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Abstract:

Nutrient enrichment experiments were conducted over two ice-free seasons in a blue-green algal
dominated southwest Montana reservoir to determine seasonal trends in nutrient deficiency. Additional
experiments examined the influence of inorganic N, phosphate and dissolved organic carbon (mannitol)
on the relative activity of blue-green and non-blue-green algal components of the community. Results
showed that the whole phytoplankton community (i.e., all size classes) was generally N-deficient.
Phosphorous addition alone stimulated growth and photosynthesis of the N2-fixing Anabaena or
Aphanizomenon component of the community in only two of ten experiments. The non-blue-green
algal component was most consistently stimulated by N. Activity of nitrogenase, the enzyme catalyzing
atmospheric nitrogen fixation, was stimulated by P and by mannitol on several occasions whereas N
addition consistently reduced nitrogenase activity. Nitrogenase activity was found to have a positive
relationship with temperature and total P, and a negative relationship with the DIN:SRP ratio. A
multiple linear regression model showed that the relative abundance of nitrogen fixing blue-green algae
was positively correlated with the dissolved inorganic N to soluble reactive P ratio, and to total N. This
study provides evidence that P is not always the primary nutrient that controls productivity of lakes and
reservoirs, arid that N must also be considered when making water quality decisions, even in systems
dominated by N2-fixing blue-green algae.
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ABSTRACT

Nutrient enrichment experiments were conducted over two
ice-free seasons in a blue-green algal dominated southwest
Montana reservoir to determine seasonal trends in nutrient
deficiency. Additional experiments examined the influence of
inorganic N, phosphate and dissolved organic carbon
(mannitol) on the relative activity of blue-green and non-
blue-green algal components of the community. Results showed
that the whole phytoplankton community (i.e., all size
classes) was generally N-deficient. Phosphorous addition
alone stimulated growth and photosynthesis of the N,-fixing
Anabaena or Aphanizomenon component of the community in only
two of ten experiments. The non-blue-green algal component
was most consistently stimulated by N. Activity of
nitrogenase, the enzyme catalyzing atmospheric nitrogen
fixation, was stimulated by P and by mannitol on several
occasions whereas N addition consistently reduced
nitrogenase activity. Nitrogenase activity was found to have
a positive relationship with temperature and total P, and a
negative relationship with the DIN:SRP ratio. A multiple.
linear regression model showed that the relative abundance
of nitrogen fixing blue-green algae was positively
correlated with the dissolved inorganic N to soluble
reactive P ratio, and to total N. This study provides
evidence that P is not always the primary nutrient that
controls productivity of lakes and reservoirs, and that N
must also be considered when making water quality decisions,
even in systems dominated by N,-fixing blue-green algae.




INTRODUCTION

Phosphorous has traditionally been thought to limit
phytoplankton prbductivity in iakes (HeCk? and Kilham 1988;
Schindler 1977). This view has been challenged in réceﬁt |
years by studies éhowing nitrogen deficiency for many
freshwater systems (e.g.'Canfield et al. 1989; Dodds et al.
1989; Elser et al. 1988; Prepas and Trimbee 1988; Priscu and
Priscu 1984; Vincent et al. 1984; White et al. 1985). Elser
et al. (1990) reviewed‘thtcplanktonjnutrient enriéhment
experiments and found nitrogen to be more important than
previously recognized. Competition for nutrients in limited
supply also plays a significant role in determining‘
phytéplankton communify structure (Reynolds 1984).
Consequently, a better undersﬁanding of nutrient
deficiencies wili provide water quality managers with
important inforﬁatibn on the development of bloom formation
by nuisance algal sbecies.

The ability of scum-forﬁing blue-green algae
(cyanobacteria, e.g., Anabaena and Aphanizomenon) to outcom-
pete bther groups in nitfdgen deficient systemé, or systems .
with low nitrogen to phésphorusurgtios, allows them to
dominate many lakes and reservoirs (McQueen and'Lean 1987;
Tilman et al 1986; Priscu i987). Nitrogen deficiency can

result in blue-green algal blooms that proliferate to




2
nuisance levels. Systems dominated by these nuisance
organisms experience diminished natural resource value.
Aesthetic quality and recreational use are hampéred by
unsightly surface scﬁm and odor. Fish populations are
affected by oxygen depletion following collapse of blue-
green algal blooms (Ayles et al. 1976; Barica 1975) and by
inefficient transfer of primary production to higher tfophic
levels (Carpenter et al;'19é7; Shapiro 1980). Neuro- and
hepata-toxins produced by blue-green algae (Gorham and
Carmichael 1988) pose a serious hazard to animals and occur
more frequently than usually perceived (Sonzogni et al.
1988) . Recreation in waters with blue-green algal scum has
resulted in cases of contact defmatitisﬂ Algal extracellular
products can pose other health problems in municipal water
supplies inuaddition to taste and odor problems. These
orgénics can act as precursors of trihalomethanes (THM's),
carcinogenic chemicals formed during chlorination (Cooke
1986); The consequenées of blue—éreen algal blooms
undérscore the importance of understanding féctors
regulating blooms to aid inrmanagement.

Researchers have reported variocus factors.that -
contribute to blue-green algal dominance in lakes.
Characteristics of blue-green algae that promote their
dominance include bouyancy (Reynolds et al. 1987; Klemer and

Konopka 1989), immunity to grazing (Porter 1977; Sterner

1989; Holm et al. 1983; Nizan et al. 1986), excretion of
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iron chelators that inhibit the growth of other algae
(Murphy end Lean 1976; Keating 1978), possession of
accessory photosynthetic pigments (Carr and Whitten 1982;
Tilzer 1987), ability to exist at low co, levels (Shapiro
1973; Pearl and Ustach 1982), elevated water temperatures
(Tilman and Kiesling 1984; Tilman et el. 1986; Smith et al.
1987)} water column stability (Reynolds 1984; Priscu 1987),
and low underwater light aveilability (Mur et al. 1978;
Tilzer 1987{ Smith 1986, 1990). Although blue-green algal
picoplankten are abundant in many oligotrophie wafere
(Stockner 1988), blue-green algae, particularly filamentous,
scum forming species, generally contribute more to the
pﬁytoplankton biomass in eutrophic waters (Trimbee and
Prepas 1987; Wetzel 1983). Most eminent, in terms of
management, is the generalizetion that the relative
abundance of nuisance blue-green algae is promoted by
increased.total P (Trimbee and Prepas 1987) and low N to P
ratios (i.e., N-deficiency) in the lake water (Schindler
1977; Smith 1983).

The capability of heferocystous blue-green algae (e.d.,

Aphanizomenon and Anabaena) to fix N,, via the enzyme

nitrogenase, plays a key role in allowing them to dominate
N-deficient sysfems (Schindler 1977; Carr and Whitton 1982;
Wet;el 1983). It foliows that the factors regﬁlating
nitrogenase activity influence this ability te outcompete

other phytoplankton in N-deficient waters. The roles of
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'macronutrients'(N-and P), micronutrients (Fe, Mo and Cu) and

0, have been reviewed by Horne and Commins (1987), Rueter
and Petersen (1987) and Pearl (1990), respectively.
Influences of nutrients include inhibition by dissolved
inorganic N, Cu and 02,'and'stimulation Ey‘P, low N:P, Mo

and Fe. Nitrogenase aétivity is light (energy) and

temperature dependent (Carr and Whitton 1982;_Priscu‘1987).

Pearl'(1990) also associated dissolved orgahic'carbon (DOC)
and bacterié with increased nitfogenase activity. .

Because of fhe impértance of nutrients in the
literature, and our developing ability to manage nutrient
inpﬁts from point and non-poiﬁt sources in the watershed,
this study focused on the influence of nutrients on blue-
gfeen algae. The objectives of this study_were:

1. To detefmine seasonai phytoplankton nutrient
deficiency in a blue-green algal dominated reservoir.

2. To examine the influeﬁce of N, P and organic-C
enrichment oh relative blue-gfeen algal abundaﬁce.

3. To examine the influeﬁce of N, P and organic-C
enrichment on the relative aétivity of blue~green and'non-
blue-green algal components‘of the phytoplankton community.

4, To investigate the influeﬁce of‘N;’P and drgaﬁic-c

on blue-green algal nitrogenase activity.




METHODS

Study Site

- The reservoir chosen for this study was Hebgen Lake,
\ .

Montana (lat. 44°51'51, long. 111°20'09", elev. 1991 m), the

~
{ .

first impoundment on the Madison River (Fig. 1). Hebgen Lake
is a storage reservoir operated by Montana Power and Gas
Company for hydroelectric production downstream. The"
reservoir has a storage cépacity of 476.5x10° m®, maximum
depth of 25 m at the dam, average annual dischargelbf
891x10° m3, and a 2344 km? drainage basin which lies largely
within Yellowstone National Park (U.S.G.S. 1984). Permaneht'
sampling étations Qisited'during routine trips are marked on
Figure 1Has:.i, Grayliné Arm; 2, Madison Arm; 3, Mid-Lake;
I4, Dam. Water for all nutrient enrichment'experimehté was
collected from the Grayling Arm at station 1. The.Grayling-
Arm is a hydrologically distinct lobe oleébgen Lake with
its own inflows and a single outflow through a narrdw
channél conneéting it with the main lake. Ground water
fluxes have not been guantified. The Grayling Arm has a
‘surface area of 7.8 km?, volume of é9.9X106_m3, mean depth of .
3.8 m and maximum aepth of 8 m at fuil pdol; It is
polymictic, but thermally stratifies occasionally. This lobe
of the lake experiences’dense blooms of often toxic N,-

fixing blue-green algae which dominate the phytoplankton
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Figure 1. Map of Hebgen Lake, Montana, with permanent sampling
stations marked 1, 2, 3 and 4 (bottom) and contour
map of Grayling Arm (top). Contour interval 1 m.




.
community during most of the ice-free season. A detailed
description of Hebgen Lake was presented by Martin (1967).

and Martin and Arneson (1978).

Field Monitoring

Routiné éampling trips to Hebgen Lake were conducted
approximétely biweekly during thé ice~free seasons (mid-May
through early November) of 1988 and 1989. In 1988 data wefe
collected at buoys set at the four permanent sampliﬁé
locations markéd‘on Figure 1. Sampling focused on the
Grayling érm in 1989, with the addition of three sampling
dates at ‘the Mid-Lake station. Water samples for nutrignt
chemistry, phytoplanktqn enumeration, and measureméntrqf
phytoplankton photosfntheéis and nitrogeﬁasé activity were
collected Qith a 4-1 Van Dorn sampler from'disérete depths,>
(o, i, 3, 5, 10, 15 andﬂzo m) at each station; These
profiles-extended down to 5 m at station 1, 1@ m at station
2;'and 15 of_éo m at stations 3 and 4, dependihg'on water
levei.'Secchi depth and dissolved oxygen profiies were
recorded during each site visit. Samples for dissolved and
particulate nutrient analyses and phytoplénkton enumeratién_
were stored in cleaf high densiﬁy poiyethylene_bottles oh
ice until returned to thé'laboratory.

One light and one dark bottle for phytoplankton carbon
uptéke and one bottle for hitrogenase'activity (also a kill
from 1 .m) were incubated for 4 to 6. hours durinq‘midday ét

the depth and location of sampling (seé phytoplankton
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photosynthesis measurement and nitrooenase aotivity sssay
Sectionslhelowjl.Photosynthesis was terminated by pgttihg
carbon uptake bottles into a light-proof box for transport
to, the laboratory. Extremely rough water precluded
1ncubatlons at the Dam station on several occas1ons and
retrleval of 1ncubatlon bottles from the Madison Arm twice
during 1988. Leakage of theiacetylene flask precluded
nitrogenase activity incubations at station 1 on 23 August

1989.

Dissolved Nutrient Analyses
Soluble reactivelphosphorous (SRP) was.determined by ‘
the molybdate method modified'for AsO,” iﬁterference (Downes
1978) and total dissolved phosphorous (TDP) by the acid
hydrolysis procedure (Solorzano and Sharp 1980) followed by

orthophosphate determlnatlon (Stalnton et al. 1977).

‘Concentrations'of NH; were measured by the phenol

hypochlorite method (Soldérzano 1969),'NO{ by cadmium
reduction (Eppley 1978), and total dissolted'nitrogen by
persulfate digestion (D'Elia et al. 1977) followed by.
determination of NO;,” by cadmium reduction. These analyses
were performed on samples that had been prefiltered through
Whatman GF/C filters and frozen in aoid-washed high density

polyethylene bottles before analysis. Dissolved organic

"carbon (DOC) was measured with a Dorhmann carbon Analyzer on

acidified (pH<3) samples. Dissolved inorganic carbon (DIC)

was determined using the bromcresol green - methyl red
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titration method for alkalinity (A.P.H.A..1971). Alkaliﬁity
(mg Caco; 1°') was converted to DIC (mg C 1) by multiplying
the former by 0.24, based on the molecular weights and

milli-equivalencies of C and CacCo;.

Particulate Matter Analyses

The Whatman GF/C filters used for dissolved nutrient
sample filtration were retained for particulate analyses.
Pheaophytin corrected chlorophyll a (CHL a) was detérmined
by fluorometry (Striqkland and Parsons 1972), standardized
with known amounts of pure CHL a (Sigma). The acid
hydrolysis procedure (Soldérzano énd,Sharp 1980) with
subsequent ofthophosphate measuremeﬁt on the digest
(Stainton et al. 1977) was used to measure particulate
phésphorus (PP) . Particulate carbon (PC) and particulate
nitrogen (PN) Were determined with aACarlo Erba model 1106
elemental analyzer calibrated with acetanilide. Total
nitrogen (TN) and total phosphorus (TP) are the sum of thé
total dissolved and particulate fractions of each respective

element.

Phytoplankton Enumeration

Phytoplankton speciés and numbers were determinedﬂfrom~'
samples preserved with Lugol's solution. Uttermdhl chambers
(Uttermohl 1958) were filled with an appropriate amount of
sample (5-25 ml), depending upon algal density, and settled

for at least 4 h cm’! of water in the chamber. The settled
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phytoplankton were identified énd counted with a calibrated
Zeiss inverted microscope (Lund et al. 1957) and measuréd.
for biovolume determination. Equations for volumes'of
geometric shapes that approximated each cell type and
appropriate average dimensions  for each species were used fo'
determine biovolume, which was converted to biomass under
the assumption that the specific gravity of phytoplankton
equals that of water. Data were grouped by divisions:

Cyanophyta (blue-green algae), Chrysophyta, Cryvptophvta,

Pyrrophyta, Chlorophyta and LRGT (not an algal division but

-a group representing all "Little Round Green Things" less

than 2 pm in diameter).

thtoplénkton Photosvnthesis.MeasuremgntA

During field monitoring and mesocosm and limnocorral
experiments, the' rate of phytoplankton photosynthetic C-
uptake (primary productivity = PfR) was determined by adding
['*C]-NaHCO; as a tracer (final activity of about 0.05 uCi
ml'") to 150 ml aliquots of sample. Sterile aqueous ['C]-
NaHCO, solution with a specific activity of 50 mCi mmol”
(ICN Radiochemical Inc.) was diluted with sterile,. deionized
water to a final working activity of about 6 pCi ml™'. After
adjusting the pH to 10.8 Qith‘NaOH, the working stock was
ampulated in 5 or 10 ml volumes and autoclaved.nThe final
activity was determined by internal standardization with>av
Yc-toluene standard (ICN). Standardization was done in the

presence of ethanolamine (Fisher Scientific) to avoid loss
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of CO, to the atmosphere. One light and oﬁe_dark bottle were

used for each depth for field monitoring. Three light
botties'and one dark bottle froﬁ each tréétment were
incubated .for the ekperimentsi Darkened samples were
included to correct for non-photosynthetic 'c uptake.
Bottles wefe'incubated in-situ for approximately 4 h neaf
midday. Photosynthesis was terminated by placing samples in
dark boxes and subsequent filtration onto Whatman GF/C
filtérs, folloWed by three washes with 10 ml deionized"
water. The filters were placed into 20 ﬁ1 scinti11ation
vials andAacidified with 250 pl of 3.0 ﬁ HCl to-gliﬁinate
unindorpofated (%c)-NaHCO;; after drying, activity remaining
on thé filter was detefmined.with standard liquid
scintillation épectrophotometry (Beckman LSinOC
" scintillation counter) . Efficiency (used to convert CPM to
DPM) was computed by the ekternal standard channels ratio,
with a'quench curve using acetone as a:quenching ageﬁt and
éc—toluene as the standard radiation source.
Disintegrations per minute (DPM) of 'C tracer was converted

to carbon uptake using the following equation.

pg € 17Th"! =((LtDPM-DkDPM) x DIC X 1.06)/

(pCi x 2.2x%10°% x time)

LEtDPM-DKDPM : light bottle DPM - dark bottle DPM
DIC : dissolved inorganic carbon (based on

alkalinity titration) (pg C 17"
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1.06 :.isotope discrimination factor to correct
for the slight'preference for "c during
photosynthesis. |
pci ¢ Ve activitonf tracer added to bottle in
| pCurries. |
2.2 % 166 : converts DPM to uCi
(2.2 x 106 DPM pCi™

time : incubation time (h)

Size Fractionation

On one day during each ekperiment (éXCepf Juﬁe 1985
.mesccosm'experiment), seﬁaration of the phytoplankton
community into blue-green algal aﬁd non blue-green algal
size fractions was accomplished to investigate the relative
photosynthetic activity of each. Size fractionation of each
treafmentlwas done by pouring a subéample from each light or
dark bottle through 20 pm,'loo pﬁ or 210 pm'Nitex netting
'and collecting'the phytoplankton that passed through on a
GF/C filter. The radioactivity on the filter was used to
compute what is ;éported herein as DPM ml', or pg C(1 x h)'1
for the < 20, < 100, or ? 210 um (non-blue-green algal)
fraction,‘depehding on which mesh size was. chosen to
effectively exclude the filamentous N,-fixing bldé-green
algae from the rest of the.community. Thié activity_was
subtracted‘frém the activity calculated for'an aliquot_df
whole sample from the same bottle to yeild activity in the

> 20, > 100, or > 210 gm (blue-green algal) fraction.
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Nitrogenase Activity Assavy

Rates of atmospheric nitrogen fixation were estimated
using the acetylene reduction method to measuré_nitrogenase -
activity - (NA) (Flett et al. 1976) . This techniqueAempléys
‘the ability 6f the nitrogenaée enzyme to reduce aéetylenex
(C,H,) to ethylene (Cgﬁ). For each treatment, .four 55 ml"
aiiquots.were decanted into 70 ml serum vials and sealed
Qith rubber septa. Formalin (2.5 ml) was added to one of the
vials (kill) for background ethylene dete;mination.
Injection of 6.0 ml high purify acetylene was followed by
hotation of start time and gentle shaking for 16 s to
equilibrate acetylene with tﬁe agqueous phase. After
approximately 4 h incubatipns, vials weré‘shaken vigorously
for 30 s to equilibrate‘gases betWeén the aquebﬁs and |
gaseous phases. The stop time was noted when 1.5-ﬁl of
headspace gas Qés transferred to a 4 ml va@uutainer.
Analysis of 0.5 ml gas from each vacuutainer was made with a
Carle 100-AGC gas chfomatograph fitted with a flame
ionozation detector conneéted to a Shimadzu model C-R3A )
intégrator. The syétem was calibrated with high purity
ethylene (Matheson Gas Co.) to yield nmbl,ethylene‘.

