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Abstract - "

Data from the literature were used to calculate
separate regressions of summer chlorophyll a (Chla)
concentration on spring total phosphorus (TP) concentgstlon
for deep lakes (i.e., lakes which remain the;maliy
stratified during the summer) and shallow lakes (i.e., lakes
which mix intermittenfly during the summer). Significgnt»
cifferences were found in ﬁhelspring [TP]-summer [Chla]
relafionship for the,two lake types (P < 0.05). The mean
ratio of 5ummer tTP] tQ'spring’[TP] was also significaﬁtly
different in deep and shéllow lakes (P < 0.001). Thié' \
difference in the summer [TP] to sprihg [TP] ratio is the
_explanation offered fqr'why the spring [TP]-summer [Chla]
;elatiohship was different in the two lake types.‘ihfernal
loading of phosphorus from the sediments to the surface
water in shallow lakes was-suggested_as the cause of the
difference in the sﬁmmér [TP].to‘spring fTP] ratio in the
two lake types. A ‘ |

The contfibutio; of internal ioading from the sediments -
to the TP buaget and to the [TP] in the éurface’wéter was§~f
investigatéd from May to November in Nakamun andealfmoqn
Lakes, two shallow, prodﬁctiVe lakes in AlSérta; During the
summer, Nakamun Lake was intermittenkly strétifiea-aﬁd
Halfmoon Lake was weakly, thermally ;t:atified._While thevw
lakes were stratified, the water_overlying the sedimehts wég”
anoxie and TP le§els increased in the éeep water.'DUring the
stratified periods, the sedlments were the maln source of

‘.

iv



TP, cogtrdbuting 1468 and 147 kg of TP to Nakamun and
Halfmoon Lakes, respectiveiy, During'£hése séme periods,
external loading to Nakamun ana Halfmoon Lakes was
insignificant (37 and 5 kg, respectively). Average release
‘r%tes(of TP calculaﬁed_frém the in-lake TP budgets for
 Nakamun and Halfmoon Lakes (12.7; 15.6 mg/mi/day,

respect i were slightly higher than the rates preéicted
frém'labdratoji\experfments on sediment cores (9.7 and 7.2
-mg/m’/day, respéctivéiy). Quantitative estimates of wvertical.
water exchange‘in Nakamun ﬁake and in-lake TP budgets for
both lakes indicated that phosphorus released from the
sediments was transported to the surface water during
mixing. After eight of the ninebmixing events which
immediateiy.followed stratified periodé,-thé.[TP] increased
3-43% and 31-52% in the surface water.of Nakamun and

Halfmoon Lakes, respectively.
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I. Introduction
The nutrient phosphorus (P) is the primary factor which
limits summer algal biomass in north temperat:= lakes
(Schindler 1977). Consequently, total phosphorus (TP), often
measured at sprihg overturn, is a good predictor‘of summer °
chlorophyll a (Chla) concentrations (Sakamoto 1966; Dillon
and Rigler 1974; Oglesbyﬁgnd Schaffner 1978; Smith 1982;
Prepas and Trew 1983). There are suggestions that the’summer
[Chla] to spring [TP] ratio is higher in shallow lakes
(i.e., lakes whieh mix intermittently during the summer)
than in deep lakes (i.e., lakes which remain thermally
stratified during the summer) (Oglesby and Schaffner 1975;
Schaffnér and Oglesby 1978; Prepas and Trew 1983),

The proposed explanation for the higher<summer [Chla]l
per unit of spring [TP] in shallow lakes is that TP
concentrations increase from spring to summer in the surfaée
water of shallow, but not deep, lakes (Prepas and Trew
1983). External loading cannot account for the dbserved TP
increases in many shallow lakes duFing summer (Larsgn et
al. 1975; Stevens and Gibson 1977; Reynoldson and Hamilton
1982). Internal P loading is often considered responsible
4for these increases, usually throﬁgh P release f:om
profﬁndal sediments when the overlying water is anoxic, with
Subséquent transport of this P to the surfa;e wate; (Larsen
et al. 1981; Stefan and Hanson 1981).

Alberta has many shallow, productive lakes. In these

lakes, TP concentrations in the surface waters increase



throughout the summer: (Prepas 1983; Prepas and Trew 1983).
Prelimnary studies on some of thesé lakes suggest release of
phosphorus from the sediments under anoxic conditions is the
most significant source of internal phosphorus loading
(Prepas and Wisheu unpublished data).

In this study, I used data gathered from vérious
sources to compare the spring [TP]-summer [Chlgj and summer
[TP]-spring [TP] relationships in deep and shallow lakes. It
has been suggested these relationships are different iﬁ the
two lake types, but these differences have not been tested
statistically. I also examined thé P loading on’two shallow,
productive lakes in Alberta and conducted laborato?& studies
on P release from the sedimehts to determine the importance
of internal loading from the sediments on the. TP budget and
[TP] in the surface water of shallow lakes. This is the

first attempt to'quantify the input of P release from the

sediments in Albertan lakes.

v
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II. A Comparison of the Phosphorus—Chlorophyll Relationships

in Shallow and Deep Lakes

A. Iqtrodudtion
| The relationship between tHe‘Eotai phosphorus (TP) and
chlorophyll a (Chla) concentrations in lakes has been
examined by a number of authors (Sakamoto 1966; Dillon and
"Rigler 1974; Oglesby and Schaffnef 1978; Smith 1982; Prepas
and.Trew 1983). This relationship is fairly consistent when
spring or winter [TP] is used to predict the average summer
[Chla] for a lake (Nicholls and Dillon 1978). The spring
[TP]-summer [Chlg] relationship has been used as a sihple)
yet valuable tool in lake management (Dillbn and Rigler
1975) . | |
The applicability of moaéls\to ;redict summer [Chla]

(or some other estimate of the phytéplankton“standing crop)
would be improved if thé residual variance in these models
were reduced (Nicholls and Dillon 1978;‘Smith 1982). There
are suggestions that Ehe variation in the spring [TP]—summer
[Chla] model wbuid be reduced if the lakes were diQided into
two categoriest deep lakes (i.e., lakes which remained
thermally stratified during the summer) and shallow lakes
(i.e., lakes which mix intermittehtly during the summer)
(Oglesby and Schaffner 1975; Schaffner and Oglesby 1978;
‘Prepas and Trew‘1983),'

Further analysis of Prepas and Trevw's data shows that

. the summer [Chla] to spring [TP] ratio is higﬁér in shallow



s

iakgs than” in deep’lakes. The measured Chla concenfrations
in six of the eight shailow lakes in their study were
greater than the values predicted by Dillon énd Rigler's
(1974) spring [TP]-summer [Chigj'model. The measured summer
Chla concentrations in onﬁy 7 of tﬁe 18 deep lakes in their
study were greaterlthan the predicted values.

Oglesby and Schaffner (1975) calculated'separate iinear
regressions of summer [Chla] on wintér [TP] for deep and -
shallow lakes. They assumed that the spring [TP]-summer
[Chlgl relationships were different in the two lakg types.
Oglesby and Schaffner's regression line for shallow lakes
has a greater slope and intercept than the regression iine
for the‘deep lakes., Howéver, their data sets were too small
’to test whether these differences were sigﬁificant.

