE-82 221

ló-Au9-82 228

23-Auq-82 235

¡eån

30-Jun-82 l8l
05-lul-82 186

07-Jul -8? 188

l4-lul-82 195

2l-Jul-8? 202

28-Jul-82 ?09

03-Au9-82 215

09-Au9-8? 221

ló-Êu9-82 228

23-Au9-8? 235

lÈ¡n

190 0,019 0,08¡

2¡0

2t0
224

200

t90

190

180

190

120

n, d,

n, d,

0,0t9
0,0?ã

0,003

0,041

n, d,

0,035

n. d,

n, d,

n, d,

ñ, d,

0.030

0,057

0,00ó

0, 115

n, d,

0,l8t
n, d,

n, d,

t4

t4
t9
l¡
t0
l0
I
9

l7
1!

2,t n, !,
2,7 n,d,
2,3 1, ó3

2,1 0,94

2,3 1,02

2,8 n,d,
3,3 0,å4

7,0 n, d,

1,å n,d,

t7
7i
45

5i
d,
EO

d,

d,

t7

lå
l9
l8
t0

2t

j
I

n

t2 20

n, d, n, d.

14 17

t2 20

ló lã
n, d, n, d,

1¡ tq

13 ls
207
247

3,2 0, ?¡

LS2-9 230

230

2J0

240

240

200

220

ló0
lå0

n, d,

n, d,

0, 015

0, 003

0,002

0,02

0,004

n. d,

n, d,

n, d,

n, d.

0,025

0,011

0,00ó

0,03i
n.d'

0,008

n, d,

n, d,

1,7 n.d

n'd,
2.4
2,9

3,2
3,7
{,8
{,8

210 0,008 0, 018 3,4 l,57
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APPENDIX 7

Seasonal ATP concentrat ì ons.



tE7

IABLt 3f. ATP ronsenir¡tionE {ug L'l) in thp lirnororr¡lå ¡nd l¡tÈ durÍng t98l rnd l?82, !: Eontrolr Pl{ =

phosphorur rnd nitrogen, LS = lor ¡edirÈnir lls = high redi.Êntr Lll . lor roEs, }lll ' high ro¡rr Fll . llooded
rossr SC: Ecrpen EovÞr€dr 0C = I y:¡r old control¡ 0ll: I yÈ¡r old roel-pr¡tr ¡ñd l. ' lrkË, Lirnocorr¡ls
CBI-5, CBI-7r L58l-4r HSBI-ór Pil8l-3 h¿d Flàsiic bottoiÈ, All othÊr IirnocorrålE h¡d n¡turål bottoß, Dry is
day o{ the year,

Li rnocorrål

D¿te D¿y CBI-l Cgl-2 Ptl8l-J LSBI-4 C81-S llSBI-å CBI-7 t8l-B

l0-Jul-81
20-lul-81
0l-Au9-81

24-Aug-81

l9r
?01

23b

0, óÅ

0,85
0,39

0,88
0, B0

0,80
0¡ 98

0,40
0,38
0, lå
0, 2l

0,5Å

0, ãó

0,37

0.3á
0,30
0. t2
0, t2

0,81

0.3t

1,09

0, å3

0.94

0,å9
l,?ó
0,8r
1 ,25

D¿t: Oey F1182-l SC82-2 Ll'182-I lll'182-4 0C82-5 C82-á ll882-7 0llg2.8 t82'9

08-Jul-82 1S9

l5-Jul-82 I9É

tt-Jtt-Éz zuó

28-iul-82 209

09-Auq-82 221

0.88

0, i{
0.85

0,88

0, iB
1.03

1,25

0,95
U, ËY

o, tb
0,70
LL7

0,94

0, å7

u.Èl
0, ÉÉ

t,t0

0,17

0,É4

0,50
0.4t
L34

0,9ó
0.ó3

0,57

0, 9l

Lr0
0,ó?
0, i9
0,ó8
0,90

0,5{
0,80
0,8ó

1,00

1,09

l,?3
l, t3

2, á2
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APPENDIX 8

CNP and C0, anaìJsis of noss-peat material added to the limnocorrals.
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TABLE 33. C, N, P, and C0" analysis of moss-peat material added to the
limnocorrals in 1981 and 1982. Each group of data consists of several
subsamples taken as the moss-peat material was collected and added to
the linnocorrals. The average ratio for the two years was 3854.20.47.

Date N.-t P

dry wt. )
c03-c

(mg g

I

June 1981

June 1982

0.2
0.4
0.9
0.2
0.6
0.4
n?

0.3
0.3
0.5
0.3
0.3
0.4
0.5
0.4
0.4
0.4

3.9
Et

5.6
2.L
3.6
3.7
2.9

447
433
403
384
417
442
404

8

6
7

7

7

7

7mean 4L9

nean 351

450
346
449
305
349
294
317
351
324
329

?o

5.8
3.2
6.8
4.6
4.6
3.5
6.4
5.0
2.4
2.3

4.5

0.4

0.4

d
d
d
d
d
d
u
d
d
d

I n.d. = not done
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nåteriål dredçFd +rorÌ
the rddi t i on,

CNP ånd C0, ånËlyEiE Þf ûÞrË-Þeåt
nloE9-pÊåt limnosorËal L118l-1 two rÌonths e{ter



TABLE 34. C, N, P, and C0, analysis of noss-pea
moss-peat limnocorral Ll'181-2 on August 23, 1981.

191

t materj al dredged from

c
tls s-l dry wt.)P

c

0.5
0.6
0.5
0.8

392
374
262
i56

3.7
6.6
4.2
5.7

L4
L7
11
t4

mean 296 5.1 0.6 T4