1

injection™'. Rates of acetylene reduction (ethylene

‘production) were calculated using the following equation.

nmol C,H, ml”’ h'! = ((nmol C,H, x 15 ml)/(0.5 ml x time x

55 ml x trans. coeff.)) x 3.31
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nmol C,H, : CH, produced in sample - formalin kill
" 15 ml : volume gas phase
0.5 ml : volume injected into gas chromatograph
55 mi : volume équeous phase
3.31 : correction for dilution in vacuutainers
trans. coeff. : transfer coefficient of ethylene

" from aqueous to vapor phase

fhe transfer coefficient of ethylene from agqueous to vapor
pﬁase is actually the proportion of ethylene transferred to
the vapor éhase, which is temperature aependent and varied
from 0.620 at 9 °C to 0.690 at 20 °C for this study. This
coefficient depends upon the bunsen absorptionvcoefficient
for ethylene, water temperéture, and aqueous:?apor ﬁhase
ratioA(kéllar et al. 1980). On 1§'AUgust ;985 é concentrated
éample.(117 rg CHL a 1"y of Anabaena from the'éraYIing Arm

- was used to check the validity and optimization:of my
incubation times and acetylene injection size. Houfly
samples over a 12 h incubation showed a iinear response,
indicating that 4 h incubation times should not déplete
acetyleng. even during dénse blooms. The response of éamples
injected with 1,2,3..., or 12 ml of acetylene indicated that
" the 6.0 injection elicited rates of acetyiene reducfiqn near

maximum.
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Experimental Procedures

02JUN88 Experiment

On 02 June 1988 water collected froﬁ 0.5 m in the
Grayling Arm was put into four 1-~1 polyethylene bottles.
Three bottles were inoculated with eithéf_éoo ug.l'1 NH;—N,
20 ug i* PO, *~P, or both; the fourth sample served as an
unammended control. The inoculated samples were placed in a
laboratory incubator at the temperature apd light perioa of
collection under cool-white fluoresceﬁt light (150 pmol
quanta m? s’'). Twelve hours after nutrient inoculation,
friplicate subsamples from each treatment were incubated
with '“C-bicarbonate for 4 h at the same light and
temperature as above. The '“C-labeled samples were size

- fractionated with 20 pm mesh onto GF/C filters and counted.

River Water Experiments

Bioassays designed to investigate the influence of the
river inputs to the Grayling Arm on phytoplankton were
conducted in May k16—21), Juiy (26-30) and October (09-13)
of 1989. The inclusion of N and P additions facilitated
interpretation of the responses. A 4 1 bulk sample of water
from 0.5 m was transportéd to the laboratory and inoculated
with ["c]-NaHCO, (finallactivity of about 0.008 pCi ml’').
Zooplankton were not removed. Aliquots of the 'c-
-inoculated lake water and ammendments were added to three

250 ml polycarbonate flasks'for each treatment as follows:




control (200 ml lake

+N (200 ml lake

+P (200 ml- lake
N+P (both +N and

25%R.W. (150 ml lake

50%R.W. (100 ml lake

- 16

water)

water + 200 pg 177 NH,*-N)
water + 50 ug 11 PO, 3~P)
+P) ' '

wéter + 50 ml river water)’

water + 100 ml river water)

The river water used for these additions was a 1:1:1 mix of

water from Grayling Créek, Duck Creek and Cougar Creek, the

three inflows to Grayling Arm. Nutrient conqentrations'and

alkalinify were determined for the lake and river water at

the inception of each experiment.

The 250 ml flasks were incubated at the temperature

and light period of collection under cool-white fluorescent

light (150 pmol quanta m? s™). Subsamples from each

replicate were filtered on days 2 and 4 (days 3 and 5 in

May) for determination of '“C-uptake by algae. Size

fractionations (20'um in May and July; . 210 pgm in October)

were accomplished on the last day of each experiment. In-

vivo fluorescence of the phytoplankton in each replicate was

determined. on 3 ml aliquots with a Turner 112 fluorometer

(fitted with standard filters for CHL a analysis) to yield a

relative measure of biomass. Results from river water

treatments were corrected for dilution of biomass and

‘isotope. A fourth replicate was included with each treatment

during the October river water experiment in which

nitrogenase activity and CHL a were measured on day 5.
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Limnocorral Experiments

Two experiments employed larger scale (2000 1)
polyethYlene tubee (limnocorrals) suspended by rafts
anchored'at the Grayling Arm station. The 1.15 x 2.3 m
tubes, constructed out of'clear canvexm-(Raven Industries),
were closed at the bottom and shaped with integral.PVC rings
placed at 1 m intervals. Limnocorrals were filled withlo—l m
water at tne station by submersing tne top and allowing them
to fill as the bottom sank. Thorough mixing_after nutrient

additions and before each sampling was accomplisned with a

~Secchi diek Samples were collected from limnocorrals at 1 m

with an. opaque Van-Dorn bottle Background nutrient samples
were collected at the 1nceptlon of these’ experlments.
Incubations for carbon uptake and n1trogenase activity were
conducted in the same manner as for mesocosm experiments.

lenocorral experiment 1 (03-19 June 1989) 1ncluded two -

enclosures: control (no ammendments) and +N (c.a. 200 ug 1!

NH,*-N) . Additions were made initially and on days 5 and 10
of this 16-day experiment. Samples for photosynthetic C--
uptake, phytoplankton enumeration; and CHL a were collected
on days 1, 3, 5, 10 and 16; and for nitrogenase activity on
days 1, 5 and 10. Photosynthetlc C-uptake was size
fractionated (20 pm) on days 3, 5 and 16.

' lenocorral experlment 2 (29 June-13 July 1989)

employed four‘llmnocorrals, each with a different N:P ratio.

Three limnocorrals were enriched with 280 ug 17 NH,*~-N. P
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‘was adaed.fo each limnocorral at 56, 14 or 7 ug 17" PO,3-P,
respecfively, yielding N:P enrichment ratios of 5:1, 20:1
and 40:1, respectively. The fourth limnocorral was not
enriched and served as a control. Nutrient additiong'Were
made at the beginning of the experimént‘and on days 5 and
10. Samples for phytoplankton photosynthétic C—uptaké, size
fractionated (20 pm)'C-uptaké, nifrogenase activity, CHL a
'concentrétion and phyﬁoplaﬁkton‘enumeratioﬂ wefe collected

on days 5, 10 and 14 from each limnocorral.

Mesocosm Experiments
Fivé day timé—course nutrient enrichment bioassays were
conducted in June, August and.October of 1988 and 1989 in
the Grayiing'Arm. Water wés collected from 0.5 m at a |
étation located in the.deepest'ﬁart of the Grayling Afm and
pfescreened through 280 pm Nitéx netfinq to remove large
zooplankton kexcept in October 1988 and August and October
1989 when prescreening would have removed a large numbef of
" filamentous blue-green élgal agéregates).'For the June and
August experiments, one 20 1 collapsible polyéthylene carboy
(mésocbsm) for each treatment was filled with saﬁple and
suspended in-situ at the station for.the duration of the
experiment. Water for the October experiments was
transported 150 km to oufjlaboratory (dué to 1bgistica1
constraints)-where one mesocosm was incubated for eagh
treatment in an incubatof‘at the temperature and light

period of collection under cool-white fluorescent light (150
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pmol quanta m? s’'). Experiments began en 22 June) 21 August
and 23 October in 1988, and on 19 June, 07 August and 19
October:in 1989. Seven‘nutrieﬁt treatments and an unammended
control were included wifh eech experiment (Table 1). |
Nutfient additions using NH,Cl, KH,PO,, manﬁitol (MANN) and
Na.z'MeO4 (1988 only)were made as a single pulse at the
-‘begipning (day 0) of 1988 experiments and on days'O, 1, 2, 3
and 4 of 1989 experiments. Multiple additions were made in
. /1989 to ensure that the added nutrients were not depleted
during the incubation'period. Chlorophyll a (CHL a),
nutrient concentrations, and phytoplankton primary
productivity ('“cO, uptake) were determined for all |
treatments on each day of the ekperiments..Bbttles for 'co, .
uptake (3 1igﬁt, 1 dark) were incubated for aEeut 4 h near
midday alongéide the treatment miqrocosms. Phytoplankton
sampies were taken from the water used for the experiment
(day 0) and from each ‘treatment at the‘end ef each |

experiment.

statistical Models
Monitoring data were used to build multiple linear
regression models fo facilitate determination of key
' environmental factors regulating N,-fixing blue-green algal
dominance and nitrogenase activity in the Grayiihg Arm. A
statistical text (Neter et al. 1985) wae consulted for
apprepriate‘methdds and'interpretations. The dependent

variables were the arcsine of the square root of the percent
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Table 1. Nutrient ammendments (ng 1@) to water ffom Hebgen
Lake (Grayling Arm, 0.5 m) for mesocosm experiments.

TREATMENT JUNE 1988 AUGUST 1988 OCTOBER 1988
Control | - -- — - - ==
NH*-N 1000 100.0 o 100.0

NO, -N | 100.0 100.0 | 100.0

Mo ' 9.6 9.6 9.6

NO, -N + 100.0 1100.0 : 100.0

Mo . 9.6 9.6 9.6
'PO,%-P 50.0 50.0 50.0
Mannitol (0.5 MAN) 91.1 ' 91.1 ~91.1 }
Mannitol (1.0 MAN)  182.2 ' 182.2 - 182.2 »
TREATMENT | JUNE 1989 AUGUST 1989 OCTOBER 1989
Control . ﬁ'—— - —— - T —— -
NH,*-N 140.0 140.0  140.0

NO, -N o 140.0 140.0 140.0

PO, -P 93.0 : 93.0 - 93.0
NH,"-N + : 140.0 '140.0 140.0

PO, %-P 93.0 93.0 _ 93.0
Mannitol (MAN) 91.1 91.1 91.1
Mannitol +  91.1 91.1 ' 91.1
NH,*=N  (M+N) . 140.0 140.0 140.0
Mannitol + . .91.1 91.1 91.1

PO, *~P (M+P) 93.0 93.0 ‘ 93.0
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N,-fixing blue green algae (%FXBG) and the natural log of
‘the biomass specific rate of'nitrogenase actiQity. One
"primar§ model was constructed for each dependent &ariable
using Grayling Arm data only, because my ekperiments all
manipulated Grayling Arm water. A secondary model for each -
dependent variéble included pertinent data points (those
with values for the dependent variable greater than 0, see.
Appendix 1) from all stations to supplement'the Grayling Arm
.data. This.allowed_me to check the validity of the primary
models. The natural log of the following independent

variables were used in the mbdelling process.

TEMP TP TDN ' NH,'-N:SRP.
SRP NH,*-N DON NO; -N:SRP
TDP NOo;/-N 1IN DIN:SRP

DOP . .DIN , DocC TN:TP
Data used in the models consisted of an areal values
resulting from trapezoidal integfation,of each factor over
the epilimnion (0-5 m) of the water column (seé AppendiX‘i:
integrated values). The only exception waé\tﬂe use of the
mean temperature of the epilimnion. A forward stepwise
regression procedure (Statgréphics version 1.2) was employed
to select variables thét are most closely associaped with
either dependent variable based on an F-ratio eduivalent to
p=0.05. A linear model was produced using. the selected
variables. Residuél plots were examined for random

distribution to assure that proper transformations were
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used. The ridée‘trace procedure was then employed to produce
standardized partial regfession‘coefficiénts that were
adjusted for potential intercorrelétion between independeﬁt
variables. Theée‘standardized cbefficients offer a means of
comparing the relative impb;tance'of each independent

variable in the model.
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RESULTS

Field Monitoring Data

Data collected during routine éampling trips ére .
presented in Appendii 1 (lake station data) and Appendix 2
(inflow and outflow data). These data were collected |
" primarily for sfatistical hodelling, and to intérpret
experimental results in the proper ecological perspective.
These data Will not be diécuséed in detail ﬁeref Graylihg
Arm and Gréyling Arm inflow data aré summariéed in Table 2.
During 1988, blue-~green algae (Cyanophyfa)'in the Grayling

Arm (Fig. 2) were predominated by the N,-fixing species

' Anabaena spiroides until Sepfembér, when Aphanizomenon flos-

agquae became dominant. The majority of blue-green algae were

Anabaena circinalis during June of 1989. In July of 1989,

Aph. flos aguae became dominant and remained so into

October. Anabaena flos-aquae,'Lvnqbva bergei, Microcystis

aeruginosa and Gomphospheria sp. were also identified in

Grayling Arm samples. When N,-fixing blue-green algae were
present at other stations, they were mainly Aph. flos-aquae,
otherwise L. bergei were the predominant blue-green algal

genera. ' -
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Table 2. Mean (range) of all data collected (0 and 1 m only
for PPR and NA) from routine feild monitoring trips for
Grayling Arm and the three Grayling Arm inflows (Grayling,
Duck, and Cougar Creeks). BLD = below limit of detection
(approx. 1 ug 1! for those noted). Phyto = total phyto-
plankton biomass. All in units ug 177 unless noted.

GRAYLING ARM INFLOWS
_SECCHI (m) 1.4 (0.7-2.0) - -
°c - o 13.2 (0.9-20.6) - -
CHL a 16.3 (1.1-275.2) . - -
Phyto 6808  (190-98800) ' Lo -

PPR(pgC 1'n’")  26.0 (2.6-134.7) - -

NA(nmol 1''h"")y 297.1 (0-2582.8) - -

NH-N 11.4 (0.3-57.2) 6.9 ’(BLD-34}9)-
NO; =N 27.1 (1.8—93.5) : 11.9 (2.6-63.0)

‘DIN | _ . 38.6 (2.5-128.9) 18.7 (4.3-90.6)
TDN ' 249.1 (98-530) 115.8 (18-300)
PN 202.1 (22-1535) 29.5 (BLD-157)
™ . 453.2 '(153;2014) 143.7 (38-308)

. SRP 13.0 (1.0-60.4) - 10.4 (1.3-41.5)
TDP ' 33.% (5.2-129.8) 20.4° (4.9-43.6)
PP . 23.4  (6.3-166.8) 8.6 (1.8-31.8)
TP S 57.1 (199.4-14.8) 24.8 (7.0-57.8)
DOC 7370 (2276—73400). 1820 (1020-2920)
PC 1536 (450-15285) 662 (256-1938) .
DIN:SRP (g:g) 3.8 (0.4-16.8) 2.3 (0.6-=7.:5)
TN:TP (9:9) 8.4 (4.0-18.3) ‘_7L6 (2.0-19.7)

PN:PP  (g:q) 7.8 (1.6-21.3) - -
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Experimental Results

03JUN88 Experiment.

At the time of this bioassay, Chlorococcus was the

dominant phytoplankton genus; the 2.0 % blue-green algae

(Cyanophyta) reported for 02JUN88 (Fig. 2) was due to a few

cells of Anabaena at 5 m. Temperature was 11 °C, CHL a 6.3
[TXe| 1!, and PN:PP (g:g) was 5.96 (see. Appendix 1, 02 June
1988 Grayling Arm for other parameters). Uptake of '“c (DPM
ml') was stimulated significantly (p<0.01) by NH; and NH;
plus POA'3 in both the > 20 um and < 20 um fractions. PO,.'3

did not significantly (p>0.05) increase activity.

400
[ WHOLE b
> 20 um

3004+ BXX (20 um -}
!
'E *
- 200+ _

& x|

(o]

1004 3

l %

0 7 | X
CTRL NH ;" PO; >  N+P

Figure 3. 03JUN88 experiment: C-uptake for whole community and
size fractions. ANOVA results (compared to control):
* =p<0.01.
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River Water and Limnocorral Experiments

Initial conditions. Conditions at the inception of each
1989 river water and limnocorral experiment are presented in

Table 3. River water conditions are given for comparison.

May 1989 River Water Exberimeﬁt. Blue~-green algae were
not found in the water used for this experiment. Eﬁrichment
with NH,", NH,* plus PO, (N+P) and 25% and 50% river water
stimulated 'C uptake (Fig. 4) and in-vivo fluoreecence'
(Table 4) significantly (p<0.01). The same treatments
stimulated the < 20 um size fraction photosynthetic aetivity
(Fig. 4). The > 20 pm fraction activity was increased by
_NH," and NH,* plus PO, but not by river water. Addition of

PO,® alone had no effect (p>0.05).

July 1989 River Water Experiment. Stimulation of "¢
uptake (Fig. 5) by Po,? and NH,” plus PO, was significant
(p<0.01). Unreplicated size fractionations showed that both

the > 20 (blue-green algal) and < 20 ugm (mainly

Chrvsophvte)fractions were stimulated by PO{3,'In-vivo
‘ fluorescence (Table 4) was. stimulated (p<0.01) by NH;,‘PO(3
and NH,* plus PO{3. River water additions did not stimulate

phytoplankton in this experiment.

October 1989 R1ver Water Experlment. Rle uptake (Flg

6) was stlmulated 51gn1f1cant1y by NH4, PO'3, 50% river

water (p<0.05) and NH," plus PO, (p<0.01). Uptake in the
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Table 3. Ambient temperature (°C), CHL a (pg 17!) and nutrient

concentrations (pg 17!') of water collected from Grayling Arm
for 1989 River Water (RW) and Limnocorral (LIMNO) experiments.
Phyto (Ana = Anabaena; Aph = Aphanizomenon; Cyc = Cyclotella:;

Dino = Dinobryon)

at the bottom are g:g.

refers to the dominant (comprise > 60% of
biomass) phytoplankton genus or combination of genera. Ratios

MAYRW JULRW OCTRW
L.W. R.W. L.W. R.W. L.W. R.W. LIMNOl LIMNO2

°c 10.0 = - 21.0 - - 10.1 - - 10.4 15.4
CHL a 4.9 - - 88,2 - - 6.8 = - 2.8 17.8
Phyto cyc - - Aph - - Aph - - Dino Ana
NH,'-N 3.3 6.6 2.5 23.0 32.7 9.0 9.7 5.0
NO, -N 47.1 59.0 5.0 33.1 91.3 10.4 6.5 6.7
TDN 134 173 132 96 336 414 158 131
PN - - - - 1014 47 93 33 92 268
TN - - - - 1146 143 429 447 250 399
SRP 13.5 41.5 2.3 25.6 24.1 16.3 8.4 3.7
TDP 22.4 40.4 14.4 52.0 57.2 24.4 14.0 11.9
PP -~ - == =~ - - - 21.4 6.7 15.3 13.7
TP - - - -+ - - 78,6 31.1 29.3 25.6
PC - - - -5704 860 826 330 670 1366
DIN:SRP 3.7 1.6 3.3 2.2 5.1 1.2 1.9 3.2
TN : TP 8.1% - - 6.9% — - 5.5 14.4 8.5 15.6
PN: PP 7.4% = = 11.1% - - 4.4 4.9 6.0 19.6
PC: PN 7.1% - - 5.6 18.3 8.9 10.0 7.3 5.1
PC: PP 52.7% - —  70.8% - - 38,6 49.3 43.8

99.7

* =
days of experiment.

sample not from experiment but from same station within 5
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L1 DAY:3: TOTAL * BX¥ DAY 5: ) 20 um
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Figure 4. May 1989 river water experiment: C-uptake for whole
community and size fractions. 25% and 50% refer to
river water additions. ANOVA results (compared to
control) : *=p>0.01.

Table 4. In-vivo fluorescence results for May and July river
water experiments, and chlorophyll a (#g 1"y and
nitrogenase activity (nmol C,H, (ml h)"') results from
October river water experiment. Number in parenthesis = 1
SE. *=differs significantly from control (p<0.01).

Treatment
River Water
Experiment CTRL NH,* PO, N+P  25%RW  503%RW
May . A 38.6% 21 +9 44 ,3% 25,.5% 3205
(U.28) (0305 S(0.37) + (ORI (0.27)M (OLPX)
July 34,1 52 k% 49 ,9% 54.0% 44 .0 40 L
(1423) .08y  (RaT2) RS . (1. 68) O g aa)
October (CHL a) 8.9 12.6 1357 12.9 12.2 4

(1. 008 " £1408) 5 1 (Y72)  (OVERRE A /T L N0

(NA) 1:26 e 2.18¢; 14D - - 0.77
(0. 18 'RO.30) . (0.25), 4 (011) < (0.522)
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* O ERIDAY 2 TORAL
I DAY 4: TOTAL
BXX DAY 4:) 20 um
DAY 4: ¢ 20 um

- ¥

*

T
e [

IR

CTRL NH;” PO;3 N+P  25% 50%
July 1989 river water experiment: C-uptake for whole
community and size fractions. 25% and 50% refer to

river water additions. ANOVA results (compared to
control): %=p<0.05; *=p<0.01.
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CTRL NHj POFS N+P  25%  50%

Figure 6. October 1989 river water experiment: C-uptake for
whole community and size fractions. 25% and 50%

refer to river water additions. ANOVA results
(compared to control): % =p<0.05; % =p<0.01.
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NH," plus PO,,'3 treatment was significantly (p<0.05) greater
than either the NH,® or PO(,'3 treatments. Only - the < 210 pm

(mainly Chrysophyta and Chlorophyta) size fraction was

stimulatéd sigﬁificantly by addition of NH/, PO,"3 (p<0;05)
and 50% river water (p<0.01). Addition of both NH,” and PO4'3
was required to significantly (p<0.bl) increase uptake.by
the > 210 um (blue;greéﬂ algal) fraction. CHL-Q was not
enhanced.(p>0.05) by any of the treatments. PO4'3 enrichment ) ‘

enhanced nitrogenase activity (Table 4) significantly

(p<0.01).