During summer, the [TP] in the trophogenic zone
increased in shallow lakes and decreased in deep lakes in
Prepas and Trew's study.mDifferences in summer [TP] to
spring. [TP] ratios in the two lake types could explain’why
shallow lakes often have higher summer [Chla] than deep
lakes, relative to spring [TP]. |

To examine whether the differences in the spring-
[TP]-summer [Chla] relationships in deep and shallow lakes
were significant, I calculafed-separatg regreséion lines for
summer [Chlal on spri:g [TP] for both lake types. I then
compared the regnession lines for deep and shallow lakes
with each other and with Dillon and Rigler's (1974)

regression line by analysis of covariance. I treated Dillon



and Rigler's regression line as a model for deep lakes
because most of the lakes in their data set were deep. The
results support the hypothesié that the spring [TP]-summer
[Chlal relationships are different in deep and shallow
lakes. Differences in the summer [TP] to spring [TP] ratios
in the two.iake types offer the best explanation for the

differences in the spring [TP]-summer [Chla] relationship.

B. Methéds and Materials
‘// The data for the regréssion lines were gathered'from
se&eral sources: Dillon and Rigler (1974), Oglesby (1977),
Oglesby and Schaffner (19783,}Prepas and Trew (1983), C.E.
Gibson (University of New Ulster, Coleraine, Northern
Ireland, pers. comm.), and E. Mills (Cornell,Biologicél
FielduStaEion, Bridgepoft, N.Y., pers. éqmm.) (Table 1). The
data consisted of: = = &

1) Spring [TP] i.e., the lake [TPj at spring overturn.
Phosphorus data collected in late winter (Oglesby and
Schaffner 1978) were treated as spring values since they are
‘comparable (Nicholls and Dillon 1978).

2) [Chla] i.e., average lake concentraﬁion of chlorophyll a
during the summer. |

3) Summer [TP] i.e., the average summer [TP] in the
trophogenic zone. The trophogenic zone was defined as the
water above the depth of 1% surface-penetratingiirraéiance.

I did not use some data from the original data sets in.

our analyses. Mills'(pers. comm.) and Oglesby and Schaffner



(1978) both provided data for Oneida ﬁ;ke in 1975. Mill's
data were used for the calculations because théy were based
on a SQQh larger/éample size than Oglesby and Schaffner's
(23 ve:éhs 2 saméles for épring [TP] and 65 versus 2 samples
for [Chlg], resgectively). Three lakes from Prepas and
~Trew's data setgwere excluded from the calculations.lThe
spring [TP] values in two lake‘é (Joseph and Cooking) were
well‘beyond the range of the other lakes in Table 1 (706 éhd
303 mg/m?, respeétively). A third lake, Hasse, wa§ excluded
‘because it could not be cleagiy classi%ied as either a deep
or shallow lake.? | |

The data weﬁe transformed to iog1o before regression
analyses as in Other spring [TP]-summer [Chla] models
(Dillon and Rigle% 1974; Prepas and Trew 1973). The |
regreséioﬁ analyses were pérforhed with BMDP‘statisfiéal
packages (Dixon 1981) on the Amdahl model 580/5860 computer
at the University of Aiberta. The other gtatistical analyses
were from Zar ?19?4). |

The daté in fable 1 were used to calculate the
regressiops of su@mer [Chla] on spring [TP] for the two lake
tybeg.uA regressio%mline based on Dillon and Rigler's (1974)
data set Waé also %ncluded in the analxsis of covariance.
The spring TP'conégntrations’in 5 shallow lakes were higher
than for any deep iakes. The spring [TP] in eight deep lezkes
were below the ranée of values for shallow lakes (Tabléu1).

In analysis of covariance the range of the independent

variable should be similar for all data sets. Thus lakes
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-wiﬁh more than than 10 mg/m? or less tﬁan 100 mg/m?® of
.spring [TP] were egcluded.from the analysis of covaria%ce. A
“range of 10 to 100 mg/m® of spring [TP] was chosen because
it did not reduce the size of the data sets too much and
there were no extreme outliers within this range.

To conpare the rélationship between summer [TP] and
spring [TP] in the tréphogeni zone, and summer total
nitrogen concentration ([TN]) and summer [TP] in the
trophogenié.zone of thé two lake types, I calculated the
summer [TP] to spring [TP] and sﬁmmer [TN] to summer [TP]
ratios for -individual lakes. I then calculated mean ratios -
for dgep and shallow lakes and compared the meaﬁs with a
Mann-Whitney teét.‘This method was used instead of analyéis
of covariance for thrée reasons: (1) significantly more
variance was associated with the summer tTP] to spring [TP]
relationship in shallow lakes as compared to deéep lakes
(F = 11.5, P < 0.001), (2)4the data sets were small, and (3)
‘ratio data are often not normally distributed. Therefore
parametric statisticai techniques such as analeis of )

covariance, which assume homogeneity of variances and normal

distributions, were inappropriate.

C. Results and Discussion
The relationship between spring [TP] and [Chla] was.
highly significant (P < 0.001) for both deep and . shallow

lakes (Fig. 1 and 2). The spring [TP]-summer [Chla]

D

relationship for shallow lakes (Table 1) was:

-]
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log,ofChlal = 1.251 log,o[TPlsp - 0.680 (r=0.83, n=25) (1)
and for the deep lakes it was:

log,o[Chlal = 1.015 log,o[TP]sp - 0.555 (r=0.80 n=31) (2)
' ¢

where [TP]sp is the [TP] at spring overturn.
The correlation coefficients for these regressions (Eq.

1 and 2) were not as high as for Dillon and Rigler's line:
log,o[Chlal = 1.449 log,,[TPlsp - 1.136 (r=0.95, n=46) (3).

A ial gxplanation for why Eq. 1 and 2 had lower
correlation coefficients than Eg. 3 is that the data sets
for Eq. 1 and 2 covered a narrower range of spring TP
concentraions than Dillon and Rigler's data set. Spring [TP]
values rénged from 13.9 to 152, 7;7 £o 79.9, and 3.0 to 180
(mg/m*) in Eg. 1, 2, and 3, respectively. / ﬁ
For analysis df covariance, I éalculéted a second set
of regré;sion lines. Only lakes with spring [TP]
concentrations between 10 and 100 mg/m® were used. The

spring [TP]-summer [Chla] relationship for the shallow lakes

in this range was:
logio[Chlal = 1.299 log,o[TPlsp - 0.751 (pr=0.77, n=22) (la) .

and for deep lakes it was:

-



12

log,s[Chla] = 0.996 log,o[TPlsp - 0.528 (r=0.75, n=27) *(2a)

The equation for the lakes in this range from Dillon and

Rigler (1974) was:

log,o[Chlal]l = 1.389 log,o[TPlsp - 1.052 (P=0.90[ n=30) (3a).