Limnocorral Experiment 1. Phytoplankton photosynthetic

C-uptake (Fig. 7A) and CHL a (Fig. 7B) increased_

significantly (p<0.01; p<d.05 for day 10 CHL a) in the +N
limnocorral through day 10. Thié enhancement was

substantial, with community carbon uptake exceeding the

control by éix fola-on day 3. Size fractionations on days 3

and 5 showed that both the > 20 (blue-green algal component)

and < 20 um (non-blué—green algal) size fractions were

stimulated by N. No_difference‘frpm the control was detected

" by ANOVA (p>0.05) on day 16. No nitrogenase activity was

detected on day 1, but on day 5 (CTRL=6.3il.26,. . |
4N=o.77io.1é) and day 10‘(CT§L=12.8i0.67, +N=4.9+0.48) i
nitrpgenase activity in the +N treatment was significantly

less than control (p<0.01). Addition of N elicited a

relative increase in_non—blﬁe-green algal biomass compared

ﬁo the control limnocorral (Fig. 8): the blue-green algél
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Figure 8. Limnocorral experiment 1 (June 1989): phytoplankton
biomass and relative distribution by division.
C=control; LK=lake sample.
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.bioﬁass in the.control yielded Qreater total phytoplankton
biomass.tﬁan in +N. The relativé abundancé of Né—fixing
blue-green algae steadily increased 6ver‘the experiment to
60% in the control, but increased to only 10% in the +N
treatment. Phytoplankton samples faken at the same times
from the lake juét outside the limnocorrals showed that the
control community structﬁre wés equivalent to the lake
community by the end of the experiment, partiéularly with

respect to the blue-green algal component.

Limnocorral Experiment 2. Addition of N and P at a 5:1
ratio (g:g) stimulated carbon uptake significantly-(p<0.61)
oﬁ days 5 and 10 -(Fig. 9A). The 5:1 treatment enhanced the
> 20 pm_(blﬁe-green algal component) fraction uptake ;

significantly (p<0.01) on days 5, 10 and 14; the < 20 gm

(mainly Chrysophyta and Cryﬁtophvta) fractioen was"
significantly more active than the cbntrol.on'day 5 (p<0.01)
but significantly -less on day 14 (p<0.01). The rélétive
contribution of carbon uptake by the > 20 pm size fraction
was enhanced by thé 5:1 treatment (Fig. 9B). CHL é was
significantly greater than control (p<0.01) on day 5 -in the
5{1 limnqcorral only (Fig. 10). Thé 20:1 and 40:1 treatments
did not increése carbon‘gptake or CHL a on the days_assayed.
.4Nitfdgenase activity was stimulated significantly by thé 5:1
enrichment on day 5 (pQ0.0S) and day 14 (p<0.05) (Fig. ib). |
The 20:1 treatmént inhibited niﬁrogenase activity on day 10

(p<0.01). By day 10, total phytoplankton biomass had
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Figure 9. Limnocorral experiment 2 (July 1989): (A) C-uptake
(ANOVA results: *=p<0.05; *=p<0.01) and (B) relative
contribution of size fractions. C = control; 5, 20
and 40 refer to 5:1, 20:1" and 40:1 N:P (g:9) .
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Figure 10. Limnocorral experiment 2 (July 1989): CHL a and
nitrogenase activity (ethylene production). ANOVA
results: %*=p<0.05; *=p<0.01. C=control. 5, 20 and
40 refer to the 5:1, 20:1 and 40:1 treatments.

increased 130% in the 20:1 treatment and decreased 30% in
the 5:1 treatment (Fig. 11). The relative abundance of blue-
green algae exceeded the control by three fold in the 5:1
limnocorral and more than two fold in the 20:1 limnocorral

on day 10. Differences in phytoplankton composition between

treatments decreased by day 14.

1988 and 1989 Mesocosm Experiments

Mesocosm Initial Conditions. N,-fixing blue-green algae

dominated the phytoplankton community at the beginning of

all six mesocosm experiments, with Anabaena sp. in June

1988, August 1988 and June 1989, and Aphanizomenon sp. in

October 1988 and August and October 1989 (Table 5). The




3

£
Q

SRS £ s

I\
I
[ |!m
e W///wy//

ENTRe
——

M a7

s

W e

= 1]l T TG SRR 1
© © ~

i R

(spubsnoy|)
AA\olvﬁf<:oi NO IMNVY 1dO 1 AHd

< < <
- b << = <
> > b > I~
: g > Z >
Q o X o T
o o a o a
wn — o o o
> a [ o [ 2
@x > o a2 1S <
= o > °E o >
o @) a ) i O

N \

W M

\ \

\ N

B\ \\\\\\AAANNN
_

a ;
I\

[ ALMMMMNMMNAN
E "
[ 6

= e

SSVAOIG NOIMNVIdOLAHd TVIOL 40 %

TN

o

o

CTRL 5:1 20:140:1

CTRL 5:1 20:140:1

CTRL 5:1 20:140:1

T=0

DAY 10 DAY 14

DAY 5

phytoplankton

biomass and relative distribution by division.

Figure 11. Limnocorral experiment 2 (July 1989):




38

Table 5. Ambient temperature (°C), CHL a (zg 17!) and nutrient
concentrations (pgg 17!) of water collected from Hebgen Lake
(Grayling Arm) for mesocosm experiments. Phyto (Ana =
Anabaena; Aph = Aphanizomenon; Ast = Asterionella; Frag =.
Fragallaria) refers to the dominant (comprise > 60% of
biomass) phytoplankton genus or-combination of genera.
Ratios at bottom are g:g.

1988 . 1989

22 JUN 21 AUG 23 OCT 20 JUN 08 AUG  190CT
e 16.9 22.0 11.5 15.6 19.2 10.1
CHL a 30.3 15.6 144.5 4.5 5.0 48.5
Phyto Ana. Ana Aph Ana Aph " Aph

& Ast & Frag

NH,*-N 3.8 61.1 12.5 9.9 4.2 6.0
NO, -N . 2.6 64.0 5.6 10.2 7.9 94.1
TDN 140 570 - 390 176 " 146 255
PN - - 514.8  299.1 - 1192,2 137.2. 74.2 244.9
TN . . 654.8 869.1 1582.2 - 313.0 220.2  499.9
SRP 2.8 39.1 7.7 18.1 5.1 18.1
TDP 10.4 57.1 22.5 28.0 17.8  38.4
TP e e amem e e 44.9 27.7 ©  84.1
DOC 2834 7012 7749 2839 6960 6552
DIN:SkP‘. 2.3 3.2 - R 2.4 - 1.1 2.4 5.5
TN:TP 12.9% 9.2% 16.7% - 7.0 7.9 5.9
PN:PP 12.5% 8.9%  16.5% 8.1 7.5 5.4
PC:PN 6.6 7.6 6.5 5.5 - 7.5 5.6
PC: PP 80.3% 47.4%  107.5%  45.0 _ 56.5 29.8

* = sample not from experiment but from same station within 5
days of experiment.
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diatoms Asterionella sp. and Fragillaria sp. were cé-
dominant with the blpe-green algaé'in October 1988 and
August 1989, respectively. Dissolved inorganic’hitrogenN(DIN :
= NH,’-N + NO;"-N) and SRP were highest at the beginning of
the August 1988 experiment when the NH,* and NO,” additions
resulted in an 80% enrichment; PO4'3 addition enriched SRP by
125%. Water for all experiments had low (less than 6 by
weight) DIN:SRP ratios; the:lowést was 1.1 for June 19897
Although‘no PP‘samples wefe.taken for 1988 experiments; data
ffom samples‘collécted within a few days of eéch experiment
show tﬁat TN:TP and PNQPP were highest at the start bf the
June and October 1988'experimentsw The highest CHL a

' concentration encountered was -for the October 1988

experiment (144.5 pg 1°'), during an Aphanizomenon bloom.

June 1988 Experiment. Biomass specific rates of carbon

fixation (PPR = ug C (pg CHL a h)°') showed maximum
stimui;tion with P enrichment (Fig. 12A) which was
significantly greater than the unammended control (p<0.01)
fTable 6) . No other treatments wefé'significantly different
‘from the control (p>0.05). CHL a épecific nitrogenase -
activity was stimulated by P for the entire'week (§<0.01)
and by 1.0 MAN on day 2 (p<0.05); no inhibition by N was
detected (Fig. 12C). The PO,.'3 treatment also sigﬁificantly
increased CHL a values relative to the control (p<0.01) with
a maximum 55% increase over coﬁtrol on day 3 (Fig. 12B). No

C-uptake size fractions were conducted and the NO;” mesocosm
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Figure 12. June 1988 experiment: time courses of (A) biomass
specific C-uptake rates (PPR), (B) CHL a and
(C) nitrogenase activity (ethylene production).
See Table 1 for explanations of treatments.




Table 6. Effect of nutrient additions on phytoplankton activity and biomass in
mesocosm experiments. Results of one-way ANOVA coupled with least significant

difference test. PPR
points. CHL

chlorophyll a specific carbon uptake including all time

chlorophyll a concentrations including last two days only. Size

fractionated carbon uptake (i.e.,

= C-uptake of organisms that did not pass

through 20 um mesh). NASE = nitrogenase activity. -- = not different from
unammended control; +,++ = significantly greater than control at P<0.05, P<0.01;
0,00 = significantly less than control at P<0.05, P<0.001, respectively.

ND = no data collected. See Table 1 for explanation of treatments.

JUNE 198.87 AUGUST 1988 OCTOBER 1988
TREATMENT PPR CHL >20 <20 NASE PPR CHL >20 <20 NASE PPR' CHL >20 <20 NASE
NH," S ND ND -- — e b 4t - _7-— + -= 4+ -
NO,~ Lovsr‘r -= == 4+ ++ o + —-= -= 4+ o0
Mo . -~ =—- ND ND -- - mm == == == e R 00
NO;~ Mo = -- -- ND ND -- -- o+ 4 - ++ == —= 4+ o0
PO, - ++ ++ ND ND ++ i P 00
0.5 MAN '~ —— ND ND -- ~~ -- 00 00 -- == == -= o0 00

1.0 MAN ~- =-- ND ND -- -~ -- -- 00 -- + -- -- 00 o0

v




Table 6. (continued)

JUNE 1989 ' AUGUST 1989 - ‘ OCTOBER 1989

TREATMENT PPR CHL >20 <20 NASE PPR CHL >20 %20 NASE PPR CHL >100<100‘ NASE
NH,* 7 ++ 4+ +¥ ++ fole} —— ‘+ ++ ++ 00 o 4+ -— ++ foYe)

NO; B o T o 00 — - ++ A+t o] oo ++ -=  ++ 00
po(3 ; L em i me em e - —_— == 4+ =- + oo -- o -- - 5
NH,* +PO,"? ++ 4+ 4+ 4+ oo ++ ++ ++ ++ 00 ; — 4 —-— -

MAN L mm m= —— e - — - = =% oo -- -- o —
MAN+NH," + 4+ o+ + 00 = = 4 0o -— - - 4+ o
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was lost on day 1. Phytoplankton biomass at the end of the
experiment was higher than control in the PO("3 treatment
only (Fig. 13). Major changes in relative blue-green algal

abundance were not apparent at the end of this experiment.
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Figure 13. June 1988 experiment: phytoplankton biomass by
division. See Table 1 for explanation of
treatments.

August 1988 Experiment. None of the nutrient

ammendments stimulated PPR significantly (p>0.05) with

respect to the control, although all ammendments except Mo
enhanced PPR on day 1 (Fig. 14A). Size-fractionated volume
specific photosynthetic carbon uptake rates (e.g., NH[

>20pum fraction = ug C¢ 17" h'' for phytoplankton in the NH,'

mesocosm that did not pass through 20 ym mesh) were measured
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Figure 14. August 1988 experiment: time courses of (A) PPR,
(B) CHL a and (C) nitrogenase activity (ethylene
production). See Table 1 for treatment details.
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on day 4. Ihe NH,*, NO;” and NO;"+Mo >20 um (blue—greéﬁ algal)
and <20 zm (non—blue—green algal) ffactiohs were
significantly greater than contfol (p<0.05); 1;0 MAN <20 pm-
ang 0.5 MAN >20 pm and <20 pm fractions were significantly
less than control (Fig. 15). Biomass specific nitrogenase
:activity (Fig. 14C) significantly (p<0.01) decreased in all
N additions by the end of the experiment, when the NO{
treatment Qas less than 50% of control; Althoﬁgh ANOVA,
including data for the entire week, did not reveal
significant changes with ﬁahnitol addition (Table 6),
mannitol additions stimulated nitrogenase activity
" significantly (p<0.61) on day 4. CHL a increased
significantly (p<0.01) with NO,+Mo addition (Fig. 14B).
Total phytoplankton bi§mass iﬁcrease was greatest with NH,*
additién; NO{ and NO; +Mo eiicited the greatest decrease in

relative blue-green algal abundance (Fig. 16).

October 1988 Experiment.‘PPR.was stimulated _
significantly by NO;°, NO; +Mo, PO,.'3 and 1.0 ﬁAN‘(p<o.05).for
the entire experiment; other treatments were not
significantly different from the control (Fig. 173, Téble
6). Nitrdgénaselactivity significantly (p<0;01) declined. in
all treatments except NHf, which stimulated nitrogenase
‘activity slightly on the first 2 déys (Fig. 17C). CHL a
increased to over 1.6 times the control with NO,” addition
on day 2 and decreased to control levels thereafter. Only

NH,* enrichment resulted in CHL a significantly greater than




46

60
Bl > 20 um
S0 1 <20 um
Y
|
=
. 20
(0%
o 20 +
s |
10+
N s (1N (I In I
+ - - 3
CTRL NH4 NO3 NO3 LS
+ MANNWOL

Mo
Figure 15. August 1988 experiment: C-uptake for size
fractions. See Table 1 for treatment details.

the control (p<0.05) by the end of the experiment (Fig.
17B) . On day 5, NH,", NO;", Mo and NO; +Mo <20 um (mainly

Chrysophyta) fractions were enhanced significantly (p<0.05),

and both MAN (mannitol) treatments <20 pm fractions were
significantly less than the control (p<0.01). None of the
treatments showed an increase in the >20 um (blue-green
algal) fraction (Fig. 18, Table 6). Phytoplankton biomass
increased with NO;” and NO; +Mo addition and relative blue-
green algal abundance was 20% less than control in the NO;

+Mo treatment (Fig. 19).

June 1989 Experiment. Addition of NH,*, NH,* plus PO,7?

and MAN+NH; stimulated PPR (Fig. 20A) and CHL a (Fig. 20B)
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Figure 18. October 1988 experiment: C-uptake for size
fractions. See Table 1 for explanation of
treatments.

significantly (p<0.05) (Table 6), while POA‘3 and MAN had no
significant stimulatory effect. The PPR and CHL a response
of NHJ and NHZ"'+P04'3 were similar, as were those for NO;° and
MAN+NH,". Size fractionations done on day 5 showed that the

NH,*

., Noy, NH,+PO,"®> and MAN+NH,' <20 um fractions were

significantly (p<0.05) greater than control, as were the

NH,*

.5, NH,'+PO,* and MAN+NH," >20 um fractions (Fig. 21). N

enrichment increased the relative amount of <20 um (mainly

Chrysophyta) fraction uptake and contemporaneously decreased

the contribution of the >20 um (blue-green algal) fraction.

Addition of N inhibited nitrogenase activity significantly
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19. October 1988 experiment: phytoplankton biomass and
relative distribution by division. See Table 1 for
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(p<0.01) in all cases to less than 15% of control by déy 5
(Fig. 20C). Stimulation of nitrogenase activity by‘P'or MAN
was not detected. Phytoplankton biomass was more than three
times the control in NH,*, NH*+PO,®, PO, and MAN+PO,"*;
MAN+NH[ was the only treatment that was not greater than
control (Fig. 22). The relative ébﬁndance of blﬁe—green
algae decreased with N addition (especially NO;") and

increased with PO, addition.

August 1989 Experiment. Stimulation of PPR in the

NH,*+PO,”? treatment was significant (P<0.0l1), whereas no .
significant effect occurred when NH; or PO4'3 was added alone
(Fig. 23A). The response of CHL a was similar (Fig. 23B),
with NH;+P0;3significantly (7 times) greater than the
control (p<0.01).and'NH:.twice the control (p<0.05). On day
3, photosynthetic C-uptake by the >20 um (blue-green algal)

and <20 um (predominantly Chrysophyta) fractions increased

.significantly over the control in all N enrichments

(p<0.01); only the >20 pm fraction was significantly
(p<0.01) stimulated by PO4'3 (Fig. 24, Table 6). The relative
photosynthetic contribution of each size fractiqn changed
with NH[+PO{3 addition which increased carbon uptake in the
<20 pm fraction and decreased it in the >20 um fraction
(Fig. 24). PO{3, MAN+PO4'3 énd MAN enhanced nitrogenase
activity significantly (p<0.01) with both P treatments more
than 220% greater than control on day 4 (Fig. 23C).

Enrichment with N resulted in greatly reduced nitrogenase
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22. June 1989 experiment: phytoplankton biomass and
relative distribution by division. See Table 1 for
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activity in all treatments (p<0.01; p<0.05 for Nb{).
Phytoplankton biomass (Fig. 25) was stimulated‘by'thé
addition of NH,*, NO,” and NH+PO,*. PO,, MAN and MAN+PO, "3

increased, while NH,”, NO;” and NH[+PO{3 decreased the

3

relative abundance of blue-green algae;

October 1989 Experiment. All treatments except NH,*+PO,

and MAN+NH; (which showed no effect) significantly
decreased (p<0.05) PPR relative to the control (Fig. 26A).
Decreased nitrogenase activity was significant following

addition of NH,*, NO;

;5 (p<0.01) (Table 6), MAN+NH,® and

MAN+PO4'3 (p<0.05); other treatments were not significant
(Fig. 26C). Addition of NH,*, NO,” and NH,*+PO,”* resulted in
CHL a significantly (p<0.05) greater than the control (Fig.

26B, Table 6)). N amendments significantly (p<0.01)

stimulated the <100 pgm (mainly Chrysophyta) fraction on day
5, while none of the treatments stimulated the >100 um
(blue-green algal) fraction (Fig. 27). Phytoplankton biomass
in the October 1989 mesocosm experiment showed the greatest
increase with addition of NH;+PO:3 (Fig. 28). No shifts in
relative abundance of blue-green algae were apparent in any

treatment.
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Statistical Models
Multiple linear regression models of'variousr

environmental parameters (independent variables) ana the
dependent variables, % N,-fixing blue-green algae (relative
blue-green algal_abnndance) and nitroéenase activify, are
presented_below..Relative measures of the impornence of eaeh
model and each independent variable, to be discussed later,
are_also presented. Models for Grayling Arm data (A) and the
entire lake (GraylinQ Arm plus all other lake.stations) (B) .

are given for both dependent variables.

P Né—fixinq Blue-Green Algae (%FXBG)

(A)  Arcsin (%FXBG/100)%% = -6.034 + 0.838 1ln (TN) +
. 0.307 In (DIN:SRP)

Adjusted R® = 0.732; n = 22

Standardized partial regression coefficients:

1n (TN) = 0.457
In (DIN:SRP) = 0.277
(B)  Arcsin (%FXBG/100)%° = -2.470 + 0.311 1ln (NO;-N:SRP) +

. 1.089 1n (TP)
Adjusted R?® = 0.525; n = 54 )

Standardized partial regression,coefficients:

1n (NO;-N:SRP) 0.404

l1n (TP) 0.249
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Nitrogenase activity (C,H,): ~nmol CH/(ug BG x h)

(A) 1n (CH,) = -0.677 + 1.861 ln (TEMP) -
0.734 1ln (DIN:SRP)

Adjusted R? = 0.321; n = 21

Standardized partial regression coefficients:

1ln (TEMP) = 0.496
ln (DIN:SRP) = -0.148
(B) ln (CH,) = =-9.032 + 2.057 1ln (TEMP) +

1.223 1In (TP) - 0.768 1ln (NH,'-N:SRP)
Adjusted R?® = 0.288; n = 40

Standardized partial regression coefficients:

1n (TEMP) 0.353

In (TP) 0.206

ln (NH,*-N:SRP) = -0.137
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DISCUSSION

Nutrient Deficiencies

My experiments detected nutrient deficiencies fof
photosynthesis and/or CHL a of the entire phytoplankton
community (i.e., blue-green plus non—blue-green algae) in
all cases. Nitrogen addition most consistently elicited
positive responses, stimuléting community PPR, CHL a,
phytoplankton biomass, or all thrée, in the majority of the.
, experimeﬁts. N-deficiency coﬁld be expected since the
DIN:SRP ratio of the Grayling Arm and its inflows and TN:TP
of-the inflows (Table 2) are uéually below the Redfield
ratio of N:P (7.2:1; g:g) (Redfield 1958).¢Phosphorus was
clearly the deficient nutrient for_phofosynthesis of the
entife community in only three experiments (June 1988,
. Limnocorral 2 and July river watér)‘during Nz-fixing biue-'
green algal blooms whén TN:TP/ PN:PP.and PC:PP were
relatively high (Tébles 3 and 4). Dodds aﬁd Priscu (1990),
working in flatﬁead Lake , Montana, found that predictions
of nutrient deficiency'based on deviatiohs from particulate
C:N:P ratios (g:g:g) of 41:7.2:1 (those which occur dufing
balanced growth) agreed with their long-term bioaséayl
results. My results corroborate their conclusions.

Mannitol treatments, included primarily to examine the

effect of dissolved organic carbon enrichment on nitrogenase
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activity, resulted in stimulation of PPR in only one case
(1.0 MANN, October 1988) without iﬁcreasing CHL a,
nitrogenase actiﬁity or phytéplankton biomass. This may have
been due to increased nutrient cycling by bacteria, owing to
increased activity;'or possibly an undetected increase in
nitfogenase activity. Mannitol had sevérallnegative effects
on carbon uptake (especially the smaller size fraction)
which may also have been due to increased bacterial
(decompositon) activity.

The inclusion of Mo treatments in the 1988 éxperimenté
-was designed to satisfy the requirement of the NO;
reductase enzyme and the nitrogenase enzyme for this
cofactof (Ruetef and Petersen 1987), énd to séparate
responses to Mo from NO;" responses. Mo deficiency has been
shown to 1imit phyoplankton growth in lakes‘and oceans
(Rueter and Peterson 1987); Goldman (1960), for example,
found Mo to be a factor limiting primary:productivity in
Castle‘Lake,'California, and suggested that the N deficiency
there was indirectly due to.Mo deficiency. A study by
Howarth and Cole (1985) conclﬁded that Mo deficiency, which
they found to limit nitrogen fixation and phytoplankton
primary productivity in Baltié‘Sea water, is caused by
inhibition of Mo assimilation‘by high sulfate
concentrations. No substantial changes’fesulted from Mo
enrichment and it Qas therefore omitted from the, 1989

experiments.
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Addition of river water elicited substantial responses
of photosynthesis in Ohly the May'experiment. The result was
similar to that of NH[ add%tion. This is not surprising
since the NH,' concentration of the river water was twiéé
that 6f the GraYling Arm water'(Tablé 3) and separate
nutrient bioaésays showed NH,* to;be deficient in the
Grayling Arm. Even though PO‘4'3 addition stimulated the
phytopiahkton in the July rivef water experiment, and the
river water SRP concentration was 10 times the lake waﬁer,
no positive response of photosynthetic C-uptake resultéd
from river‘waterladdition alone. This suggests that the
river water contained something inhibitory or that some
other factor was made deficient by dilution‘wifh,ri?er
‘water. Both NH,” and PO4'3 cohcéntrations were lower -in the
river water during the October river water experiment, which
explains the lack of stimulation of photosynthesié by river
~water tﬁen. It is evident that nitrogen and phosphofus can
both be of pfimary importance in limitiﬁg phytoplankton
producfion in the Grayling Arm oleebgen Lake, with hitrogen‘
deficiency predominating.

My nutrient biocassay results agree with results
presented in a recent review of experimental nutrient
enrichmenté (Elser et al. 1990). Elser et al. cdhcludéa‘that
nitrogen should not be considered a secondary nutrient in
freshwaters since the frequency of nitrogen versus

phosphorus responses by phytoplankton did not differ, and
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that nitrogen élﬁs phosphorus was often reéuired to‘elicit
substantial phytoplankton growth response (see also Dodds et
al. 1989). The convention that P is the major nutrient |
. controlling primary productivity in freépwater éystéms is
contradicted by a growing body of evidence (e.g., Hecky and
Kilham 1988; Schindler 1975,1977; Smith 1984; Dodds and
Priscu 1990; Priscu et al. 1989). My results also support

the findings of Sommer (1989) that a shallow, hypertrophic

lake dominated by Aphanizomenon was most often N-deficient.
It is impbrtant for limnologists and lake managers to‘
consider both P and N when studying or managing a system.
‘The occurrence of simultaneous N and P deficiency, as
in the August 1989 experiment; was addressed by Dodds et al.
(1989) as attributable to differential N and P deficiencies
for distincf components of the phyfoplanktén community.
Differences in requireménts and competitive ability of algal
species that may explain éontemporaneous N and P deficiency
have been well documented (Tilman et al. 1986). Thg laék of
stimulation of the <20 um fraction with concomitant |
sfimulationAof thé~>20‘pm fraction followiné po, "3 éddition,
and the fequirement for N plus P t§ substantially increase
communit& priméry productivity in the August 1989 experiment
are similar to findings of Dodds et-al. (1989).'Tﬁese'
authors found that while single N of,P'additions stimulated

the phytoplankton community in Canyon Ferry Reservoir,

Montaﬁa, which was dominated by Aphanizomenon, only N
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stimulated productivity when the large filamenfoqs'blue-
green algae were removed. The view_that.different fractions
of the phytoplankton community can be limited by different
nutrients is fﬁrther supported by the’stimﬁlation of C~-
uptake by N addifion in only'thé <20 um fraction in October
1988 and <100 fraction in October 1989 (these fractions
excluded nitrogen fixing blue-green algae). This, and the

concurrent lack of stimulation of the larger size fractions

(primarily‘Aﬁhanizomenon) by N enrichmént'agrees with the’
concept that the ébility to fix atmosphé?ié nitrogen:imparts
a competitive advantage to heterocystous blue-green algae in
N deficient waters (Schindler 1977; Flett et al. 1950). in;
o my exberimehts,on.the Grayling Arm,Avirtﬁally all the blue-
" green algae were heterocystous Né-fixing species. I did,
however, find that both the N,-fixing blue-gfeén and non-
biue-green ﬁortiohs of the commﬁnity could be'N déficient in
terms of photosynthetic C—upfake. The shifts in relafiVe
carbon ﬁptaké towards pon-blug-éreen frqctions in the N
treatments of June 1989 (Fig. 17) and the N+P tréatment-in
August 1989 (Fig; 23) depict increases in growth of the
smaller organisms indicating changes in community structure

following changés in nutrient supply.:

" Relative Blue-green Algal Abundance
Substantial shifts in the relativerimportanCe of
,individual'phytoplankton groups occurred in,mostfexperimeﬁts

after 5 days of nutrient enrichment. Responses included both
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increases in non-blue;greeh algal dominance with N
enrichment, and increases in blue-~green algal dominance with
P enrichment. My nutrlent additions caused 1nc1p1ent changes
in N:P ratios that have been shown to be 1mportant in
controlling blue-green algal domlnance (Sm1th_1983; Stockner
and Shortreed 1988; Pick and Leen 1987; friscq i987),
Observations that N,-fixing blue-gfeen algae tend to become
increasingly dominant as iN;TP drops below about 30 have
been tahen to indicate that the abiiity‘to use atmospheric
N, explains a large part of blue-green algal dominance. This
view was corroborated by our experimente with Grayling Arm
water.‘Stefher (1989) showed experimentally thet competition
for N was strong in Pleesaht Pond, ﬁinnesota; and that
additien of N deereased the dominanhce of blue-green'aigae,
fhrther euggesting the important role of N deficiencf in
promoting blue-green aléal abuhdance. Whole lake
manipulations (Barica et al. 1980; Stockner ‘and Shortreed
1988) have been suceeseful in redﬁciné ot eliminating hlue-
green algal blooms by addition of N (ihcreasing N:P).
Although some of my'experiments showed'increased blue-green
algal C-uptake w1th\N addition, the poss1b111ty of obtalnlng
results s1m11ar to whole lake manlpulatlons by adding N to
the Grayllng Arm of Hebgen Lake is suggested by my
experimental results; |

. The multlple llnear regress1oh models produced for

relative abundance of’ N,-fixing blue-green algae (%FXBG)
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‘showéd positive relationshiﬁs with TN, TP; DIN:SRP and NO, -
N:SRP. The R? for the Grayling Arm model indicaﬁes'that TN
and DIN:SRP explained 73% of the variabilify‘in %FXBG. The
stepwisé regression prodédure on data from all stations
revealed that NO{-N:SRP and TP explained 52% of the $FXBG
variatioﬁ. TN and TP have been shown by other researchers to
be:key factors in influenc}ng_relative biomass of blue—green
aléae. A multiple liﬁear régression anélysisyon data from 22
lakes worldwide (Smith 1986) indicated that TN, TP and -
irradiance are primary contributors to planktonic blue-green
algal relative biomass. The same study aléo showed that ét a
constant light level blue-green algal relative abundahce
increases as the TN:TP ratio decreases, but concluded thét
manipulatipn,by raising influent N:P may not be sufficient
to reduce-blue-green algal dominénce,'and thét redﬁction‘of
TP loaainq may also be necessary. Trimbee and Prepas (1987)(
studying lakes in Alberta, Canada, found that TP was .a
better ﬁredictor of relative blue-green algal biomass than
TN or TN:TP. They refuted the conclusions of Smith (1986),
but ackﬁowledged that differences beﬁween systems may be
responsible. TN and TP were also positively correlated (TN
more strongly) with blue-green algal biomass in é study;df
Florida.lakes (Canfield ef al. 1989).

Although the inclusion of TN and TP in my models
supports the above findingé, thé positive relationéhip of

$FXBG with DIN:SRP and NO,"-N:SRP contradicts the 1iteratufe,
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and my own experimental results. This positive relationship
is probably due to the fact that these ratios did not reach
levels that could deter the domlnance of N, f1x1ng blue- |
green algae NO;"-N:SRP never exceeded 12 in my data set and
DIN:SRP never exceeded 6 (Appendix 1). In my study;
erperimental N additions usually‘resulted-in DIN:SRP ratios
greater than 15:1. It may be that blue—green algae 'can
benefit from increasing amhient N:P ratios up to a level
where they lose the competitive advantage they hold over
other algae when competing in N-deficient waters. This
contenticn‘is not inconsistent with what has been described
by others. In the Experimental LakeslArea (ELA), Canada,
blue-green algae were not dominant at TN: TP ratios'above~30,
but when the ratio was,droppedAto 5 by experiﬁental changes
in loading, N,-fixing blue-green algae became dcminant
(Schindler 1975). Flett (1§80) found that nitrogen fixation
in ELA lakes was induced when the TN:TP'ratio (9:9g). was
reduced to 12, and suggested that this is a ratio below
‘which N,-fixing blue-green algae maf have a competitive
.advantage over ncn—Nz—fixing phytcplanktcn. The experiments
of Barica et al. (1980), discussed”earlier, were done in
lakes domlnated by N,- f1x1ng blue-green algae with TN:TP
ratios usually below 5. The experimental addltlons they
made, which suppressed blue-green algal domlnance, always
resulted in TN: TP ratlcs greater than 30. Smith (1983),

studylng 17 lakes world w1de, concluded that blue-green
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algae tend to be rare in lakes with TN:TP above 29, but also
showed a fﬁll range of blue-green algal relative abundance
covering TN:TP ratios up to fhét level. The occurrence of
blue-green algal dominance in the intermediate range of N:P
ratios between about 5 and 30 have yet to be studied in
depfh and no consistent models exist to describe their
dominance. The disparity in results between my model
predictioné and experimental results‘elﬁcidates fhé need for
multiple appr&aches‘to Qatherihg information to be_used in

making lake management decisions.

Nitrogenase Activity

Nitrogenase acti&ity was cdhsistently reduced by N-
enrichment. This was expected because atmosphericAnitrogeh
fixation is energetically expensive (Carr and Whitton 1982)
and ié not an efficient means of securing N Qhen{it is
available in aﬁ dissolved ionic form. Results showing
depressed niﬁrdgenase activit& with addition of inorgahic N
(NH; and NO;") at concentrations used here are consistent
with those of ﬁost reseafchers. Horne and Fogg (1970) found
N,-fixation in lakes to be confined to periods when NO; -N
was less than 300.pg 1"'. Experiments at Lake Titicaca
(Wurtsbauéh et al. 1985) showed greatlf reduced nitrogenase |
activity with aadition of 70 pg NH,-N 17'@"' in all their
experiments. Wurtsbaugh and Horne (1983),Astudying Clear
Lake, California, showed consistent depression of

nitrogenase activity of Aphanizomenon and Anabaena at NO; -N
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concentrations of about 200 pgg 1°'. Filamentous blue-green
algae in coastal waters of Puerto Rico responded to NH; and

NO;,” additions in the range of naturally occurring

‘concentrations (0-140 pg N 17") with a gradient of

nitrogenase activity depression (Diaz et al. 1990). A recent
review by Horne and Commins (1987) concluded that totél
inorganic nitrogen is the primary regulator of nitrogenase
activity>‘and that nitrogenase activity is usually not
detected until total inorganic ﬁitrogen félls‘below 50-100

pg 1. It is clear that the success of N,-fixing blue-green

‘algae is assured by expending energy on nitrogenése activity

only when availability of dissolved inorganic N is low.
’P-enrichment stimulated nitrogenase activity only in
cases when P-enrichment was found to stimulate phytoplankton
activity. Similar findinds of inconsistent stimulation of
nitrogenase activity by P can be found in the literatufe
(e.g., Wurtsbaugh and Horne 1983; Horne aﬁd Commins '1987;
Wurtsbéugh et al. 1985). Becauseinutriept limitation of
nitrogenase activify can lead to N-deficits in aquatic
systems, Wurtsbaugh et al. (1985) investigated the response
of nitrogenase activity to nutrient additions in subsamples
of water from Lake Titicaca. They detected stimulation by P

(64 pg 1°'a™"y in oniy about half of their experiments, much

"like my study. The review by Horne and Commins (1987) cited

above reported that SRP addition only occasionally

stimulated nitrogenase activity in lakes. Enrichment with P
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at the low rate of 7.0 pg 17'week™ elicited a fiveffold

increase in annual N,-fixation (based on acetylene

‘reduction) in the Bay of Quinte, Lake Ontario (Liéo 1977).

The lack of consistent stimulation of nitrogenase activity

with P enrichment is probably due to limitation by othef‘

environmental constraints such as light, water column

stability,_temperatdrey or micronutrients. When these other

“requirements are met, P can regulate the rate of nitrogenase

activity.
Stimulation of nitrogenase activity following addition
of mannitol occurred in two out of_six cases. Pearl et al.

(1987) consistently stimulated nitrogenase activity with

mannitol, fructose, glucose, sucrose and maltose addition to

coastal North Carolina Waters. They condluded'that'the
stimulatory éffect was probabiy due to development of 02—_
reducéd microenvironments (micfozonesl brought about by
increased bacterial activity; Another possibility is that
blue;greenralgae can utiiize'dissolQéd orgaﬁic c direcfly
for energy that can be utilized sﬁbsequently for-nitrogenasg

activity. The increased nitrogenase activity with mannitol

addition I detected (probably due to lowered O, via

bacterial respiration) did not result in increased’
productivity or biomass of blue-green algae.
My multiple linear regression nitrogenase éctiyity

models corroborate many of the experimental results for N

and P additions discussed above. The negative relationship
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in the Grayling Arm model between DIN:SRP and nitrogeénase
activity is equivalent to depression of nitrogenase activity
with N addition (DIN:SRP reduction). The adjusted R?® for the
model with only Grayling Arm data indicates that temperature
and DIN:SRP ratios togéther explain only 32% of the
variation in NA, but both make a significant contribution to
the model. When data points from the restlof the lake are
included, TP also enters into the model. The independent
Variabies together explain only 28% of the variability in
NA, but the ﬁodel reveals TP as another factor that is
important in detefmining nitrogenase activity rates. Smith
(1990b) manipulated data from several lakes to show that
there is a unimodal relationship between N,-fixation and TP.
Smith found a positive linear relationship up to é TP level
of about 250 ig 17!, above which a negative relationship
occurred. My model‘agrees well with the positive linear
portion of this relationship, but cannot test the
unimodality of it because TP'in the‘Grayling Arm never
exceeded 200 pg 1°'. The negative relationship between
DIN:SRP and nitrogenase activity supports my.experimental
results. Increased DIN:SRP (N addition) decreased
nitrogenase activity,while decreased DIN:SRP (P addition)
increased nitrogenase activity. Research done in
Experimental Lakes Area of Canada lakes (Flett et al. 1980)
concluded that N:P ratios (TN:TP) play a key role in

determining whether or not N,-fixation will occur in lakes.
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Temperature was the most important variable (based on
-standardized partial regression coefficients) in both
models. Torrey and Lee (1976) found significant positive
correlation of nitrogenase activity with temperature and SRP
in Lake Méndota. Priscu (1987) showed strong temperature
dependence of nitrogenase activity in Cahyon Ferry
Reservoir, Montana, and concluded that increased nitrogenase

activity provides Aphanizomenon with a distinct competitive

advantage at higher temperatures. In chemostat experiménts
with Lake Superior phytoplankton, Tilman and Kiesling (1984)
concluded that blue-green algal relative abundance should
increase with temperature.

High water temperature in lakes often leads
stratification which promotes water column stability which,
in turn,'is éonducive to Blue-green algal dominance. The
contribution of_témperature as a factor in determining blue-
green algal dominance emphasizes the need to be aware of
other factoré bésides nutrient leyéls when considering lake
management options to reduce blue-green_aigae. As discussed
in'my infroduction{ and elsewhere in this thesis, many
factors have been shown to infiuence blue-green algal
dominance. Even though I have shown that ﬁutfients‘are very
important, other factors may be more important in a given
situation. For example, blue-green algal biomass in four
North Carolina reservoirs was frequently lower than would be

predictéd by published models because of high concentration
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of non-algal turbidity (Smith 1990). Blue-green aléal
bouyancy, thought to be a very important characteristic in
promoting their dominanéé, may be overcome by turbulence
(Priscu 1987). I chose to study the influence of nutrients
because our capability of controlling the input of nutrients
to water bodies makes them likely candidates in developing

plans to control blue-green algae.

Conclusion
I have shown that nutrient inpufs are important in
éontrolliﬁg‘phytoplankton producti§ity, standing crop,
community structure, and nitrogenase éctivity in Hebgen
Lake, Montana. It ié iﬁperative to understand the effects of
changeé in‘nutrient_supply to underﬁake successfully any
nutrient removal brpgram to control eutrophication,'or aﬁy:
nutfient addition program aimed at increasing lake or
reservoir productiviﬁy. If a nutrient is in ample supply
(deficiency cannot be detecfed by experimental bioassays)
then.enrichment-with (or removal of) that nutrient may not
increase (or decrease) the productivity of the system.