-When Eg. 7a, 2a, and 3a were compared by anaiysis of ..
covarianée, the residual variances and slopes were not -
significantly different (Table 2, Fig. 3). However, the
adjusted means for Eq. 15 adnd 2a, and 1a and 3a wefe “
different, although the adjusted means for Eq..2avaqd 3a
were not differenﬁ (Table 2, Fig 3.). Thus the spring y \\
[TP]—summér,[Chlg] relationships were different in"deep and
shallow lakes, but the two sets of deep lakes (Egq. 2a and
3a) were.similar. Because of this difference in the spring
[TP]-summer [Ohlg].relationship in deep and shallowylakes,
Eg. 1 should be used to predict [Chlal in shallow lakes and
Eg. 2 or 3 should be used for deep lakes. When more data are
availavble, Eg. 1 should be compared with regression models
for other shallow lakes to evaluate wvhether the spring
[TP]-summer [Chla] relationship is consistent for shallow
lakes.

I did not atteﬁpt to inéorporate total nitrogen (TN)
(e.g., Smith 1982) into my models because my data set was

too small for muktivariate analyses. However, I had TN data
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\

for one portion of my data set (Table 1, data from Prepas
ana Trew 1983). I used these data to test whether the meén
. .summer [TN] té [TP] ratios were different in deep and
shallow lakes. The ratios were different (P < 0.01). The
mean [TN]‘to [TP] ratio was smaller in the shallow lakes
than in the deep lakes (27 and 44, respectively) which

. accordind to Smith (1982) means the shallow lakes should
have a lower summer [Chla] to spring [TP] ratio, than the
deep lakes. Since the shallow lakes had a higher summer
[Chla] to spring [TP] ratio, I concluded [TN] to [TP] ratios
in the shallow‘and deep lakes wer€e not responsible for the
differences found here. However, incorporatioﬁ of [TN] into
empiricai modéls to predict summer [Chlal]l in deep and
shallow lakes could reduce the residual variation.

‘The higher elevation éf the spring [TP]-summer [Chla]
relaeidnship for shallow lakes as compared to deep lakes
'(Fig.kBY’supports the hypothesis that shallow lakeé are more
productive per unit of spring,[fp] than deep lakes. The
diffe: "ce in elevation looks small when the liées are
-‘ploféed together on-‘a log-log scale. However when the
regression lineé are plotted in the arithmetic scale (Fig.
4) the differences between the two models increase as spring
[TP] increases. This trend suggests that shallow lakes
respond more strongly than deep lakes to increases in spring
nutriépt concentrations.

The differences between the predictions made by the’
spring [TP]-summer [Chla] models for deep and shallow lakes

~
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have important implications for lake management. For
instance,"Eq. 1"and 2 predict a [Chla] of 28 and 15 mg/m?,
respectively for a lake with a spring [TP] of 50" mg/m’.
According to Dillon and Rigler (1975), a lake with a [Chla]
of 15'mg/m® could support a warm-water fishery whereas a
lake with a [Chla] of 28 mg/m® may not be able to. ‘

A bartial explanation for the higher summer [Chla] to
spring [TP] ratio in the shallow lakes as compared to deep
lakes is the relationship between the spring [TP] and the
averade summer [TP] in the trophogenic zone of these two
lake types. The mean ratios of summer [TP] to spring [TP] in
shallow -and deep lakes were 1.57 and 0.87, respectivelf
(Table-1). Thus [TP] increases in the shallow lakes and
decreases in deep lakes from'spring to summer. The
difference between the mean summer [TP] to spring [TP]
ratios was significant (P < 0;001); Since phosphorus is
generally the limiting nutrient in’north'temperate lakes
(Schindler 1977) and [TP] increases in shallow lakes and
dgcreases in deep\lakes from spring to summer, the higher
algal biomass per\unit of spring [TP] iﬁ shallow lakes is

\
reasonable,

~

Clearly more information is needed on the cause of the
increased summér [TP] in shallow lakes. Recycling of
phosphorus due to lake mixing is one explanation for why the
[TP] increases in shallow lakes (0Oglesby and Schaffner
1975). Phosphorus that would sediment out of the water

column in a deep lake during the summer is resuspended in a
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shallow lake.

Ihternal loading from the sediments is an additional
- explanation for the increase of [TP] in shallow lakes. Some
authors suggest that iﬁternal phosphorus loading contributes
significantly to the ,phosphorus budget of shallow lakes
during summer (Lie 1977; Larsen et al. 1981; Reynoldson and
Hamilton 1982; Hanson and Stefan 1982; Landers 1982).
However, the mechanism for internal loading to shallow lakes
is still unclear. For.example, Lie (1977) and Lersen et al.
(1981) studied the same lake'dering the same time period;
Lersen et al. reported that phosphorus{reiease from the
sediments during periods of temporary stratification.
~accounted for most of the internal loading to the lake
whereas Lie found phosphorus release from macrophytes was
the major internal loading source. .

Clearly, more research on‘the procesees controlling the
[TP]} in shallow‘lakee is needed. In particular phosphorus
loading to shallow lakes needs better duantification. A
.clear uﬁderstandiﬁg of these processes in shallow lakes will
enhance our knowledge of these same processes in all lakee.
It will also help to. explain why the spring [TP]-summer
[Chlal] relationship is different in deep and shallow lakes.

)
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TABLE 1. Spring or winter total phosphorus concentration ([TP]),
summer chlorophyll a concentration. ([Chla]), summer [TP] in the
trophogenic zone, and mixing regimes (D = deep, S = shallow)

for the lakes used in the analyses. o

Lake Spring Summer Summer Mixing Reference
[TP] [Chlal (TP] Regime
(mg/m*) (mg/m?*). (mg/m*)

Amnisk North 66.0 21.6 37.9 D Prepas
Amnisk South 68.7 21.0 38.6 D and
Baptist. N. p7.8 34.1 65.6 S Trew
Baptist S, /79.9 50.9 55.3 - D (1983)
Birch . 45,2 21.7 53.8 S
Bourgue 16.4 4.8 19.1 D
Eden 28.7 9.2 1916 D
Ethel ' 34.6 6.3 19.9 D
Hastings 152.0 80.6 156 S
Hilda 28.3 5.6 25.7 S
Hubbles 1980 27.1 10.4 15.8% D
Hubbles 1981 26.2 7.6 20.7 D
Marie 15.8 5.5 16.0 D
Mink 24.7 5.3 26.9 S
Moore : 33:.9 4.7 23.6 . D
Nakamun 1980 53.1 41.7 155 S
Nakamun 1981 78.4 150 155 S
Narrow 1981 11.1 3.4 11.8 D
Roi 13.4 5.8 14,8 D
Sauer 33.0 18.6 31.7 D’
Star . 28.8 ‘5.4 212 D
Tucker 29.1 30.0 58.9 S
Twin 1980 ~21.4 < 1.7 12.0 D
Twin 1981 16.3 2.3 12.8 D
Wizard 36.3 26.4 44.2. S
Wolf 39.4 7.3 21.3 D
Lough Neagh ' C. E.
1978 _ 96 58 75 % S Gibson
1979 98 100 105. «* S (pers.
1980 114 77 90 * S comm. )
1981 123 103 126 % S
Oneida ' '
18975 17.4 11.4 87.8x% S E. L.
1976 ~ 28.8 9.0 25.3% S Mills
1977 Q{ 31.3 12.8 30.5% S (pers.
1978 26.2 6.9 37.2% S comm, )
1979 35.8 7.2 40.2% S
1980 46.1 12.0 67.1% S .
1981 44,2 11.9 72.1% S