My experimental results indicate that control of
Anabaena and Aphanizomenén in the Grayling Arm hay be
ppssible by fertilization with N. However, my model results
indicate that N enrichment may also increase biue-gfeen
‘algal biomass and might_intensify blue-green algal blooms
there. Furthermore, N-enrichmgnt may stimulate macrophyte

growth in the Grayling Arm that can lead to nuisance
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macrophyte levels while concomitantly stripping N from the
water column, rendering N-enrichment useless in the control
of.planktonic blue-green algae.

' In summary,‘my study re&ealed nutrient deficiencies of
phytoplankton photosynthesis in all éases, although simple
trends were not always evident. Nitrogen was found fo be .
‘limiting photosynthetic C-uptake and biomass more often than
phosphorﬁs, but phosphorus was also important in several
cases when added alone or in conjﬁnstion with nitrogen. The
blue-green and non-blue—green:components of the community
'showed'different responses to nutrien£ enrichmeﬁts. The non-
blue-green component was N-deficient more ofteén than the
>blue—green component whereas the latter was often stimulated
. by P addition, though-the blue-green component was also |
stimulated by N enrichment in some cases. Organic carbon
enrichment did not result in any consistent shanges in
productivity, biomass or communify structure, but did
stimulate nitrogenase activity in certain cases. Nitrogsnase
activity was depressed by N addition consistently and
stimulatea by P addition oscasionallyg N addition promoted
changes in the phytoplankton community structure in the
direction of non-blue-green dominance, and P addition
increased blue-green algal dominancs. However, because N-
deficiency is important in controlling phytoplankton
(including blue-green algal) productivity in the G;ayling

Arm, and because of other possible problems discussed above,




"

78
N-enrichment is not suggested. My data lead me to conclude

that nuisance blue-green algal blooms in-the Grayling Arm of

- Hebgen Lake could be reduced by removal of P from inflowing

waters (instead of addition of N) to increase the N:P ratios
to a level where the N,-fixing blue-green algae lose their
competitive advantage over the more béneficial~eucaryotic

phytoplankton.
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TABLE 7. KEY TO SYMBOLS USED TO PRESENT DATA.

DEFENITION

% B.G.

SYMBOL

SRP SOLUBLE REACTIVE PHOSPHORUS

0P TOTAL DISSOLVED PHOSPHORUS

DOP DISSOLVED ORGANIC PHOSPHORUS (DOP = TDP - SRP)
PART-P  PARTICULATE PHOSPHORUS

TOT-P TOTAL PHOSPHORUS (TOT-P = TDP + PART-P)

NHG-N AMMONIUM NITROGEN

NO3-N NITRATE NITROGEN

DIN DISSOLVED INORGANIC NITROGEN (DIN = NH4-N + NO3-N)
DN TOTAL DISSOLVED NITROGEN '

DON DISSOLVED ORGANIC NITROGEN (DON = TON-#DINY.
PART-N PARTICULATE NITROGEN '

TOT-N TOTAL NITROGEN (TOT-N = TON + PART-N)

DoC DISSOLVED ORGANIC CARBON

PART-C PARTICULATE CARBON

PPR PRIMARY PRODUCTIVITY (PHOTOSYNTHETIC CARBON UPTAKE)
CHL a CHLOROPHYLL a

PHYTBIO PHYTOPLANKTON BICMASS

B.G.BIO BLUE-GREEN. ALGAL BIOMASS

FIXING ' .

B.G.BIO  ATMOSPHERIC NITROGEN FIXING BLUE-GREEN ALGAL BIOMASS
nmol c .

C2H4/ N

L*h NITROGENASE ACTIVITY (ACETYLENE REDUCTION)

% 8.G. % OF TOTAL PHYTOPLANKTON BIOMASS COMPRISED OF BLUE-GREEN ALGAE
FIXING

% OF TOTAL PHYTOPLANKTON BIOMASS COMPRISED OF N“2-FIXING BLUE-GREEN ALGAE




91

TABLE 8. GRAYLING ARM 1988 DATA.

TDN
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NO3-N
(ug/t)

NH4-N
(ug/l)

TOT-P
(ug/l)

PART-P

DOP
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(ug/l)

SRP
(ug/Ll)
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TABLE 8. GRAYLING ARM 1988 DATA (continued).
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: FIXING nmol

DATE PART-N  TOT-N DOC  PART-C PPR  Chl a PHYTBIO B.G.BIO B.G.BIO  C2H4/
-DEPTH(m) (ug/l)  (ug/l) . (mg/l)  (ug/l) wugC/l*h  (ug/l) (ug/l) (ug/l) (ug/L) L*h
13MAY-0m 64.7 234.7 1251.2 4.10 2.6 . . 0.0
-1m 36.1 206.1 799.6 4.00 2.5 . . 0.0

-3m 74.2 234.2 1120.5 1.60 3.0 . . - 0.0

-5m e . . . . . . . .
20MAY-0m 27.3 157.3 . 737.8 . 1.1 558.0 0.0 0.0 0.0
-1m 42.4 192.4 . 1095.0 . 1.5 . . . 0.0

-3m 48.6 248.6 . 1104 - 1.8 1655.0 0.0 0.0 0.0

-5m 40.5 180.5 . 1262.3 . 0.9 1976.4 30.7 30.7 0.0
02JUN-0m 74.6  324.6 2.8  584.7 6.33 6.3 2305.1 0.0 0.0 23.8
-1m 79.5  229.5 . 607.1 6.76 2.9 . . . 146.7

-3m 77.0  297.0 2.6 573.9 2.13 3.0 . . . 16.6

-5m 71.9  201.9 2.7  820.7 0.28 4.0 15969.4 ° 360.6  360.6 12.8
16JUN-Om  183.9  343.9 2.8 1180.1 19.05 4.7 2579.9 0.0 0.0  540.6
-im 141.7  331.7 . 1026.0  24.53 10.1 . . . 496.1

-3m  140.6  350.6 2.7 1017.1 1.61 7.2 3595.7 1357.7 - 1357.7  209.8

-5m 33.4 153.4 2.4 450.0 0.18 2.8 2702.1 1558.4  1558.4 679.0
30JUN-0m 405.6 635.6 2.8 2569.7 15.30 9.6 6632.6 6349.0 6349.0 257.5
-1m 373.6 703.6 . 2261.9 39.40 6.1 . . . 508.0

-3m 359.3 559.3 3.2 2114.3 7.50 7.8 6663.4 5424.5 5424.5 240.3

-5m 281.5 511.5 2.7 1821.1 -0.20 7.2 3892.1 3300.3 3300.3 150.9
14JUL-0m 200.1 470.1 2.9 1309.0 12.00 5.9 9086.0 7142.0 4894.0 50.2
-1m 290.0 540.0 . 1565.5 23.10 11.2 . . . 54.1

-3m 215.7 475.7 2.7 1367.6 7.80 9.8 3511.5 1916.0 1594.8 56.4

-5m 202.7 412.7 2.7 1265.0 0.90 8.1 3353.1 2111.1 21111 12.3
28JUL-0m 214.9 414.9 3.1 1471.8 32.60 111 2448.4 797.9 797.9 225.2
-1m 219.1 469.1 . 1519.0 31.90 16.4 . . . 243.9

-3m 203.9 433.9 2.9 1462.5 6.70 14.8 2846.8 1311.8 1270.1 105.0

-5m 214.3 454.3 3.0 1429.6 1.30 15.5 4782.3 2392.5 2392.5 41.2
17AUG-0m  1484.1  2014.1 4.6 7902.4 101.20 116.8 3290.4 3275.9 3275.9 1159.9
-im 809.4  1189.4 . 4373.4  28.20 86.7 . . . 632.2

-3m 751.5 1181.5 5.8 4241.8 1.40. 85.1 3475.4 3382.7 3382.7 184.8

-5m, 105.5 575.5 6.0 1234.7 0.00 8.8 514.5 451.1 451.1 0.2
09SEP-0m .70.9 470.9 6.4 921.2 12.60 3.7 1031.9 471.1 471.1 6.5
-1m 47.8 467.8 . 841.4 14.60 4.5 . . - 5.5

-3m 41.9 451.9 5.5 771.6 5.80 3.0 1154.1 224.0 224.0 3.3

-5m 32.6 542.6 6.5 728.5 0.40 2.7 319.7 85.0 85.0 0.2
010CT-0m  1534.9 1794.9 2.3 9038.3 22.10 151.5 35492.1 33595.1 33595.1 560.8
-1m 39.4 319.4 962.8 16.50 13.9 . . . 35.8

-3m 22.4 332.4 2.5 680.0 4.40 3.9 1543.3 0.0 0.0 8.3

-5m 86.7 436.7 6.6 799.5 0.10 1.2 411.0 0.0 0.0 0.2
220CT-0m 23.9 . 5.1 886.1 7.70 5.8 2108.3 0.0 0.0 42.4
-1m 35.1 445 .1 1128.5 13.80 5.4 . - . 4.7

-3m 41.6 351.6 4.4 1078.3 2.10 5.6 3249.0 177.6 177.6 5.4

-5m 23.6 293.6 4.0 905.3 0.40 2.9 1210.2 0.0 0.0 9.5
04NOV-0m 54.5 364.5 2.6 811.0 . 3.9 902.6 278.0 278.0 .
-1m 40.5 390.5 699.3 3.3 . . . .

-3m 75.7 375.7 2.9 176.6 4.3  1035.9 0.0 0.0 .

-5m 32.3 362.3 3.1 820.8 3.2 . . . .




TABLE 9. GRAYLING ARM 1988 DATA INTEGRATED 0-5 METERS.
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TEMP SRP TOP DoP PP TOT-P NH4-N NO3-N DIN TDN
DATE AVG mg/m*2 mg/m*2 mg/m*2 mg/m*2 mg/m"2 mg/m*2 mg/m"2 mg/m*2 g/m™2
13MAY88 1M1.1 3.03 15.66 12.63 52.73 68.39 4.52 7.10 11.62 0.50
20MAY88 10.37 16.80 48.46 31.67 84.38 132.84 73.69 15.19 88.88 0.83
02JUN88 10.97 33.21 50.96 17.76 64.13  115.09 11.51 10.66 22.17 0.92
16JUNB8 16.14 14.87 50.96 36.09  69.57 120.52 29.06 13.20 42.26 0.91
30JUN8B8 18.60 13.46 '238.66 225.20 129.97 368.63 46.42 22.72 69.14 1.24
144UL88 18.53 17.35  107.14 89.79 121.63 228.77 79.52 61.90 141.41 1.24
28JUL88 19.84 8.68 110.59 101.91 124.11 234.70 30.42 17.77 48.19 1.18
17AUG88 17.68 73.02 496.23 423.22 358.55 854.79 94.21 50.13 144.34 2.17
09SEP88 . 293.79 395.02 101.24 58.99 454.01 164.63  440.02 604.65 2.16
010cT88 10.88 139.39 190.09 50.71  101.44 291.53 48.86 175.39 224.25 1.52
220€T788 8.80 158.79 205.94 47.15 66.07 272.01 85.13 256.86 341.99 1.71
04NOV88 5.00 131.34 170.30 38.96 67.40 237.70 87.46 308.83 396.28 1.61
FIXING umol
PART-N TOT-N poc PART-C PPR CHL a PHYTBIO B.G.BIO B.G.BIO C2H4/
DATE mg/m*2 mg/m*2 = g/m*2 g/m*2 mgC/m*2  mg/m"2 g/m*2 g/m*2 a/m*2 m*2*h
13MAY88 160.70  660.70 2.95 9.65 8.04 . . . 0.00
20MAY88 214.95 1044.95 . 5.49 . 7.24 6.95 0.03 0.03 0.00
02JUN88 382.45 1302.45 | 13.33 3.17 17.85 17.34 45.69 0.90 0.90 79.92
16JUNB8 619.10 1524.10 13.30 461 49.72 34.77 15.56 4,95 4,95 2113.08
304UNB8  1763.30 3003.30 14.85 10.70 81.95 36.67 30.50 26.39 26.39 1522.20
14JUL88  1169.15 2409.15 13.73 7.00 57.15 47.36 25.76 17.61 13.44  231.35
28J4UL88  1058.20 2233.20 = 14.83 7.37 78.85 75.25 15.57 6.87 6.76 729.64
17AUG88  3564.65 5729.65 27.37 20.23 95.70  367.55 14.14 13.82 13.82 1898.04
09SEP88 223.55 2383.55 - 29.85 3.99 40.20 17.38 4.75 1.35 1.35 18.30
010CT88 958.05 2478.05 16.35 8.12 44.70  105.66 23.56 16.80 16.80 350.87
220CT88 171.40 1886.95 22.78 5.20 29.15 25.10 12.50 0.44 0.44 48.63
04NOV8E8 271.70 1881.70 14.16 4,63 . 18.63 4.98 1.45 1.45 - .
FIXING
DATE % B.G. % 8.G. DIN:SRP TN:TP PN:PP NO3:SRP
13MAY88 . . 3.83 9.66 3.05 2.34
20MAY88 0.44 0.44 5.29 7.87 2.55 0.90
02JUN88 1.97 1.97 0.67 11.32 5.96 0.32
16JUNBS 31.83 31.83 2.84 12.65 8.90 0.89
30JUN8B8 86.51 86.51 5.14 8.15 13.57 1.69
144UL88 68.38 52.17 8.15 10.53 9.61 3.57
284UL88 44,11 43.44 5.55 9.52 8.53 2.05
17AUG88 97.76 97.76 1.98 6.70 9.94 0.69
09SEP88 28.44 28.44 2.06 5.25 3.79 1.50
010CcT88 71.30 71.30 1.61 8.50 9.44 1.26
220CT88 3.55 3.55 2.15 6.94 2.59 1.62
04NOV88 29.17 29.17 3.02 7.92 4.03 2.35
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TABLE 10. MADISON ARM 1988 DATA.

SRP
Cug/l)

TEMP

DATE

(ug/l)

-DEPTH(m) (deg C)
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TABLE 10. MADISON ARM 1988 DATA (continued).
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FIXING nmol
DATE PART-N TOT-N poc PART-C PPR chl a PHYTBIO B.G.BIO B.G.BIO C2H4/
-DEPTH(m> (ug/l) (mg/l) (mg/l)  (ug/l) wugE/l*h  (ug/l) (ug/l) (ug/l)  (ug/L) L*h
20MAY -0 18.7 130.0 1137.4 1.0 2423.6 61.8 61.8 0.0
-1 39.9 360.0. 743.3 1.0 . . . 0.0
-3 15.1 690.0 975.9 1.2 999.1 0.0 0.0 0.0
-5 15.9 510.0 812.8 3.0 2440.2 0.0 0.0 0.0
-10 . . . . . . . 0.0
02JUN -0 49.2 190.0 422.0 . 2.9 858.2 0.0 0.0 0.0
-1 50.5 150.1 719.1 5.20 3.2 . . . 0.0
-3 40.9 250.0 604.7 2.50- 2.3 1439.7 0.0 0.0 0.0
. ~5 21.0 150.0 425.9 0.60 1.8 484.2 0.0 0.0 0.0
-10 . . . . . . . . 0.0
16JUN -0 39.1 160.0 531.6 2.32 0.5 259.8 0.0 0.0 0.0
-1 34.2 130.0 445.8 3.59 1.0 . . . . 0.0
-3 34.9 190.0 421.8 4.56 1.2 2312.5 361.4 0.0 0.0
-5 38.2 130.0 472.2 4.09 0.4 2266.6 545.4 51.2 0.0
-10 21.9 110.0 463.2 0.18 1.0 . . . 0.0
30JUN -0 31.9 190.0 - 394.0 2.92 1.3 755.5 0.0 0.0 31.5
T 45.9 190.0 395.8 4.83 1.5 . . . 5.3
-3 54.5 130.1 433.8 5.35 1.7 446.4 0.0 0.0 2.7
-5 61.1 130.1 489.2 4.58 2.4 2530.4 1686.3 0.0 0.0
-10 49.7 120.0 362.5 0.44 4.3 . . . 0.0
144UL -0 105.4 120.1 974.9 . 6.6 720.7 500.9 ©19.1 .
’ -1 85.9 180.1 804.2 . 5.1 . . . .
-3 95.2 180.1 914.7 . 5.4 3052.6 2380.6 148.3
-5 84.6 150.1 787.5 4.6 1442.3 1130.8 30.7
-10 32.0 160.0 481.2 . . . . . .
28J4UL -0 93.4 150.1 917.2 8.12 6.0 3059.8 2810.5 0.0 182.4
-1 101.5 190.1 952.6 10.18 7.6 . . .. 170.0
-3 91.0 150.1 843.3 8.82 4.4 799.9 240.9 0.0 59.2
-5 89.4 140.1 . 872.7 3.40 . 5.1 4323.7 3731.2 0.0 181.6
-10 52.3 130.1 . 629.7 0.11 1.6 . . . 13.3
17AUG -0 63.4 190.1 . 724.8 11.40 6.3 1351.8 770.9 0.0 21.5
-1 113.2 210.1 840.6 18.06 13.4 . . . 0.2
-3 88.2 220.1 974 .6 13.77 4.0 1357.1 240.9 0.0 15.7
-5 55.5 230.1 863.7 5:10 3.7 1353.1 0.0 0.0 16.5
-10 61.0 90.1 691.6 0.23 2.6 . . . 0.2
09SEP -0 142.6 190.1 1035.3 14.96 4.8 1093.3 880.4 880.4 11.0
-1 96.7 . 808.4 15.69 6.4 . - . . 3.4
-3 62.1 180.1 711.9 12.51 6.1 T . . 4.4
-5 80.6 160.1 875.8 4,96 6.8 4729.2 2801.3 231.7 3.6
-10 126.5 170.1 1057.2 0.32 6.8 ' . . . 0.2
010CT -0  2487.3 . 13725.0 38.86 203.7 38615.1 38615.1 38615.1 914.7
-1 123.5 1183.6 13.84 15.1 . . . 300.0
-3 134.6 992.6 8.61 7.7 1905.7 919.0 919.0 26.1
-5 63.0 645.7 1.80 3.6 12644.2 1451.9 1451.9 8.6
. -10 33.3 . 670.5 0.51 7.7 . . . 3.3
220CT -0 19.4 170.0 730.9 . 6.1 2296.4 0.0 0.0 .
-1 22.0 180.0 771.3 . 4,8 . . . .
-3 37.6 160.0 984.5 5.3 1666.5 92.7 92.7 .
-5 31.5 160.0 883.4 7.9 5884.8 85.0 85.0 .
-10 54.9 220.1 874.5 6.4 . . .
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TABLE 11. MADISON ARM 1988 DATA INTEGRATED 0-10 METERS.

TOT-P

TEMP . SRP TOP DOP PP NH4-N NO3-N DIN - TDN
DATE AVG mg/m*2 mg/m"2 mg/m*2 mg/m*2 mg/m*2 mg/m*2 mg/m*2 mg/m*2 g/m*2
20MAY88 9.41 8.09 84.62 76.53 47.50 132.12 11.28 15.40 26.67 2.50
02JUN88 10.27 14.67 33.63 18.96 40.59 74.22 10.34 9.79 20.13 0.97
16JUNB8 14.45 31.59  111.47 79.88 48.90 160.36 209.35 22.45 231.80 1.39
30JUNB8 17.11 36.70 207.53 170.83 52.14  259.66 . 39.74 . 1.40
14JUL88 17.37 43,41  147.89 104.48 76.43  224.31 60.47 33.43 93.90 1.62
28JUL88 19.39 30.59 226.36 195.77 106.85 333.20 86.68 29.47 116.15 1.48
17AUG88 17.61 55.75 283.66 227.91 124.54 408.20 119.70 38.09 157.79 1.88
09SEP88 15.64 57.98 237.46 179.48 147.08 384.54 156.84 48,70 205.53 1.72
010cT88 12.16 23.59 121.20 97.62 121.88 243.08 53.64 39.74 93.38 .
220CT188 10.00  106.61 163.48 58.74 73.28 236.76 35.53 55.73 91.26 1.79
. FIXING umol
PART-N TOT-N DOC PART-C PPR CHL a PHYTBIO B.G.BI0 B.G.BIO C2H4/
DATE mg/m*2  mg/m*2 g/m*2 g/m*2 mgC/m*2  mg/m*2 g/m"2 g/m*2 g/m*2 - m*2*h
20MAY88 115.30 2610.30 . 4,45 . 7.40 8.57 0.09 0.09 0.00
02JUN8S 203.15 1173.15 . 2.92 16.00 12.55 5.37 0.00 0.00 0.00
16JUNBS 329.10 1714.10 . 4.59 30.43 7.93 8.44 1.45 0.05 0.00
30JUN8B8 531.90 1926.90 . 4,28 36.53 25.44 4.78 1.69 0.00 29.00
144UL 88 748,05 2363.05 . 7.48 . . 10.15 7.83 0.43 .
28JUL88 824.60 2299.60 . 8.20 49.13 4497 10.91 8.55 0.00 1133.60
17AUG88 724 .65 2604.65 . 8.32 78.74 50.93 6.77 1.76 0.00 100.63
09SEP88 938.90 2687.50 . 8.86 74.18 65.21 14.56 9.20 2.78 32.65
010CT88 2001.85 . . 14.56 64.99 171.73 75.33 61.67 61.67 997.89
220CT88 365.40 2150.40 . 8.77 . 64.42 13.50 0.32 0.32 .
FIXING ’
DATE % B.G. % B.G. DIN:SRP TN:TP PN:PP NO3:SRP
20MAY88 1.08 1.08 3.30 19.76 2.43 -1.90
02JUN8BS 0.00 0.00 1.37 15.81 5.00 0.67
16JUNBS 17.17 0.61 7.34 10.69 6.73 0.71
30JUN8BS 35.28 0.00 . 7.42 10.20 1.08
14JUL88 77.14 4.24 2.16 10.53 9.79 0.77
28JUL88 78.34 0.00 3.80 6.90 7.72 0.96
17AUG88 25.96 0.00 2.83 6.38 5.82 0.68
09SEP88 63.23 19.10 3.54 6.99 6.38 0.84
010CT88 81.87 81.87 3.96 . 16.43 1.68
220CT88 2.37 2.37 0.86 9.08 ° 4.99 0.52
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TABLE 12. MID LAKE 1988 DATA.

. TDN
(mg/1)

DIN
(ug/l)

NO3-N
(ug/l)

NHG-N
(ug/L)

T07-P

PART-P
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(ug/L)
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- Cug/b)

SRP
(ug/L)

TEMP

DATE

(ug/t)

(ug/ L)

~DEPTH(m) (deg C)
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TABLE 12. MID LAKE 1988 DATA (continued).

DATE TEMP SRP TOP DOP  PART-P TOT-P NH4-N NO3-N DIN TON
-DEPTH(m) (deg C)  (ug/l)  (ug/l)  (ug/ly  (ug/l)  (ug/l)  (ug/l)  (ug/l)  (ug/l)  (mg/l)
09SEP -0 16.5 5.5 15.6 10.1 1.4 26.9 8.4 2.6 11.0 0.23
-1 -16.5 3.7 15.6 11.8 1.7 27.3 6.7 2.6 9.3 .

-3 16.5 4.6 15.6 11.0 1.1 26.6 6.7 2.6 9.3 0.15

-5 16.5 3.7 15.6 11.8 10.2 25.7 8.4 2.6 1.0 0.24

-10 16.5 4.6 15.6 11.0 9.2 24.8 10.9 2.7 13.6 0.28

-15 16.2 8.1 19.1 10.9 7.2 26.2 38.7 2.6 41.4 0.22

-18 13.5 123.2 170.7 47.5 74,00 244.7 587.7 2.6 590.3 0.32
010CT -0 14.0 8.0 17.2 9.3 10.1 27.4 30.7 6.1 36.7 0.19
-1 13.2 8.0 17.2 9.3 10.7 27.9 24.8 6.0 30.8 0.19

-3 12.8 8.0 22.5 14.5 15.0 . 37.5 . 6.1 . 0.21

-5 12.6 8.8 19.0 10.1 10.4 29.4 31.5 6.3 37.9 0.21

-10 12.4 7.1 20.8 13.7 8.7 29.5 34.0 6.3 40.4 0.22

-15 12.2 6.2 20.8 14.5 7.9 28.6 30.7 6.4 37.1 0.21
220CT -0 10.8 9.5 29.6 20.0 9.5 39.1 22.0 4.5 26.4 0.16
-1 10.8 12.3 19.0 6.7 11.6 30.6 20.2 4.4 24.7 0.22

-3 10.8 13.2 19.0 5.8 10.5 29.5 18.5 4.4 22.9 0.20

-5 10.8 6.4 11.9 5.6 8.5 20.4 22.7 5.9 28.6 0.20

-10 10.8 6.4 11.9 5.6 1.7 3.7 20.2 6.0 26.1 0.21

-15 10.8 7.3 1.9 4.7 7.8 19.7 20.2 6.1 26.3 0.19
04NOV -0 8.2 6.9 15.6 8.7 10.7 26.2 15.3 | 5.5 20.7 0.21
-1 8.2 5.9 19.1 13.2 12.9 32.0 16.2 8.8 25.0 0.19

-3 8.2 5.9 20.8 14.9 8.6 29.5 15.3 3.5 18.8 0.20

-5 8.2 4.1 20.8 16.8 10.8 31.7 15.3 3.2 18.5 0.20

-10 8.2 5.0 13.8 8.8 8.3 22.1 16.2 3.7 19.8 0.20

-15 8.2 5.9 12.0 6.1 9.0 21.0 15.3 2.8 18.1 0.20




TABLE 12. MID LAKE 1988 DATA (continued).
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525.7

) , FIXING
DATE PART-N  TOT-N PART-C PPR  Chl a PHYTBIO B.G.BIO B.G.BIO
_ -DEPTH(m) (ug/l)  (ug/l) (ug/l) ugC/l*h (ug/ty  (ug/ly  (ug/l)
20MAY -0 46.3 416.3 722.0 1.7 373.6 0.0 0.0 0.0
-1 52.2 852.2 504.4 1.3 . . . 0.0
-3 46.5 . 920.1 1.9 1261.3 0.0 0.0 0.0
-5 49.3 . 640.7 1.7 1891.5 0.0 0.0 0.0
=10 48.1 198.1 693.4 2.9 950.9 0.0 0.0 0.0
=15 42.9 142.9 657.7 . 1.8 . . . .
02JUN -0 15.9 165.9 434.2 2.04 1.2 . . 0.0
-1 17.7 177.7 .230.7 . . . . . 0.0-
-3 20.4 140.4 296.0 2.09 1.2 554.8 0.0 0.0 0.0
-5 22.8 212.8 380.2 0.99 1.3 25111 0.0 0.0 0.0
-10 14.8 164.8 . 181.4 0.04 0.5 138.1 35.2 19.2 0.0
=15 28.5 208.5 . 414.9 0.01 . . . 0.0
16JUN -0 33.6  163.6 . 506.5 1.56 0.3 1855.6 388.0 117.7 0.0
-1 33.5  163.5 . 479.3 2.48 1.6 . . - 0.0
-3 35.4 165.4 .9 411.5 3.27 1.4 1790.9 578.2 0.0 0.0
- -5 44.7 . .9 450.5 3.44 3.1 1923.6 0.0 0.0 0.0
-10 36.0 . . 3735 0.46 2.1 2319.6 0.0 0.0 0.0
-15 11.8 141.8 . 521.3 0.04 0.8 . . 0.0
-20 18.3 198.3 . 432,5 7 . 0.1 . . . .
304UN -0 66.0 166.0 .9 529.7 3.65 2.9 1874, 1204.5 0.0 42.1
-1 79.9 - 199.9 . 575.7 10.99 3.0 . . . 0.0
-3 96.0 206.0 .9 792.9 = 12.75 2.6 798.7 0.0 0.0 90.5
-5 83.2 223.2 .8 723.7 8.63 3.0 524.4 230.2 69.6 26.7
-10 65.0 165.0 .0 511.9 0.74 2.6 763.4 12.8 12.8 0.0
-15 38.5 . . 390.6 . 1.2 . . 0.0
-20 111.0 341.0 . 905.9 . 2.0 . . .
144UL -0 160.5 330.5 1436.1 3.47 1.4 927.9 724.2 81.8 5.
-1 155.8 325.8 . 1409.7 10.76 1.1 . . . 23.
-3 170.5 420.5 .5  1505.7 14.25 7.7 1398.3 803.0 0.0  66.
-5 171.1 341.1 .2 1354.9 9.12 10.3 2228.9 1284.8 0.0 30.
-10 70.7 250.7 " 733.4 0.36 12.8 1876.3 1B46.9 0.0 0.
-15 21.3 = 261.3 475.8 0.50 5.1 . . . 0.
28J4UL -0 106.9  '246.9 929.0 9.23 9.8 2703.8 2584.9 1534.0 .
-1 85.4 285.4 854.8 13.37 5.7 . . .
-3 129.0  329.0 2. 1255.3 8.01 8.2 3081.3 2625.8 0.0
-5 161.8 311.8 2. 1461.8 4.62 4.4 2969.6 1930.8 0.0
-10 29.1 119.1 2. 536.9 0.10 2.1 63.9 54.1 0.0
=15 23.0 113.0 461.0 0.16 1.0 .. . .
178UG -0 155.3 285.3 1366.1 16.17 6.0 6249.6 ~ 5861.8 0.0
-1 96.2 236.2 964.9 13.15 7.0 . . .
-3 nz.1 - . 5. 1138.0 12.33 5.0 889.2 80.3 0.0
-5 96.4 246.4 - 6. 971.3 8.15 7.3 1521.3 563.8 563.8
=10 89.9 259.9 947.7 0.54 5.0 1464.0 883.3 0.0
=15 31.7 261.7 432.1 0.03 3.1 . . .
-18 27.1 787.1 . 0.6 . .




TABLE 12. MID LAKE 1988 DATA (continued).
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FIXING nmot

DATE PART-N TOT-N DOC - PART-C PPR Chl a PHYTBIO B.G.BIO B.G.BIO C2H4/
-DEPTH(m) (ug/l)  (ug/ly (mg/l)  (ug/ty wugC/l*h  (ug/l)  (ug/l)  (ug/l)  (ug/l) L*h
09SEP -0 74.3 304.3 5.7 838.4 .81 6.3 1857.9 775.4 216.2° 3.8
-1 123.7 . . 951.5 11.77 4.9 . . . 3.8

-3 69.6 219.6 5.1 790.6 12.31 6.2 1244.6 508.4 508.4 6.2

-5 59.1 299.1 3.8 721.7 5.75 4.9 4885.6 1885.3 287.4 5.5

-10 55.7 335.7 . 767.8 0.51 3.4 997.2 420.6 21.3 0.0

-15 13.2 233.2 551.8 0.15 1.7 . . . 0.0

-18 622.6 942.6 . 5018.4 . . . . . .
g10CT -0 133.5 323.5 3.0 1081.8 4,86 7.2 3553.7 2983.0 2983.0 13.6
-1 96.6 286.6 . 785.8 7.72 6.1 . . . 10.5

-3 117.1 327.1 2.1 943.0 10.95 7.9 2687.8 1989.4 1989.4 0.0

-5 76.4 286.4 4.1 818.3 2.69 6.3 3202.5 1601.1 1601.1 16.9

-10 53.5 273.5 . 711.5 0.34 2.9 364.5 169.9 169.9 0.0

-15 45.8 255.8 . 590.2 0.20 2.0 L. . . 0.0
220CT -0 49.0 209.0 4.0 856.0 2.83 8.1 13184.9 0.0 0.0 27.3
-1 45.0 265.0 . 759.2 10.35 7.3 . . . 13.6

-3 56.2 256.2 3.3 761.9 6.83 8.8 14317.3 1119.8 1119.8 8.0

-5 50.9 250.9 4.1 1109.1 3.1 5.5 2113.5 316.6 316.6 6.9

-10 18.5 228.5 . 549.7 0.32 4.7 4961.4 1869.0 1869.0 4.7

-15 28.5 218.5 . 654.3 0.04 5.6 . . . 3.9
04NOV -0 60.6 270.6 2.6 756.9 T 13.3  2300.6 216.2 216.2 .
-1 66.6 256.6 . 1023.9 6.7 . . . ;

-3 77.9 277.9 3.8 858.9 6.3 6972.3 795.5 795.5 .

-5 75.4 275.4 2.2 704.0 8.0 4182.8 641.0 641.0 .

-10 67.3 267.3 . 807.5 . 10.6 6999.1 1730.0 1730.0 .

-15 52.8 252.8 . . 5.3 . . . N

721.8
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TABLE 13. MID LAKE 1988 DATA INTEGRATED 0-10 METERS.

16.75

TEMP SRP TDP popP PP TOT-P NH&4-N NO3-N DIN - TDN
DATE AVG mg/m*2 mg/m*2 mg/m*2 mg/m*2 mg/m"2 mg/m*2 mg/m*2 mg/m*2 g/m*2
20MAY88 .8.21 62.92 134.84 65.75 71.27  211.02 98.87 66.31 285.17 4.86
02JUNB8 11.95 39.96  98.46 58.50 39.95 138.42 126.23 22.05 148.27 1.60
16JUN8BS 15.05 24.63 96.74 72.12 50.32 147.07 154.40 18.43 172.82 1.30
30JUN8BS 18.43 26.02 365.60 339.58 69.22 434,82 81.26 19.47 100.73 1.19
14J4UL88 18.67 27.39  159.09 131.71 104.64  263.73 26.54 24.52 51.06 1.89
28JUL88 19.48 16.00 147.00 131.00 107.40 254.39 172.18 24.26 196.44 1.52
17AUG88 18.61 113.71 302.60 188.89 115.55 418.15 528.21 42,55 570.75 1.52
09SEP88 16.50 42,05 155,50 113.46 104.07 259.57 84.31 26.22 110.53 2.26
010CT88 12.79 80.57 197.82 117.25 109.22 307.04 . 304.26 62.36 366.74 2.09
220CT88 10.80 87.62 152.89 65.26 102.22 255.11 208.28 53.31 261.59 2.04
04NOV88 8.20 50.74 185.48 134.74 100.52 286.00 156.22 43.35 199,57 1.99
FIXING umol
. PART-N TOT-N DOC  PART-C PPR CHL a PHYTBIO B.G.BIO B.G.BiO C2H4/
DATE mg/m*2  mg/m*2 g/m*2 g/m*2 mgC/m*2  mg/m*2 g/m*2 g/m*2 g/m"2 m*2*h
20MAY88 487.25 5360.60 . 6.93 . 19.81 12.71 0.00 0.00 0.00
02JUN88 192.10 1787.10 18.65 2.94 11.84 10.57 11.35 0.09 0.05 0.00
16JUNB8 384.30 1650.25 19.28 4.31 24.20 21.46 19.79 2.03 0.18 0.00
30JUNB8 798.55 1988.55 18.47 6.53 75.88 27.76 8.55 2.64 0.28 288.40
144UL88  1430.55 3315.55 20.54 12.42 79.21 100.58 16.22 11.44 0.08 278.03
28JUL88  1078.60 2598.60 22.04 10.72 57.11 85.48 22.31 17.33 2.30 3833.85
17AUG88  1018.30 2491.70 57.34 10.18 82.33 71.10 20.58 13.17 1.97 118.68
09SEP88 708.00 2891.55 44,26 7.87 68.55 48,72 25.49 10.08 3.13 39.36
010cT88 847.00 2932.00 34.19 8.25 46.17 57.71 26.17 15.48 15.48 81.74
220CT88 428.80 2463.80 39.00 8.35 45,76 63.58 75.37 8.58 8.58 85.65
04NOV88 718.15 2708.15 26.81 8.1 . 83.93 53.02 8.88 8.88 .
FIXING
DATE % B.G. % B.G. DIN:SRP TN:TP PN:PP NO3:SRP
20MAY88 0.00 0.00 4,53 25.40 6.84 1.05
02JUN88 0.78 . 0.42 3.7 12.91 4.81 0.55
16JUN88 10.24 0.89 7.02 11.22 7.64 0.75
30JUN8B8 30.92 3.22 3.87  4.57 11.54 0.75
14JUL.88 70.57 0.50 1.86 12.57 13.67 0.90
284UL88 77.69 10.31 12.28 10.22 10.04 1.52
17AUGB8 64.01 9.59 5.02 5.96 8.81 0.37
09SEP88 39.56 12.28 2.63 11.14 - 6.80 0.62
010CcT88 64,03 64.03 4,55 9.55 7.76 0.77
220CT88 11.38 11.38 2.99 9.66 4.19 0.61
04NOV88 16.75 3.93 9.47 7.14 0.85
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TABLE 14. DAM STATION 1988 DATA.

TDN
(mg/l)
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Cug/L)

NO3-N
(ug/L)

' NH4-N
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poP
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(ug/l) .
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(ug/L)

-DEPTH(m) (deg C)
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TABLE 14. DAM STATION 1988 DATA (continued).

DATE TEMP SRP TOP DOP  PART-P TOT-P NH4-N NO3-N DIN TDN
-DEPTH(m) (deg C)  (ug/l) (ug/l) (ug/l) (ug/l) (ug/l) (ug/ly (ug/ty (ug/ly (mg/L)
09SEP -0 ©16.2 7.3 15.6 8.3 11.6 27.2 20.2 3.4 23.6 0.20
-1 16.2 6.4 17.3 10.9 11.2 28.5 21.9- 3.3 25.2 0.19

-3 16.2 5.5 158.3 152.8 10.9 169.2 18.5 3.4 21.9 0.17

-5 16.2 5.5 20.8 15.3 9.4 30.3 20.2 3.4 23.6 0.15

-10 16.2 6.4 24 .4 18.0 9.5 33.9 20.2 3.0 23.2 0.17

-15 16.1 7.3 20.8 13.6 8.7 29.6 22.7 2.6 25.3 - 0.16

-18 15.5 81.6 73.7 0.0 14.3 88.0 409.7 2.6 412.4 0.27
01o0cT -0 13.2 15.8 33.1 17.3 7.6 40.7 93.7 8.2 101.8 0.28
-1 13.1 15.8 27.8 12.0 7.7 35.5 96.2 7.8 104.0 0.28

-3 12.8 15.8 . . 7.3 . 91.1 8.3 99.4 .

-5 12.6 15.8 27.8 12.0 8.1 35.9 90.3 8.1 98.4 0.36

-10 12.5 15.8 27.8 12.0 8.0 35.8 92.0 8.1 100.1 0.26

-15 12.5 15.8 24.3 8.5 7.7 32.0 96.2 . 8.2 104.4 0.31
220CT -0 10.6 7.9 17.1 9.2 9.9 27.0 22.7 6.6 29.3 0.23
-1 10.6 7.9 20.5 12.6 9.9 - 30.4 22.7 4.9 27.6 0.22

-3 10.6 7.0 15.4 8.4 9.2 24.6 22.7 4.6 27.3 0.20

-5 10.6 7.9 "18.8 10.9 9.0 27.8 21.8 6.0 27.8 . 0.21

-10 10.6 7.9 20.5 12.6 8.5 29.0 19.3 4.6 23.9 0.36

-15 10.6 7.9 25.6 17.7 9.9 35.4 22.7 5.8 28.4 0.21
04NOV -0 8.5 6.9 20.8 14.0 9.3 30.1 30.2 6.5 36.7 0.28
-1 8.5 5.9 22.6 16.7 9.6 32.2 28.3 5.5 33.8 0.28

-3 8.5 5.9 22.6 16.7 9.3 31.8 30.2 5.3 35.5 0.27

-5 8.5 6.9 22.6 15.7 9.1 31.7 32.1 4.7 36.7 0.22

-10 8.5 6.9 19.1 12.2 9.4 28.5 28.3 5.1 33.4 0.23

-15 8.5 5.9 17.3 11.4 8.8 26.1 28.3 4.2 32.5 0.21




TABLE 14. DAM STATION 1988 DATA (continued).