8.4 51.2% S

1982 28.9
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(Table 1 cont'd)

Lake Spring Summer Summer Mixing Reference
{rP] [Chla]l [TP] Regime
(mg/m*) (mg/m?) (mg/m?)
Canadarago 39.5 22.5% - S Oglesby
Canandaiqua 10.1 2.6% ———- D, and
Canadice 9.2 4.4% ---- D Schaffner
Cayuga 1972 20.7. 9.7% —--- D (1978)
Cayuga 1973 22.2 7.8% -——- D
Cayuga 1974 20.5 8.7 -——- D
Conesus 17.6 5.6% _ - D
Hemlock 10.9 5.8% -—-- D
Honeoye 16.2 13.2% -——-- S
Keuka 15.1 3.3% ———- D
Lamoka 13.9 7.3% ———- S
Oneida 1973 42.0 29.0% ———- S
Otesego 8.4 2.2% e S
Otisco 8.4 2.2% —-—-- D
Owasco 14.7 6.2% e D
-Seneca 17.5 7.1% ———- D |
.Skaneateles 7.7 1.5% - —-———- D
Waneta 24.0 20.8% ———- S

* Integrated concentration for the whole water column. This
data was not used to compare the relationship between summer
[TP] and spring [TP]. :

t Summer [TP] of the trophogenic zone not available for
Hubbles in 1980. Data for the [TP] of the epilimnetic zone was

used instead.

t Chlorophyll a plus pheopigments.
. \\ ~



Table 2. A comparison of three régression lines
(Eq. 1a, 2a and 3a) by analysis of covariance
(* indicates significant difference (P < 0.05)).

w

COMPARISON OF THE THREE REGRESSION LINES

Bartlett's Test for Homogeneity of Variances

P > 0.50

Comparison of Slopes

P =10.23

Comparison of Intercepts

P = 0.01 %

Pairwise Comparison of Intercepts "
(Newman-Kuels test) -

Shallow vs. Deep < P < 0.05 *
Shallow vs. Dillon and Rigler's P < 0.05 *
Deep vs. Dillon and Rigler's P >> 0.50

19
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-

+ Figure 4. The regression equations of summer chlorophyll a
concentration vs. spring total phosphorus concentration
for the samples of deep and shallow lakes (Eq. 1-and 2)

in the arithmetic scale. : :
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I11. The Role of Internal Phosphorus Loading in Two Shallow,

//N\\\._ Productive Lakes in Alberta, Canada

A. Introduction
- During summer, total phosphorus (TP) concentrations

increase in the surface water of many shallow lakes (Larsen
et al;v1975; Steveﬁs and Gibson 1977: Reynoidson and
Hamilton 1982; Prepas:and Trew 1983). These increases occur
when extg;nal phosphorus (P) loading is low, Thus, in ’

. shallow lakes, internal loadiqg is often éited as the cause
of the increased TP levels &n.ihe surface water.,

Three mechanisms for internal P loading to'the surface

water in shallow lakes have been suggested: (1) release of P

from profundal sediments when the overlying water is anoxic,

with subsegquent transport of this P to the surface water

#

(Larsen et al. 1981; Stefan and Hanson 1981); (2)
resuspension oﬁ lake sediments during mixing (Reynoldson and
Hamilton 1982); and (3) release of P from healthy and |
scenéscing macrophytes (Lie 1977; Carpenter 1980; Landers
1982).

»Numérous laboratory studies have shown:-that P is
released from lake sediments when the overiying wéter is
anoxic (Mortimer 1941 and 1942; Theis and McCébe 1978
Holdren and Armstrong 1980) and‘releaée rates increase with
higher water temperatures (Banoub 1975, Holdren and
Armstrong 1980). Field studies have shown that P release

from profundal sediments is an important source of loading

28
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to the deep water of shallow lakes (Stevens and Gibson 1977;
Larsen et al. 1981; Stefén and Hanson 1982). The link
between deep water buildup of TP ahd fluctuations of [TP] in
the surface water is less clear. Only one field study
(Larsen et al. 1981) has shown that the [TP] increased in
the surface water aftef'miiing, However, in\that:study,'TP
increases in the surface water after m&xing were 139-1000%
greater than the losses from the deep water. To demonstrate
that the P released from thg sediments is transported to the
surface water during mixing, exchanges qf TP between deep
and surface waters need to be quantitathely balanced.

Alberta has many shallow, productive lakes (Prepas
1983). Total phosphorus concentrations in the surface water
of these lakes increase during summer (Prepas and Trew 1983;
Prepas and Wisheu unpublished data). To evaluaté the |
contribution of the sediments to the TP levels in the
surface water of these lakes, détailed'studies were
undertaken on Nakamun and Halfmoon Lakeé. At Nakamun Lake,
'data were collected on the external TP loadings, vertical
‘distributions of temperature, TP, total dissolved phosphorus
(TDP), and dissolved oxygen (DO), and trophogenic
concentrations of TP and chlorophyll a (Chla). At Halfmoon
Lake, similar data on temperature, TP, DO, and Chla were
collected. Both lakes were sampled throughout the43ce—free
season. Also, sediment cores from Nakamun Lake were taken to
the laboratory and incubated under oxic and anoxic

conditions at three temperatures. These data were used to:
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(1) evaluate the effect of water temperature and DO levels
in the wat:r overlying the sediments on P release rates in
shéllow Alberta lakes; (2) ‘quantify the relative importance
of internal and external P loading to these lakes; (3)
compare sediment release rates Teasured in situ and in
cores; and (4) quantify the exchange of TP b;kween the deep

and surface waters during mixing and determine the effect of

this input on TP and Chla levels in the surface water.

B. Description of the Study Lakes

The two study lakes,‘Nakamun and Halfmoon, are located
in the boreal mixed-wood_ﬁiome in central Alberta. Nakamun
Lake is 70 km northwest of Edmonton and Halfmoon Lake is 20
km east of Edmonton. Nakamun is a shallow (mean depth, 4.5
m) (Fig. 1Aa), medium-sized lake (surface area, 3.5 km?),
draining an areavof 48.2 km?, 42% of which is used for
grazing and cereal crops. The mean depth of Halfmoon lake is
similar (4:8 m)(Fig. 1B5, but the surface area is smaller
(0.4 km?), and the drainage basin, 57% of which is used for N
grazing and cereal crops, is the same relative size (3.3
km?). Both‘Nakamun and Halfmoon Lékes aré'eutrophic, the
average summer Chla concentrations in 1981 were 150 and 46.2
-mg/m*, respectively (Prepas and Trew 1983); Both lakes have
_relatively small littoral zones (< 20% of the sediment area):

but the macrophyte beds in these areas are dense. Baseline

chemical information on both lakes is in Prepaé and Trew

(1983).
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C. Materials and Methods

'To determine how oxic and anoxic conditions in the
water overlying the sediments and water temperature
influenced P release from the sediments of Nakamun Lake,
sediment cores were collected with a multiple corer
(Hamilton et al. 1970). At the lake, all but the top 20 cm
of sediment was;released from the bottom of the core and the
tubes were filled with lake water. The cores were
transpérted to the laboratory and incubafed at one of three
temperatures (3, 10, 25°C) under oxic or‘énoxic conditions
for periods of 14 to 21 days. To maintain oxic (DO > 4 mg/L)
and anoxic (DO < 1 mg/L) conditions, the water in the tubes

: ’

was bubbled with air and nitrogen gas, respectively.
Resiaual oxygen in the nitrogen was removed by passing the
gas through a column of Catalyst R3-11 (Chemical Dynamics
Corporation). To'evaluatg changes in TP levels in the water
overlying the sediments, duplicate 5 mL subsamples were
removed every three to fivé déyg and made up to 50 mL with
double distilled water and sﬁored for anqusis. Water
rehoved for analyses was not replgcedi

Bathymetric maps for bothjlqkes were constructé& from
data qollected with a Furuno model FE-400 depth sounéer.
Lake surface areas were determined from aerial photographs
and lake watershed areas from 1550,000'topog:aphic maps and
aerial photographé. Lake volumes were determined from

béthymetric maps with a Tallos digitizer .connected to a

Hewlett-Packard model 9825B desk-top computer.
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The TP loading to Nakamun Lake from terresfrial sources
and losseé via the outflow were determined from discharge
and [TP] in the six inlet ahd the outlet streams. Stream
discharge was determined by the dye dilution technique
(Dillon 1974); the dyes used were Flourescein and Rhodamine
WT. Water samples for TP analysis were cbllected midstream
and placed in a 1-L Nalgene bottle. Loadings fér the 20% of
the watershed area with no streams, were estimated,from
runoff coefficients (kg/km?/day) from adjacent watershed
areas wi{h streams.

Aeolean P inputs to Nakamun Lake were estimated with a.
collector located in the ?aké, on a raft. The collector
consisted of a Nalgene funnel_leadi&g into a 2-L Nalgene
bottle (Gomolka 1975). To exclude insects, 250-um netting
was secured to the bottom of the funnel (Dillon and Riglef
1974b). To discourage biqu'from_perching'on the funnel,
plastic straws were taped to the outside rim; Every one to
two weeks the bottle was taken to- the laboratory, the volume
of water was recorded, and the water was analysed for TP..
Aeolean samples collected in May and June were fouled by
insects, birds, and humans. For this period; data collected
for Wabamun Lake (25.km southwest of Nakamun Lake) were used
to eétimate aeolean loading (P. Mitchell, pers. comm.).

Nakamun Lake was visited every three or four days'and
Halfmoon Lake was visited every two weeks during the
ice-free season (between 11 and 13 May, and 10 and 15

November, 1982). Vertical profiles of TP were determined on

¥
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water samples collected at 1—m_intervals from the surface to
the sediment water at up to three stations in Nakamun Lake
(8.5, 6.5 and 4.5 m deep; Fig. 1A) and over the deepest part
of\Halfmoon Lake (8.5 m deep; Fig. 1B). Moreﬂthan one
station was sampled at Nakamun Lake to evaluate ;f distgnce
from the sediments was an.impoftant factor de£ermining the
TP. level. At stations 1 and 3 in Nakamun Lake (Fig 1A),
water samples from depths of 1, 3, 5, 6, and 8 and 1, 3, 5,
and 6 m, respectively wére analyzed for TDP. At all three"

- stations in Nakamun Lake and at the one station in Halfmoon
Lake, DO was determined on samples collected at 1-m
intervals from the sediment-water interface until
well-oxygenated water (DO > 4 mg/L) was enéountered..Water
samples for vertical profiles were collected with a 1.5-L
drop-sleeve aluminum water bottle. Vertical p%gfiles of
temperature were measured at stations 1 and 3 in Nakamun
Lake and at the one station in Halfmoon Lake at 1-m
intervalé with a Montedoro Whitney (model TC-5C) thermistor
thermometer accurate to 0.1 °C. fhe epilimnion was defined
according to Hutchinson (1957). The trophogenié zone was
estimated as two times-Secchi disk depth (Dillon and Rigler
1974a5{ Trophogenic TP and Chla levels representative of the
whole iéke were collected at 5 to 10 stations in Nakamun and
HalfmoonbLakes. Samples were collected from the surface to
the bottom of the trophogenic zone with a polyethylene.tﬁbe

and pooled in 2-L opéque Nalgene bottles. In Nakamun Lake,

this water was also used to determine the phytoplankton
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species composition. All ﬁaigeqe bottles used for
trahsporting samples back to the laboratory were treated as
‘outlined in Prepas and Rigler (1982).

Total phosphorus was determined on 50 mL subsamples
with the potassium persulfate technique described by Prepas
and Rigler (1982), with one modification. Since the
Aphanizomenon colonies in Halfmoon Lake did not pass through
a 250-um net, the samples were not filtered. Water for TDP.
analysis was filtered threugh'a pre-rinsed 0.45-um Millipore
HAWP membrane filter and enalysed as for TP. Duplicate
subsamples.were analyzed from water over the sediment cores
and for TDP: the reﬁaining analySes”gere in triplicate.

\ Dissolved oxygen was determined on.water samples which
were fixed in the‘field eqd analyzed by Carpenter's (19655
modified Winkler technique. For the water overlying the -
sediment cores,‘po was determined by a micro-Winkler
technique (Burke. 1962). Chloroﬁhyll a was determined with
the ethanol extraction method desctibed in Bergmann and
Peters (1980), with one'exeeption. I used a Bausch and Lomb
Spectronic (Spec) 710 sbectrophetometer inst=ad of a Spec
100; When Chla samples were read on both machines, thehsbec
710 consistently gave higher readings. To make my gata |
comparable with those reported'from Spec 100s, my Chla
‘values were corrected based on a eomparison using Chla from

it

Sigma Chemical Co.:
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[Chla](Spec 100) = 0.88 ([Chlal(Spec 710)) .+ 0.28
- (r=0.98, n=28, P<0.01)

Phytoplankton counts were determined by the invérted
microscope method described by Lund et al. (1958).

To estimate stratum and whole-lake maéses.of TP,
profiles were collected at three stations in Nakamun Lake.
The lake was divided into three sections corresponding to
the depths of Stations 2, 3, and 1: areas over maximum
depths of "0 to 5m, 5 to 7 m, and 7 to 8.5 m, respectively.
Masses of TP were calculated- for each stratum, over each

section, and summed for whole-lake masses. Masses of TDP

were calculated in a similar manner, except the lakes was

divided into two sections: areas over maximum depths of 0 to
7 and 7 to 8.5 m. ‘

To calculate P loading to"the deep water from the
sediments and to the surface from the deep'watérs, the’lakes
were divided into deep and surface strata. The division was
at 2.5 m because water above this depth was always wellr
oxygenated and the trophogenic ééne was generally in this

oW

region (average depths of the trophogenig:

one during the
summer for Nakamun and Halfmoon Lakes were 1.6 and 2.0 h,
respectively).