104

FIXING
DATE TOT-N PPR Chl a PHYTBIO B.G.BIO B.G.BIO
~DEPTH(m) Cug/ ) ugC/L*h (ug/ly  (ug/ly  (ug/L)
20MAY -0 172.14 1.8 .
-1 176.6 3.0
-3 283.1 2.3
-5 . 2.6
-10 245.5 1.2
-15 201.3 . . . . . .
02JUN -0 28.8 . 3.43 2.6 149.0 42. .0 0.0
-1 8.7 198.7 3.77 2.5 . . 0.0
-3 51.7 191.7 1.68 2.5 144.4 0. .0 0.0
-5 99.4 289.4 0.66 1.9 . . 0.0
-10 32.8 242.8 0.06 0.8 119.9 0. .0 0.0
=15 36.2 226.2 . 1.1 . . 0.0
-20 44,2 214.2 1.0 . - . .
16JUN -0 45.5 155.5 2.2 355.2 43. .5
-1 39.9 159.9 2.0 . . - .
-3 41.4 181.4 1.6 1168.7 449. b .
-5 42.0 202.0 1.4 973.8 344, .9 .
-10 22.0 142.0 0.8 2391.2 0. .0 .
-15 16.4 146.4 0.4 . . . .
-20 16.9 216.9 . 0.6 . . .
30JUN -0 79.0 179.0 7.37 0.9 1747.1 8. .7 0.0
-1 89.4 259.4 1.21 2.4 . . . 3.1
-3 87.8 197.8 11.19 3.2 1219.4 790. .7 14.7
-5 78.9 198.9 - 7.85 3.6 381.2 30. .7 0.0
-10 69.3 179.3 0.90 1.5 1333.5 5. .1 0.0
-15 183.1 . 1.3 . . 0.0 .
-20 236.8 2.2 . . .
144UL -0 . . . . .
-1 . . .
-3 . .
-5 . -
-10 . . . .
-15 . . . . . ar
28J4UL -0 331.6 . 8.0 2907.2 2678.8 A1
-1 289.4 . 12.8 . . .
-3 365.5 . 9.3 2991.8 2971.1 0.0
-5 331.8 . 12.9 3008.6 2955.0 0.0
-10 231.3 3.5 205.3 0.0 0.0
=15 195.6 2.5 . . .
-20 298.1 . 3.2 . . . .
17AUG -0 283.7 8.43 2.5 2051.4 1124.7 7.9 4.4
-1 368.7 13.47 3.7 . . . 20.2
-3 305.7 12.93 4.6 815.9 200.8 .0 13.0
-5 258.3 6.75 1.9 570.2 54.1 .1 0.0
-10 299.5 0.87 4.5 1023.5 803.0 .0 0.0
-15 . . 0.8 . - . 0.0
-19 731.0 . 1.7 . . . .




TABLE 14. DAM STATION 1988 DATA (continued).

105

. FIXING nmol
DATE PART-N TOT-N PART-C PPR chl a PHYTBIO B.G.BIO B.G.BIO C2H4/
-DEPTH(m) (ug/l)  (ug/l) (ug/ly ugC/l*h  (ug/l)  (ug/l)  (ug/l)  (ug/L) L*h
09SEP -0 21.4°  221.4 672.4 4.7 2732.0 123.6 .6
-1 .33.6 223.6 828.0 4.2 . .
-3 441 2161 - 868.2 4.0 2550.9 1204.5 .0
-5 55.2 205.2 813.5 4.3 1296.7 849.5 0
-10 38.5 208.5 630.7 . 4.5 1650.9 216.2 2
-15 55.4 215.4 677.9 - 4.5 . . .
-18 41.4 311.4 602.4 1.1 . . . .
o1ocT -0 45.6 325.6 734.1 3.1 818.3 0.0 .0 .
-1 46.2 326.2 492.2 3.0 . . . .
-3 41.2 . 656.5 3.1 4719.2 293.5 5 .
-5 24.2 384.2 569.4 2.4 542.7 502.0 ] .
-10 36.6 296.6 598.6 2.1 1112.9 1081.0 0 .
-15 16.7 326.7 599.5 . 2.6 . . . .
220CT -0 61.7 291.7 755.0 15.50 7.0 3178.1 0.0 .0 12.7
-1 444 264.4 715.3 6.93 5.4 . . . 7.9
-3 22.8 222.8 520.2 5.33 5.2 1658.4 285.8 8 11.0
-5 17.5 227.5 520.3 1.29 6.5 1936.9 278.0 ] 29.9
-10 21.1 381.1 660.9 0.09 6.1 2793.4 0.0 .0 19.8
-15 13.2 223.2 572.5 0.23 6.4 . . . 12.9
04Nov -0 56.3 336.3 646.6 . 5.6 6555.8 656.5 .0 .
-1 63.2 343.2 762.7 . 5.9 . . . .
-3 52.4 322.4 709.0 . 6.8 4283.8 139.0 0 .
-5 49.9 269.9 620.9 5.8 11757.5 38.6 .6 .
-10 64.3 294.3 771.2 5.6 2368.8 0.0 .0
-15 55.3 265.3 861.6 6.4 . . .

e




TABLE 15. DAM STATION 1988 DATA INTEGRATED 0-10 METERS.
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TEMP SRP TOP popP PP TOT-P NH4-N NO3-N DIN TDN
DATE AVG mg/m"2 mg/m*2 mg/m*2  mg/m*2 mg/m*2 mg/m*2 mg/m*2 mg/m*2 g/m*2
20MAY88 “7.45 52.30 125.40 73.10 80.39 205.79 64 .44 24.53 105,39 1.88
02JUN88 12.64 35.54 98.46 62.93 40.32 138.78 80.48 18.98 99.46 1.85
16JUNB8 15.40 32.97 267.81 234.84 70.65 338.45 . 26.12 . 1.38
30JUN8B8 18.71 49.67 287.88 238.22 63.72 351.60 312.65 22.06 334.7M 1.22
144UL88 . . . . . . . . . .
284UL88 18.80 23.31 100.44 77.16 117.17  217.61 67.21 20.01 87.22 1.51
17AUG88 18.97 19.50 109.97 90.47 107.00 216.97 34.54 26.85 61.39 2.08
09SEP88 16.20 59.31 484.19 424.88 101.22 585.40 201.08 32.87 233.94 1.68
010CT88 12.73 157.90 280.64 122.74 77.98 359.83 919.28 80.97 1000.25 3.1
220CT88 10.60 77.38  187.33 109.95 90.70 278.03 215.34 52.12 267.46 2.48
04NOVE8 8.50 65.21 216.02 150.81 92.98 309.00 300.97 51.15  352.11 2.45
FIXING = umol
PART-N TOT-N poc PART-C PPR CHL a PHYTBIO B.G.BIO B.G.BIO C2H4/
DATE mg/m*2  mg/m"2 g/m*2 mg/m*2 mgC/m*2 mg/m*2 g/m"2 g/m*2 g/m"2 m*2*h
20MAY88 555.90 2484.15 5834.95 . 22.07 . . . .
02JUN8B8 560.75 2400.70 5883.00 13.17 18.85 1.37 0.06 0.00 0.00
16JUNBS 367.40 1742.40 4835.05 . 14.06 12.84 2.40 1.41 .
30JUN8B8 798.60 2018.60 6658.95 72.62 26.76 10.34 2.1 1.11 33.99
144UL88 . . . . . . . . . .
28JUL88  1565.45 3070.45 . 12503.50 . 95.63 22.88 21.79 0.10 .
17AUGB8 879.10 2959.10 . 10789.10 76.06 33.80 9.67 4,39 0.86 58.38
09SEP88 438.75 2113.75 7738.60 43.01 19.14 6.71 0.73 .
010cT88 350.70 3448.70 5907.75 . 26.13 9.61 . 5.19 3.19 .
220CT88 257.05 2737.05 5964.15 33.56 60.16 22.68 1.69 1.69 194,07
04NOV88 563.15 3008.15 6986.50 . 59.56 67.62 1.47 0.48 .
FIXING
DATE % B.G. % B.G. DIN:zSRP TN:TP PN:PP NO3:SRP
20MAY88 . . 2.02 12.07 6.92 0.47
02J4UN8B8 4.68 0.00 2.80 17.30 13.91 0.53
16JUNB8 18.67 11.01 . 5.15 5.20 0.79
304UNB8 20.40 10.69 6.74 5.74 12.53 0.44
144uUL88 . . . . . .
284UL88 95.21 0.45 3.74 14.11 13.36 0.86
17AUG88 45,35 8.90 3.15 13.64 8.22 1.38
09SEP88 35.06 3.79 3.94 3.61 4,33 0.55
010CT88 54.06 33.16 6.33 9.58 4,50 0.51
220CT88 7.44 7.44 3.46 9.84 2.83 0.67
04NOV88 2.17 0.71 5.40 9.74 6.06 0.78




107

TABLE 16. GRAYLING ARM 1989 DATA.

DATE TEMP SRP TOP DOP  PART-P T0T-P NH4-N NO3-N DIN TDN

-DEPTH(m) (deg C) (ug/l) - (ug/l) (ug/ly  (ua/l)  (ug/ly  Cug/tly  Cua/l)  (ug/ly  (mg/l)
21MAY -0 9.2 11.2 26.5 15.3 22.2 48.6 5.0 6.7 1.7 0.23
-1 " 9.1 9.5 28.4 18.9 22.5 50.9 5.0 6.7 1.7 0.17
-3 8.9 8.6 28.4 19.8 23.2 51.6 3.3 6.7 10.0 0.22
-5 7.7 12.9 28.4 15.5 30.6 59.0 9.9 12.3 22.2 0.18
04JUN -0 11.6 9.5 24.5 15.1 17.5 42.1 4.2 6.7 10.8 0.24
-1 10.8 7.7 24.5 16.8 17.1 41.6 1.7 21.3 23.0 0.18
-3 10.0 8.6 24.5 15.9 15.7 40.2 1.7 6.7 8.4 0.15
-5 . 9.4 12.0 28.4 16.3 1.9 40.3 1.7 25.8 27.5 0.10
13JUN -0 15.2 7.7 26.5 18.7 7.7 34.1 1.7 5.6 7.3 0.25
-1 14.6 7.7 22.6 14.9 7.2 29.8 3.3 48.2 51.5 0.14
-3 14.0 8.6 22.6 14.0 7.7 30.3 4.2 6.7 10.8 0.27
-5 10.1 11.2 26.5 15.3 12.7 39.1 3.3 12.3 15.7 0.16
29JUN -0 15.4 5.1 24.5 19.4 61.5 86.0 3.3 6.7 10.0 0.19
-1 15.2 5.1 24.5 19.4 14.1 38.6 2.5 6.7 9.3 0.20
-3 15.2 5.1 24.5 19.4 13.7 38.3 4,2 . . 0.13
-5 15.2 6.9 22.6 15.7 11.2 33.8 4,2 35.6 39.8  0.12
194Ut -0 20.6 3.4 30.3 26.9 14.0 44.3 2.5 30.3 32.8 . 0.16
-1 19.2 3.4 30.3 26.9 8.5 38.8 2.5 6.7 9.2 0.14
-3 18.6 4.3 26.5 122.2 7.0 33.5 5.0 6.7 1.7 0.17
-5 18.1 6.9 24.5 17.7 6.3 30.8 6.6 . 22.6 29.2 0.25
03AUG -0 19.2 8.6 30.3 21.7 21.0 51.3 5.0 . R 0.16
-1 19.2 7.7 30.3 22.6 20.7 51.0 4.2 73.5 77.6 0.15
-3 19.2 7.7 30.3 22.6 19.3 49.6 5.0 21.3 26.3 0.21
-5 19.1 7.7 30.3 22.6 21.2 51.5 5.0 17.8 22.8 0.14
23AUG -0 16.8 10.3 38.0 27.7 28.6 66.5 8.2 35.9 44,1 0.18
-1 16.8 9.5 38.0 28.5 27.4 65.4 8.2 33.4 41.6 0.33
-3 16.7 9.5, 38.0 28.5 23.6 61.6 11.5 29.1 40.6 0.34
-5 16.6 11.2 39.9 28.7 18.7 58.6 15.6 36.7 52.3 0.32
07SEP -0 15.0 7.7 30.3 22.6 40.3 70.6 5.8 35.9 41.7 0.32
’ -1 14.8 6.9 28.4 21.5 39.5 67.9 5.8 64.5 70.3 0.33
-3 13.8 6.9 28.4 21.5 31.4 59.8 5.8 30.3 36.0 0.26
-5 13.3 6.9 32.2 25.4 29.5 61.7 8.2 28.9 37.2 0.24
20SEP -0 . 13.8 41.8 28.1 23.0 64.8 22.9 48.2 71.1 0.35
-1 . 14.6 43.7 29.1 19.6 63.4 19.6 51.2 70.8 0.30
-3 . 13.8 28.1 41.8 - 18.4 46.4 19.6 50.4 70.1 0.27
-5 . 16.4 41.8 25.5 20.4 62.2 23.7 53.4 77.1 0.37
080CT -0 10.1 21.6 51.4 29.9 131.1 182.5 24.5 80.7 105.2 0.44
-1 9.0 24.1 57.2 33.1 21.4 78.6 32.7 91.3 123.9 0.34
-3 8.8 25.9 57.2 31.3 11.2 68.4 35.9 93.0 128.9 0.31
-5 8.6 27.6 61.0 33.5 14.9 75.9 32.7 93.5 126.2 0.28
T0NOV -0. 1.0 12.0 36.1 24.0 23.1 59.2 3.3 15.7 19.0 0.19
-1 0.9 12.9 39.9 27.0 24.6 64.5 5.8 10.0 15.8 0.1
-3 0.9 12.9 39.9 27.0 23.0 62.9 6.6 10.1 16.7 0.20
-5 0.9 12.0 39.9 27.9 22.3 62.2 5.0 10.0 15.0 0.21
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TABLE 16. GRAYLING ARM 1989 DATA (continued).

FIXING nmol
DATE PART-N TOT-N. DOC  PART-C PPR CHL a PHYTBIO B.G.BIO B.G.BIO C2H4/
DEPTH  (ug/l)  (ug/l)  (mg/l)  (ug/l) (ugC/l*h) <(ug/l) (ug/l) (ug/l) (ug/l) L*h
21MAY -0 164.3 394.1 4.0 1167.4 5.4 3240.3 0.0 0.0 0.0
-1 173.2 340.0 3.4 1072.0 5.0 3086.5 0.0 0.0 0.0
-3 150.6 369.9 2.8 927.0 4.4 920.2 0.0 0.0 0.0
-5 156.1 334.1 3.9 1014.0 . 5.2 903.7 0.0 0.0 0.0
04JUN -0 153.5 388.5 3.3 698.0 6.00 2.8 3452.8 0.0 0.0 1.2
-1 127.4 303.5 4.2 764.0 10.08 3.2 2626.8 0.0 0.0 3.3

-3 131.5 281.2 3.9 816.0 5.23 3.3 1045.0 0.0 0.0 4.1
-5 120.2 218.2 2.8 522.0 0.59 2.3 627.4 0.0 0.0 1.8
13JUN -0 54,0 299.4 4.0 600.0 4.71 2.8 2632.4 129.3 129.3 9.7
-1 68.7 203.9 4.9 620.0 7.33 2.9 338.4 22.3 22.3 16.5
-3 75.7 349.0 4.0 595.0 5.68 2.5 391.1 44,7 44.7 17.8
-5 71.3 227.0 3.8 625.0 2.19 2.9 431.7 0.0 0.0 0.8
29JUN -0 992.6 1182.3 3.3 5203.0 134.75 94.5 46127.8 45560.2 45560.2 2582.8
-1 268.3 468.6 2.9  1366.0 53.59 15.5 4050.1 2444 .8  2444.8 510.3
-3 167.2 293.1 3.2 1137.0 16.94 8.4 8138.0 5278.0 5278.0 256.4
-5 117.3 237.4 3.9 649.0 1.61 4.5 2789.3 860.2 860.2 45,6
19J4UL -0 195.6 351.3 3.6 1098.0 20.48 8.7 12060.4 11852.9 3997.7 60.2
-1 120.0 264.5 2.7 699.0 16.98 3.5 3596.6 2956.9 2171.4 69.5
-3 67.3 239.7 3.5 451.0 14.01 2.0 2763.8 1671.7 1671.7 19.3
-5 35.3 280.7 3.1 496.0 3.89 2.1  4615.3  4528.8 77.5 3.4
03AUG -0 181.6 344.7 6.4 1330.0 23.85 11.9 13561.5 12999.2 10119.0 209.7
-1 161.9 308.1 6.2 1125.0 35.27 13.9 11441.6 5430.7 5430.7 207.9
-3 218.0 431.3 6.4 1257.0 12.01 11.8 8125.4 7956.0 3452.4 144.5
-5 162.2 299.7 10.4  1219.0 1.27 15.1 6460.6 5490.1 5490.1 85.5

23AUG -0 354.1 533.9 9.1 1941.0 21.77 26.2 14182.4° 13964.7 13964.7 .

-1 275.0 605.7 8.3 1617.0 67.07 19.3 12562.1 11389.0 11389.0 .

-3 265.8 603.6 7.4 1440.0 7.02 19.3 14865.2 13611.7 12040.7 .