The net external loading (NEL) to Nakamun Lake between

‘two sampling dates, t to t+n (where n is the number of

days), was calculated with the mass balance equation:



NEL = TPip - TPout . (1)

where TPip 1s the TP entering the lake from ruﬁoff and
aeolean loading, and TPout is the amount of TP lost froﬁ the
lake via the outflow from‘f to t+n. External load@ng to
Halfﬁoon Lake was estimated from coefficients calcuiated
with data from Nékamun Lake. Net internél load (NIL) to
Nakamun Lake from ¢ to.t+n was calculated from the mass
balance eguation:

NIL = /\TP - NEL (2)

where. /\TP is the change of TP in the whole lake from t to
t+n. The units for NEL and NIL are kg. During periods when
the lakes were stratified, release rates of %P and TDP (RRy7p)
from the sediments (mg/m’/daY) were calculated with the

equation:

RRyp = TPprei / (n / As): | (3) d
~where TPpe7 is the change in TP or TDP (mg)“below 2.5 m, n

i1s the number of days the.lake was stratified, and As is the
surface area (m?) ;f the sediments which were anoxic.

Release rates from the coreé were calculated with a modified
EqQ. 3: TP.o] Wwas £he increase of TP in the water above the

core, n was the number days this water was bubbled with

nitrogen gas, and As was the area inside the core (11 cm?).
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Thermal budgets were constructed for Nakamun Lake to
provide independent estimates of TP movement from the deep
water to the surface water during mixing events. The volume
of the epilimnetic water required to raise the temperature
of a deep water stratum (e.g., 4.5 to 5.5 m) from that
measured at t to that measured at (t+n) (V. ) was

calculated:

. T _ .
Vmix — Vd J.d,t+n Td,t . (4)
Tepi - T4q,t L

where V4 is the volumé (m*) of the deep'water stratum, Ty
and Ty, t+n are the témperatqre (°C) of the stratum on t and
t#n, respecfively, and Tepi is the Qolwwe-weighted

temperature of the epiliﬁnion at t. The estimated volume of
water exchanged bétween t and t+n and the TP concentrations

N

at time t in the two strata, were used to estimate the
Qertical flux of TP between t and t+n. ?his flux was™
estimated for each stratum below the eplimnion whefe the
temperatire had increased from t to t+n. The'total flux was
used to calculate a predicted [TP] in the surfacé.water at
t+n. These budgetsAassu e that durihg mixing, all exchange
was between the deep Wat‘r and the epilimnion (i.e., water
did not mix between the deeper strata).. Thérmal budgets were
calculated for periods of mixing in which the thermal mass

(temperature x volume) of the lake did not change

significantly (< 5%) between t and t+n.
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D. Results

Sediment Core Experiments

In the sediment core experiments, TP was reieased when
the overlying water was anoxic (Fig. 2). However, when the
same water was aerated, TP levels decreasea in the water
column (Fig. 2). Release rates (RRTE) increased proportionél

to water temperature (Table 1, Fig 2B): -

RR = 0.51 8 + 1.78 (r = 0.98, n = 11, P < 0.001) (5)
/ :
where 8 is temperature k°C). These results suggest ﬁhat: (1)
when the water overlying the sediments in Nakamun Lake is
anoxic, TP will increase in this water; and (2) in
individual lakes, rélease rates‘afe temperature dependent. .
Although core experiments Qere not run on sediments from
Halfmoon Lake, I eipected similar resultsvsince beoth lakes
have similar mean 4 :<hs (Fig. 1), superficial sediment typ&

(black, organic material), levels of productivity, and water\

chemistry (Prepas and Trew 1983).

Phosphorus Loading to Nakamun Lake

Nakamun Lake had 12 successive periods of water
stagnation and mixing.between 17 May and 2 November, 1982.
These periods of stagnation and mixing were divided into

three categories: (1) stratification, when the. water next to

the sediments was anoxic and the chemocline or thermocline
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. /
was not depressed from the previous sampling day; (2)

complete mixing, when chemical or thermal stratification was
not evigdent; and (3) partial mixing, when the thermocli: : or
chemocline was depressed from the previous sampling day, but
the water over the sediments was anoxic.

| Nakamun Lake was stratified four times between 25 May
and 23 August (Table 2); one of these periods lasted 34 days
and ;he other three lasted 6 or 7 days. During these
stratified periods, DO,waé rapidly depleted in the Qater
over the sediments (Fig. 4B). For instance, on 22 July, the
[DO] at 8 m at Station 1 was 5.4 mg/L; on 26 July, the [DO]
was 0.3 mg/L at the same location. As DO levels apprqaéhed 0
mg/L, the TP and TDP‘éoncentrationé increased near the
sediments (Fig. 4C and D);‘TP and fDP mass increased in the
deep water, and the net internal load (Eq. 2) was positive
‘kTable 2, Fig. 3A). Total phosporus levels in the surféce
water\did hot change more than 5% during any stratified
period (Table 2). |

During seven periodé from 17 May to 2 November, Nakamun

‘Lake mixed combletely or partially. To facilitate the
analysis, the period from 23 August to 2 November was
divided into two periods (23-26 August and 26 August-2
November). Thgs, Table 2 lists eight periods of complefe or
partial mixing;'ﬁuring the ;wg periods of complete ﬁixing
which directlylfolloweﬁ 6ther periods of complete mixing
(17-25 May and 26 August-2 November) (Table 25, the'[TPj wvas

constant. throughout the water column (Fig 4C), the water
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over the sediments was well oxygenated (Fig. 4B), and the
net internal load was negative (Table 2). During these two
periods, the loss of TP from the whole lake was 6 and
2%/1ay, respectively. The remaining six periods of compiete
or partial mixing were between 28 June and 26 August (Table
2). Prior to each of these six periods, the water next to
the sediments was anoxic and TP and TDP levels were high in
. the deep water (Table 2, Fig. 4). When the lake mixed, tﬁé
P-rich deep water exchanged with the relatively dilute
suf&ace water. Consequently, during five of these pefiods,
TP increased 3-43% in the surface water (Table 2, Fig 3a).
ﬁuring the sixth period (9-16 August), the TP level in the
surface water decreased. Total dissolved P levels in the
surface water remained copstan£ throughout the summer (Fig’
4D). During mixing events, TDP which was transported to the
surface water, was probably incorporated immediately into
the paféiculate P pool by the phytoplankton (Lehman and |
Sandgren 1982). ' .

There were four periods of complete mixing between 15
July and 26 August (Table 2), Dﬁring three of these periods,
both TP and TDP levels decreased in the deep water and the
net internal load was negative (Table 2). During these
periods, the loss of TP from the deep water was greater than
the increase in the surface water (Table 2). Thus,'Some_og
the P lost from the deep watef went to the sediments. During
the fourth périoé of complete mixihg (23~26 August) the TP

increased in.both the deep and surface water and the net

;’
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internal load was positive (Table 2). During the two periods

‘tdal mixing in Nakamun Lake, TP and TDP continued to
2 ‘ . o
incredS&%¥in the water over the sediments (Fig. 4C and D).

v

Consequently, losses from the deep water were less than
incréases of TP in the surface water during the first period
of partigl mixing (28 June-S\July) and TP increased rather
than decreased in the deep water during the second peri.d of
partial mixing'(Table 2). During these two periods, the net
internal load was positive.

| Terrestrial loading to Nakamun was low, 39.kg between
"17 May and 2 November. When the terrestrial loading
estimates collected between 17 May and 2 November were
e#trapolated to a full year, the coefficient for the
watershed was 1.9.mg/m2. Between 17 May and 2 November,
‘aeolean sources contfibuted a similar amount of TP to the
.iaﬁé,'43 kg. When the lake was strétified, the net external
load (Egqg. 1§iwas insigniﬁicant compared to the net internal
load (Eq. 2)'237 and 1468 kg, respectively). During the four
periods of stratification and ﬁhe sécond period of partial .
mixing (5-15 July), release rates of TP and TDP from tﬁe
sediments ranged froﬁ 10.5 to 19.6 and 8.1 to 28.0

mg/m?/day, respectively. .

Phosgkcius ' ~z7ing to Halfmoon Lake
g

E

1)

1f - Lake w- -hermally stratified in late May and
by early July, p. m. ing was evident (Fig. 5A).

However., the mixing i: Z .lfmoon was weaker than in Nakamun
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Lake. Halfmoon Lake did not completely mix until 25
September. Consequently, the water overlying the sediments
in Halfmoon Lake was anoxic from 27 May until 25 Séptember. .
‘Based on thermal papterns,wthe study on Halfmoon Lake was
broken into five periods: (1) a stratified period; (2) and
(3) two consecutive periods of of partial mixing (the first
was much weaker); and (4) and (5) two consecutive periods of
complete mixing (the first followed a TP bqildup in the déep
water). |

During the period when Halfmoon Lake wés stratified (27
May-25 June), TP levels decreased 2%/day in the surface °
water and TP increased (78) kg in the deep water (Table 2,
Fig 3B). During the first period of partial mixing (25
June-8 August), TP increased 36% in the surface water as tﬁe
result of P-rich deep water mixing with the relatiyely
dilute surface waters (Table 2, Fig. 3B). During this
period, TP continued to increase‘iﬁ the deep water Since the
wateg overlying the.sediments remained anoxic (Table 2, Fig.
3B, 4B and C). Mixing was stronger from 8 August to 10
September. Total phosphorus increased 52% in the erfacé “
water and a net loss of TP was registered from the deep
water (Table 2, Fig 3B). However, the_mixind was 'still
incomplete during this period and TP levels remained high in
the deep water (Fig 5C). From 10 to 25 September, the lake
mixed completely, the TP resevoir in the deep water was

distributed throughout the water columh, the TP level in the

surface water increased 31%, and the TP level of the deep
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water decreased (Table 2, Fig 3B and 5). During this period,
TP increases in the surface water accounted for only one
third of the losses from the deep water (Table 2). The lake
continued to mix from 25 Sept:ﬁber to the end of the study
(29 October). Total P decreased during this period, at a
rate of 1%/day (Table 2).

When the water next to the sediments in Halfmoon Lake
was anoxic, the net.increase of TP was 147 kg (Table 2).
" Runoff and aeolean loadinglcoefficients for Nakamun Lake
(0.0051 and 0.065 mg/mzkday, respectively) wefe used to

estimate external loading .to Halfmoon Lake. From 27 May to

10 September, external loading supplied an estimated 5 kg of -

TP to Halfmoon Lake. As in Nakamun, external loading was
insignificant in Halfmoon Lake compared with internal

loading.

Thermal Budgets | .

Thermal’budgets were used to predict TP concentraions
in the water above 2.5 m in Nakamun Lake on -three. occasions:
1, 5, and 15 July. The predicted TP concentrations vrre all
hiéher than the measured values (Table 3). However, the
predicted TP values assume no sedimentation. When a
sedimentation rate of 1.5%/day (Rigler 1974) was applied,
the predicted and measurea valueé were much closer  (Table

3). One preaicted value was still overestimated (15 July),

and another was underestimated (5 July). These calculations

assume that the lake mixed immediately after the previous

o,
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sampling day. Thus, the calculations are only approximate,
but they suggest that sedimentation rates were variable in

I3
Nakamun Lake.

Chlorophyll a and Total Phosphorus in the Trophogenic Zone
In both lakés, TP and Chla concentrations in the
trophogenic zone were correlated on a day to day basis from
May to August (r = 0.80, h~= 58, P < 0.001 and r = 0.76, n =

7, P < 0;05 for Nakamun and Halfmoon Lakes, respectiVely)
(Fig. 6). As well in Nakamun Lake, TP and Chla levels were
.ycorrélated during the fall (Sepfember to November, =0.98,
n =10, P = 0.001). However in Halfmoon Lake, TP increased
in the fall due to lake mixing,\while Chla levels decreased
(Fig. 6). Thus, P transported to the sﬁ;face.water during
the growing season (May-August) was incofporated by'thé
phytoplankton, whereas P transported.to the surface water

duriftg the fall was not.

E. Discussion

The data from Nakamun and Halfmoon Lakes support the
~original hypothesis that P is released from lake sediments
when the overlying water is anoxic. During these periods,
internal loading contributed 1468 and 147 kg of TP to
" Nakamun and Halfmooﬁ Lakes, respectively. The sediments were
likely the source of this internal loading: (1) the buildup
of TP and TDP began and was always greatest at the

sediment-water interface (Fig.'4C, 4D, and 5C); (2) in
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D

Nakamun La}é, where both TP and TDP were méasured, the
~build-up in the deep water was TDP not particulate P (during
the four periods of stratification, TDP were 77-226% of the
increased TP in deep water); (3) in four out of five cases
when the lakes were stratified, increases of TP in the deep

water could not be accounted for by losses of TP from the
surface water (Table 2). Although groundwater is a potential
P source, it was not monitered in either lake. However,
loading patterns to the lakes indicate that the sedimenté,
rather than groundwater, were the major TP source. If
groundwater had been the major P input, the net internal
load should have been positive th}oughout the summer, not
just during stratified periods (Table 2).

When Nakamun and Hélfmoon Lakes were stratified,
external loading was insignificant (37 and 5 kg,
respectively) compared with internal loading (1468 and 147

vkg, respectively). These differences were ;ot dué to an
undefestimatién of external loading. Aeolean loading
coefficients from this study were similar to those for

%abamun Lake (25 km southeast of Nakamun) (P. Mitchell,

pers. comm.) and Lake St. Nora, Ontario (Gomolka 1975).

Aeolean TP Loading

e
2

(mg/m?/day)
Nakamun Wabamun St. Nora. ‘
12 Jul-12 Aug 3.24 3.08 2.78

23 Aug-23 Sep 1.43 2.20 2.03
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The yearly terrestrial loading coefficient calculated
for Nakamun Lake was lower than those measured for 10 other
central Albertan (P. Mitchell, per. comm.) and 31 Ontario
(Dillon and Kirchner 1975) watersheds with similar land use
(1.9, 12.5, and 28.8 mg/m’/yr, respectively). our
coefficient wasvlow, partly because: épring runoff can
‘account for up to 70% of terrestrial loading to local lakes
(Mitchell and Hamilton 1982) and only the last part of
vspring runoff was measured in my study. But even with a
correctioﬁ for spring runoff, my loading value was only half
.the amount for the other Albertan watersheds. However, this
difference was too small to affect the felativé difference
between external and internal loading in Nakamun and
Halfmoon:Lakes.