-5 224.8 543.3 8.3 1112.0 0.24 12.8 8101.9 7215.1 7215.1 .
07seEpP -0 513.4 828.9 6.9 2612.0 14.61 33.4 12900.8 12273.4 12273.4 200.9
-1 404.3 735.0 9.5 2143.0 2.56 36.2 16984.2 16473.2 16473.2 130.8
-3 406.7 664.6 10.5 2147.0 0.73 27.6 11532.7 11171.8 11171.8 45.6
-5 305.2 541.9 8.9 1672.0 0.13 22.6 16707.3 16468.0 16468.0 25.4
20SEP -0 171.7 520.9 11.4 1099.0 3.98 5.7 3968.5 3633.4 3633.4 36.8
-1 181.8 484.7 9.7 1049.0 17.24 8.0 2841.8 2505.9 2505.9 29.2
-3 170.9 436.2 10.4 881.0 1.75 4.6 6884.4 2958.5 2958.5 24.2
-5 108.3 475.6 7.3 798.0 0.05 2.8  1140.5 850.8 850.8 0.0
08ocT -0 284.0 725.9 58.8 15285.0 129.88 275.2 98800.9 98373.7 98373.7 1144.7
-1 93.0  428.9 73.4 826.0 12.85 5.8 6931.0 1365.4 1365.4 27.3
-3 -72.0 380.1 27.8 550.0 1.17 2.3 226.0 0.0 0.0 14.4
-5 82.3 .360.4 9.3 671.0 0.18 1.8 190.7 0.0 0.0 0.0
10NOV -0 162.4 353.3 10.4 1087.0 4.57 13.4 1818.6 0.0 0.0 0.0
-1 173.5 280.0 24.5 1217.0 17.44 12.3  2319.1 0.0 0.0 0.0
-3 165.3 361.9 9.6 1182.0 2.50 11.3 2187.5 0.0 0.0 - 0.0
-5 169.0 381.6 13.1 1224.0 0.30 10.7 1777.8 0.0 0.0 0.0
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TEMP SRP TDP DOP PP TOT-P NH4-N NO3-N DIN TON
DATE AVG mg/m*2 mg/m*2 mg/m*2 mg/m*2 'mg/m*2 mg/m*2 mg/m*2 mg/m*2 g/m*2
21MAY89 8.7 49.86 140.89  91.04 121.78 262.67 26.48 39.1 65.59 0.98
04 JUN8B9 10.3 45,53  126.49 80.95 77.66  204.15 9.78 74.41 84.18 0.78
13JUN8B? 13.4 43.80 118.78 74.99 42.62 161.39 17.53 100.74 118.27 1.03
29JUN89 15.2 27.38 120.72 93.30 90.50 211.22 17.95 91.36 107.68 0.77
194UL89 19.0 22.20 138.01 115.81 40.08 178.09 21.60 61.21 82.81 0.88
03AUG89 19.2 39.04 151.45 112.42 101.38 252.83 23.63 207.29 230.52 0.86
23AUG89 16.7 49.42  191.82 142.41 121.31  313.13 55.01 163.00 218.01 1.58
07SEP89 14.1 34.73 146.65 111.94 171.80 318.45 31.39  204.17 235.56 1.41
. 20SEP89 . 72.75 184.44 166.79 98.05- 282.49 103.91 255.14  359.05 1.53 -
080CT89 9.0 126.32 286.96 160.65 134.86 421.81 165.85 456.70 622.54 . 1.62
10NOV89 0.9 63.25 197.58 134.33 116.70 314.28 28.53 53.06 81.58 0.86
FIXING umol
PART-N TOT-N DpoC PART-C PPR CHL a PHYTBIO B.G.BIO B.G.BIO '~ C2H4&/
DATE mg/m*2  mg/m*2 g/m*2 g/m*2 mgC/m*2  mg/m*2 g/m*2 g/m"2 g/m"2 m*2*h
21MAY89 799.25 1780.95 16.63 5.06 . 24.22 8.99 0.00 0.00 0.00
04JUNB? 651.05 1430.10 18.41 3.65 29.17 15.06 8.38 0.00 0.00 15.55
13JUNB9 352.75 1380.55 21.13 3.05 26.90 13.57 3.04 0.19 0.19  '65.85
29JUN89  1350.45 2117.65 16.39 7.57 183.25 91.84 48.20 37.86 37.86 2615.16
19JUL89 447,70 1332.50 15.87 3.00 67.62 15.63 21.57 18.23 8.68 176.33
03AUG89 931.85 1796.80 35.66 6.09 90.12 65.47 46.65 36.05 25.60 791.29
23AUGB9  1345.95 2926.00 40.06 7.39 125.77 93.24 63.77 58.50 55.36 .
07SEP89  1981.75 3388.05 47.66 10.49 12.76 148.83 71.70 69.66 69.66 413.25
20SEP89 808.65 2335.50 48.37 4,68 31.40 26.83 21.16 12.34 12.34 110.50
080cT89 507.80 2126.90 204.31 10.65 86.74 152.82 60.44 51.23 51.23 642.03
10NOV89 841.05 1702.05 74.32 5.96 33.75 58.46 10.54 0.00 0.00 0.00
% F1X
DATE % B.G. B.G. DIN:SRP TN:TP PN:PP NO3:SRP
21MAY89 0.00 0.00 1.32 6.78 6.56 0.78
04 JUNB9Y 0.00 0.00 1.85 7.01 8.38 1.63
13JUNB9 6.17 6.17 2.70 8.55 8.28 2.30
29JUN8B? 78.55 78.55 3.93 10.03 14.92 3.34
19JUL89 84.54 40.23 3.73 7.48 11.17 2.76
03AUG89 77.27 54.87 5.91 7.1 9.19 5.31
23AUG89 91.75 86.82 4.41 9.34 11.10 3.30
07SEP89 97.15 97.15 6.78 10.64 11.54 5.88
20SEP89 58.34 58.34 4.94 8.27 8.25 3.51
080CT89 84.77 84.77 4,93 5.04 3.77 3.62
10NOVE9 0.00 0.00 1.29 5.42 7.21 0.84
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DATE TEMP SRP TOP DOP  PART-P TOT-P NH&4-N NO3-N DIN TON
-DEPTH(m) (deg C)  (ug/Ll) (Cug/Ll)  Cug/ly (Cug/ly- (ug/ly  (ug/ly  (ug/ly  (ug/ly  (mg/l)
08JUN -0 17.0 4.3 28.4 24.1 30.3 58.7 2.5 10.1 12.6 0.09
-1 15.0 4.3 26.5 22.2 7.2 33.7 5.0 6.7 11.7 0.1

-3 13.1 10.3 24.5 14.2 9.5 34.0 0.9 6.7 7.6 0.09

-5 10.0 4.3 26.5 22.2 11.0 37.5 0.1 6.7 6.8 0.18

-10 9.0 4,3 24.5 20.3 6.9 31.4 5.0 6.7 1.7 0.09

-15 . 8.0 8.6 28.4 19.8 5.8 34.2 40.0 8.9 48.9 0.12
19JUL -0 22.6 3.4 26.5 23.1 11.5 38.0 0.1 14.6 14.7 0.12
-1 T 19.1 3.4 26.5 23.1 10.9 37.4 2.5 6.7 9.2 0.07

-3 18.4 3.4 24.5 21.1 17.8 42.3 0.1 6.7 6.8 0.07

-5 18.1 2.5 26.5 23.9 17.1 43.6 0.1 10.0 10.1 0.16

-10 14.8 6.9 32.2 25.4 22.6 54.8 9.1 10.1 19.1 0.09

- =15 1.6 17.2 41.8 24.6 34.5 76.3 54.7 21.1 75.8 0.15
080CT -0 11.0 6.9 32.2 25.4 50.2 82.4 18.8 9.0 27.8 0.25
-1 11.0 7.7 30.3 22.6 15.2 45.5 19.6 10.0 29.7 0.16

-3 10.9 8.6 32.2 23.6 9.6 41.8 21.3 9.0 30.2 0.12

-5 10.9 7.7 32.2 24.5 9.8 42.0 22.1 10.0 32.1 0.12

-10 10.9 6.9 32.2 25.4 13.2 45.4 21.3 9.0 30.2 0.10

-15 10.9 7.7 34.1 26.4 " 9.0 43.1 20.5 1.0 21.5 0.11

. . FIXING nmol

DATE PART-N  TOT-N DOC  PART-C PPR Chl a PHYTBIO B.G.BIO B.G.BIO C2H4/
-DEPTH(m) (ug/l) (ug/t) (mg/t)  (ug/t) wugC/l*h  (ug/l) (Cug/t) (ug/l)  (ug/L) L*h
08JUN -0 37.6 127.6 3.3 488.5 - 4.45 1.3 296.3 0.0 0.0 3.1
-1 33.7 140.7 3.1 491.1 3.49 1.1 378.4 170.7 170.7 . 6.3

-3 58.3 146.3 3.4 487.6 2.94 1.6 412.5 0.0 0.0 3.3

-5 65.3 242.3 2.7 536.7 3.45 3.1 308.5 0.0 0.0 2.0

-10 52.1 138.1 5.8 499.8 0.30 2.7 777.7 0.0 0.0 0.0

-15 151.1 272.1 2.1 1422.9 0.14 1.8 2684.7 0.0 0.0 0.0
19J4UL -0 552.0 '673.0 3.3 3334.7 44,70 28.1 13423.1 13347.8 5056.2 257.5
-1 86.3 155.3 2.3 1056.6 13.41 4.3 3035.6 2657.2 38.8 L2141

-3 131.9 204.9 2.3 1209.5 20.30 7.8 5252.5 4763.0 835.4 23.1

-5 114.1 272.1 2.9 1004.3 12.63 9.5 2211.9 1809.1 499.9 10.5

-10 17.5 109.5 3.2 338.4 0.40 1.1 632.1 372.4 372.4 5.5

-15 13:9 166.9 2.1 333.1 0.21 0.3 336.6 186.2 186.2 0.0
08oct -0 771.3 1019.3 90.3 3792.3 13.70 75.7 23213.3 22064.3 22064.3 112.5
-1 68.2 229.2 116.1 569.6 7.42 5.4 ' 1864.5 1683.5 1683.5 29.3

-3 64 .4 179.4 58.5 470.7 6.83 3.2 709.2 574.1 574.1 4.8

-5 91.1 214.1 9.9 607.9 4,22 8.1 2107.3 1675.8 1675.8 21.8

-10 102.5 206.5 10.8 581.0 0.46 6.8 7232.0 6790.3 2024.8 0.0

-15 85.8 195.8 19.9 601.9 0.21 . 1231.9  1039.6 9.7

1039.6
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TABLE 19. MID LAKE 1989 DATA INTEGRATED 0-10 METERS.

DIN TON

TEMP SRP. TDP DOP. PP TOT-P NH4-N NO3-N
DATE AVG mg/m*2 -mg/m*2 mg/m*2 mg/m*2 mg/m*2 mg/m*2 mg/m*2 mg/m2 g/m"2
08JUN8B9 11.61 54,80 256.82 202.02 100.70 357.52 23.22 68.68 91.91 1.22
194UL89 17.80 39.64 275.06 235.42 174.05 449.11 26.90 91.02 117.92 - 1.09
080CcT89 10.92 76.36 319.22 242.86 134.40 453.62 211.91 94.90  306.81 1.29
FIXING umol
PART-N TOT-N poc PART-C PPR CHL a PHYTBIO B.G.BI0O B.G.BIC C2H4/
DATE mg/m*2  mg/m*2 g/m*2 ~ g/m*2 mgC/m*2 mg/m*2 g/m"2 g/m*2 g/m"2 m*2*h
08JUN89 544,75 1760.75 37.25 5.08 26.17 22.99 4,56 0.26 0.26 24.65
190uUL89  1112.35 2205.35 27.78 10.03  128.27 72.05 31.09 27.45 6.94 256.92
080CT89 1191.85 2477.85 398.09 7.27 47.56 97.85 41.28 37.55 25.63 185.82
FIXING
DATE % B.G. % B.G. DIN:SRP TN:TP PN:PP NO3:SRP
08JUNB9 5.61 5.61 1.68 4.92 5.41 1.25
194UL89 88.28 22.31 2.97 4.91 6.39 2.30
080CT789 90.96 62.10 4,02 5.46 8.87 1.24
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APPENDIX B

INFLOW AND OUTFLOW DATA




TABLE 20. HEBGEN LAKE 1988 AND 1989 INFLOW AND OUTFLOW DATA.

DATE TEMP COND SRP TDP PART-P NO3-N TON TOT-N PART-C DoC

LOCATION (deg C) (umho/cm) (ug/l)  (Cug/l)  (ug/l) (ug/) Cug/Ll) (ug/l)  Cug/l)  (mg/l)

13MAY88

QUTFLOW NA NA 6.2 13.8 14.6 10.9 NA 140 21.5 161.5 718.9
GRAYCREEK NA NA 8.0 8.7 31.8 5.6 NA~ 180 42.8 - 222.8 1283.1
DUCKCREEK NA NA 14.9 17.3 11.3 6.4 NA/ 300 4.6 304.6 825.1

COUGARCR NA NA 7.1 6.9 24.5 7.9 NA 170 50.8 220.8 1288.8
MADISONR NA NA 4.5 . 8.7 26.9 6.4 NA 330 44 .0 374.0 1590.6
SO.FK.MAD . NA NA 8.0 10.4 18.0 4.9 NA 160 34.6 1964.6 1099.4

20MAY88 :

QUTFLOW 4 304.0 5.4 12.1 8.6 13.8- 11.0 150 4.0 154.0 662.9

GRAYCREEK 8 74.6 7.1 8.7 13.0 4.1 34.3 170 27.6 197.6 777.0
DUCKCREEK 11 58.7 14.1 13.8 12.8 [ 15.0 - 180 31.3 211.3 914.3

COUGARCR - 9 42.4 3.6 6.9 16.0 8.6 15.2 100 49.1 149.1 1677.8
MADISONR 14.5 269.0 2.8 6.9 .10.4 4.9 26.0 170 39.5 209.5 878.9
SO.FK.MAD 12 92.0 6.2 6.9 7.5 4.1 21.6 390 27.1 417.1 507.8

02JUNSS .

OUTFLOW 10 235.0 6.1 6.6 (A 19.1 6.5 260 306.6 427.6 1.53
GRAYCREEK 8 . 72.6 7.9 20.4 [AA 5.0 . 160 203.6 582.7 2.68
-DUCKCREEK 1 53.5 " 16.7 6.6 -7.3 4.3 9.4 220 ©273.0 665.1 1 2.92
COUGARCR 9 40.2 4.4 42.9 7.9 4.3 19.5 60 102.8 846.5 1.57
MADISONR 16 271.0 4.4 10.0 3.7 3.5 12.0 100 149.2 806.6 2.43
SO.FK.MAD 12 96.3 7.9 6.6 4.2 3.5 8.3 150 176.0 457 .4 1.03

16JUNB8 :

OUTFLOW 12 253.0 8.8 19.8 3.4 17.1 10.1 110 141.7 286.2 1.64

GRAYCREEK 7.9 57.2 5.1 18.1 4.9 3.9 9.5 60 87.2 646.7 2.79
DUCKCREEK = 18 77.8 23.7 18.1 8.1 5.6 9.5 150 189.2 582.2 .
- COUGARCR 16 89.7 4.2 14.6 5.1 26.2 5.1 60 87.8 492.9

MADISONR 21.8  360.0 10.7 25.0 3.4 66.7 7.0 110 147.0 571.0 .78

€TT




TABLE 20. HEBGEN LAKE 1988 AND 1989 INFLOW'AND QUTFLOW DATA (continued).

DATE TEMP COND SRP TDP  PART-P TOT-P NH4-N NO3-N DIN TDN  PART-N TOT-N  PART-C DOC

LOCATION (deg C) (umho/cm) (ug/l)- (ug/l)  (ug/l) (ug/l)  (ug/l)  (ug/l)  (ug/l)  (ug/l)  (Cug/l)  (ug/l)  (ug/ly  (mg/l)

304UNB8 .

OUTFLOW 17 235.0 12.5 40.8 6.1 46.8 38.6 17.7 56.3 160 61.6 221.6 474 .4 1.29

GRAYCREEK 14 108.0 6.0 25.0 2.5 27.6 14.7 3.5 18.2 60 34.9 94.9 388.2 1.05°
DUCKCREEK 21 90.1 39.4 39.0 18.8 57.8 10.5 19.0 29.6 150 157.7 307.7 1938.0

COUGARCR 19.5 '62.0 10.7 26.8 3.8 30.5 8.0 5.8 13.8 - 50 13.7 63.7 514.4
MADISONR 23 342.0 8.8 16.3 3.8 20.1 4.7 7.0 11.8 90 30.2 120.2 555.9 1.69
14J4UL88 . .

OUTFLOW 15.5 258.0 5.5 16.9 7.4 24 .4 17.7 10.4 28.0 280 61.7 341.7 678.4 1.98
GRAYCREEK 18 122.0 4.6 10.0 3.5 13.5 4.1 4.0 8.1 160 18.7 178.7 487.2 1.26
DUCKCREEK 21 104.5 4.6 16.9 7.9 24.9 5.0 5.5 10.5 260 32.4 292.4 582.1

COUGARCR 19.6 82.0 9.1 10.0 5.0 15.0 3.3 5.6 - 8.9 90 46.1 136.1 457.8

MADISONR 21.9 416.0 5.5 11.8 4.8 16.6 14.3 7.9 22.2 230 55.0 285.0 676.1 1.66
284UL8S ] , o _ :

OUTFLOW NA NA 3.7 13.5 6.4 19.9 13.5 11.6 25.1 120 45.1 165.1 494 .5 1.96
GRAYCREEK 15 111.0 4.6 11.8 2.3 14.0 5.0 5.7 10.7 80 3.1 83.1 403.7 1.02°
DUCKCREEK 19 106.0 10.1 20.4 5.5 25.9 3.3 5.1 8.4 150 © 18.4 168.4 525.0

COUGARCR 17.5 86.0 7.3 16.9 4.8 21.8 -0.0 4.3 4.3 80 17.4 97.4 506.2

MADISONR 21.5 375.0 1.8 13.5 17.5 31.0 1.6 4.0 5.6 90 28.3 118.3 450.0 1.18
17AUGS8 - : . .

OUTFLOW 13 237.0 8.1 8.3 10.7 19.0 46.3 11.1 ., 57.4 210 78.9 288.9 693.9 2.75
GRAYCREEK 15 115.0 2.8 18.7 NA ) 10.1 4.1 14.2 90 0.0 90.0 419.4 1.69
DUCKCREEK .18 110.0 6.4 22.2 7.7 29.9 2.5 3.0 5.5 160 10.3 170.3 741.8

COUGARCR 18 97.0 8.1 20.5 5.6 26.1 1.6 4.1 5.8 100 9.5 109.5 387.2

MADISONR - 21 390.0 1.1 50.0 2.6 52.5 5.0 3.7 8.7 90 0.0 90.0 315.9 1.51
09SEP88 .

. OUTFLOW 15 269.0 8.1 15.6 9.9 25.5 23.6 7.8 31.3 210 41.3 251.3 741.4 3.10
GRAYCREEK 12 106.0 3.7 . 6.7 3.5 10.2 3.3 2.6 5.9 70 0.0 70.0 462.0 2.50 .
DUCKCREEK 12.8 101.0 4.6 19.1 7.6 26.7 2.5 4.6 - 7.1 140 5.4. 145.4 4851

- COUGARCR 14.3 85.0 9.0 19.1 7.3 26.4 139.9 3.7 143.7 60 0.0 60.0 353.5
MAD I SONR 15.2 378.0 3.7 10.3 4.4 14.6 5.0 4.1 9.1 90 0.0 90.0 413.5 4.95

1T




TABLE 20. HEBGEN LAKE 1988 AND 1989 INFLOW AND OUTFLOW DATA (continued):

“PART-P__ TOT-P

DATE TEMP COND SRP TDP NH4-N NO3-N DIN TDN  PART-N TOT-N  PART-C DOC
LOCATION (deg C) (umho/cm) (ug/l)  (ug/l) (ug/l) (ug/l) (ug/L) (ug/l)  (ug/l) (ug/l) (ug/l) (ug/ly (ug/ly  (mg/l)
010CT88 ]
OUTFLOW 13 244 .0, 14.9 22.5 7.9 30.4 91.1 11.4 102.6 290 17.6 *307.6 668.8 3.77
GRAYCREEK 9.8 105.0 1.9 - 8.4 1.8 10.2 3.0 3.2 6.2 50 0.0 50.0 389.0 1.30
DUCKCREEK 12 101.0 8.8 17.2 20.2 37.4 4.7 5.0 9.7 110 0.0 110.0 437.3
COUGARCR 13 85.0 3.6 15.5 8.3 23.8 6.3 6.7 13.0 150 99.7 249.7  1643.1
MADISONR 17 351.0 1.0 13.7 4.3 18.0 3.8 7.7 11.6 100 0.0 100.0 479.9 3.34
220CT88 . .
QUTFLOW 10.5 205.0 8.8 11.9 9.0 20.9 23.5 10.4 33.9 310 17.9 327.9 564.8 3.61
GRAYCREEK 5.5 86.0 3.4 4.9 2.1 7.0 1.3 5.6 6.9 110 0.0 110.0 408.4 1.27
DUCKCREEK 7.5 88.0 7.0 8.4 8.1 16.6 3.0 3.9 6.9 110 0.0 110.0 538.3
COUGARCR 8.5 75.0 13.4 10.2 6.4 16.6 5.6 9.5 15.1 80 0.0 80.0 433.5
MADISONR 12 340.0 2.4 6.7 3.2 9.8 2.2 5.6 7.8 80 25.1 105.1 512.5 2.04
16MAYB9 :
DUCKCREEK 41.5 40.4 6.6 59.0 65.6 173
264UL89
DUCKCREEK 23.8 65.4 10. 9.7 20.3 98- 13.2 110.9 494.4
COUGARCR 25.7 39.6 34.9 55.7 90.6 94 81.3 175.3 1170.1
: 0.0
03AUG8? 0.0
GRAYCREEK - 5.1 27.7 3.4 8.1 11.5 62 24.1 86.1 518.2
DUCKCREEK 19.1 43.6 4.3 8.2 12.5 83 29.6 112.6 516.5
COUGARCR 21.0 33.7 16.9 63.0 79.9 69 64.5 133.5 967.0
0.0
20SEP89 . 0.0 -
GRAYCREEK 5.1 29.7 7.0 6.5 13.6 50 18.5 68.5 413.2
DUCKCREEK 9.8 19.8 7.9 8.1 16.0 96 43.5 139.5 683.0
COUGARCR 13.5 31.7 7.9 13.1 21.0 18 20.3 38.3  323.9
0.0
080CT89 ] 0.0
GRAYCREEK . -1.3 19.8 5.3 . 25.1 4.3 4.8 9.1 23.1 23.1 256.3
* DUCKCREEK 7.0 19.8 9.0 28.8 5.2 6.5 . 11.7 45.0 45.0 476.6
COUGARCR 10.7 17.8 5.6 23.4 10:6 12.9 23.5 27.0 27.0 258.8

GTT
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