The in-situ TP release rates estimated for Nakamun and
| Halfmoon Lakes were higher;than those predicted from the
sediments inchbéted in the laboratory (Eg. 5) (Table 1).
However, there are inévitable errors associated with
extrapolating refease rates estimated from a 11 cm?
microcosm to whole-lake release rates: (1) there was no
sedimentation of o%ganic material tb,fhe water overlying the.
cores; (2) adsorption of P by biota on the waals of the tube
housing the core (Rigler 1956); and (3) imprecise L
measurement of the sediment. area of the lake. Considering
the possible erroré, the predicﬁed and measuréd rates are

reasonably close (Table 1). In-situ release rates of TDP in

Nakamun Lake were less than for TP on three occasions and



47

ﬁore than for TP on two ocassions (Table 1). These
differences are less thanv40%; except. for the period of 22
to 29 July (Table 1). During thisvpériod the TﬁP release
rates were 228% higher than the TP release rates. Small
differences are expecfed since TDP was not measured at as
many.depths or stations as TP. However, the differences for
the period of 22 to 29 July were due to a large loss éf
partéculate P throughout the water column.

Losses of TP from the surface water to the deep water
were quite low in Nakamun Laée during the stratified periods
(< 1%/day). The sedimentation rate was much higher in the
mixing period of 17 to 25 May (6%/day) and somewhat higher
in the mixing period of 26 Auguét_to 2 November (2%/day).
One.explanation for low sedimentation rates from the sﬁrface
water during stratified periéds, is that P can be
Eransported from the deep, to the surface waters by eddy
.diffusion when vertical TP gfédi;hts are high (Larsen et al.
1981). Lower sedimentation rates would also be expected from
June to November than from 17-25 May'in Nakamun lake because
" of differences in the algal commun’ vy composition. Diatoms
were.the dominant algal group in May, when sedimentation-was
high. Whereas cyanophytes, which have lower sedimentation
rates, were dominant for the reét.of the study (Fig. 7)
(éeynolds et al. 1982). .

This study supports tHe hypothesis that much of the P
which is released froﬁ the sediments under anoxic conditions

b
is transported to, and remains in, the surface water when



48

the lake mixes. In both lakes, TP increased in the surface
water during éight of nine mixing events, which followed a
build-up of TP in the deep water. During periods of complete
mixing, increases in the surface water could not be
accounted for by external loééing. However, these increases
could be accounted fof.by a tfansfer of TP from the deep
water, in all but one case. During periods of partial
mixingp increaéés in the surface water were greater than
losses from the deep watér because P releése from thg
sediments continued. Independent estimates.of'TP movement
between the deep and surface waters (thermal budgets) also
indicatéd that lake mixing caused the TP increases in the
surface water. For most of the study period, macrophyte
release and resuspension of sediments during mixing do not
appear to be important P sources. If these sources were
important, net internal P loading should have been positive
rather than negative during périods of complete mixing.
However, during one period of complete mixing in Nakamun
Lake, the net internal load was positive rather than
negative (23-26 August) (Table 2). During this period, TP
increased in the surface water (as expected ézring mixing),
but a cOrrespondiﬁg decrease was not registered in ‘the deep
water. The P-input to Nakamun lake for‘this period could
have come from a source other than sediment release, such as
seﬁescence of macrophytes in the littoral zone (Carpenter

1980; Landers 1982).

/
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The data from Nakamun and Halfmoon Lakes clearly
illustrgte the imporfance of P release from the sediments on
the TP budget and [TP] in the surface water in shallow
lakes. The data also illustrates the importance of the
fncreaﬁed TP levels in the surfage water on algal biomass
(Fig. 6). Further studies .are needed on the factors that
- control TP and Chla levels in shallow lakes on a year to
year basis. For example, summer Chla concentrations in
Nakamun Lake in 1980 through 1982 were 42, 150'(Prepas and
Trew 1983), and 60 mg/m“,.reSpectiQely; and éor Lough Neagh,
Ireland in 1978 through 1981 average summer Chla
concentrations were 58, 100, 77, and 103 mg/m?, respectively
(C.E.-Gibson pers. comm.). These differences may be due to
va;iations in mixing patterns and release rates from year to
year. For instance, had strong mixing occurred during June
instead of July in Nakamun Lake, temperaturés at the
sediment-water interface would have been hiéher and.more P
would have released into the deep water. When the lake
mixed, TP increases in the surface water would have been
even greater and Chla concentrations ﬁay have been higher.
>'The importance of DO levels and temperature‘on'P'release
rates were also demonstrated in this study. Further studies
are needed on the factors which control betwéen lake |
:differences'in P release rates. As the factors controlling
'year to year variatién in productivity and lake to lake
variation in P release rates are established, management

tactics for shallow lakes will improve.

3
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Table 1. A comparison of release rates of total phosphorus

(TP) from Nakamun Lake sediments incubated at three

temperatures in the laboratory and from in-lake TP budgets

for Nakamun and Halfmoon Lakes during periods of chemical
stratification in 1982. Measured (Meas) release rates of TP

for both lakes are compared with release rates predicted from
incubated sediment cores (Eq. 5). The difference between
measured and predicted (Diff) and the measured release rates of
total dissolved phosphorus (TDP) for Nakamun Lake are alsc given,

~lY

Temperature = Release Rate (mg/m?/day)
TP TDP

Date ' (°c)y - Meas  Pred Diff Meas
Mart Cores a 3 3.6
Apr Cores 10 6.9
‘Mart ' Cores 25 14.6
25 May-28 Jun Nakamun 14 . 10.5 8.9 1.5 8.1
05 Jul-15 Jul . Nakamun 17 19.6 10.5° 9.1 12.5
22 Jul-29 Jul Nakamun 17 12.3 10.5 -1.8 28.0
03 Aug-09 Aug Nakamun 19 14.7 11.5 3.2 8.9
16 Aug-23 Aug Nakamun 17 12.2  10.5 1.7 16.0

o B , v

27 May-25 Jun Halfmoon 10 - 13.2 6.9 6.3 ™
11 Jun-08 Aug Halfmdon (R 17.3 7.4 9.9

T These cores collected in 1983.
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Table 3. A comparison of measured and
predicted total phosphorus concentrations .
~([TP))..in the top 2.5 m of the water column of
/ Nakamun.Lake after periods of mixing.
- Predicted values wer& calculated from the-mal
budgets (Eg. 4) assuming no sedimentation from
. the zone above 2.5 m (0% Sed) and sedimentation
rates of 1.5%/day (1.5% Sed).

[TP] (mg/m?®) Abov- 2.5 .

Measured = P.odicucd

Date L _ 0% Sed 1.5% Sed
07 Jul 75 8T 75
05 Jul 94 97 91

15 Jul 108 i 122 17 -
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IV. Concluding Discussion .

5 A comparison was made of the relationship between

spring total phosporus (TP) and summer chlorophyll a

~concentrations in deep and shallow lakes. The relationships

~were different (P < 0.05) in the two lake types. Shallow:

lakes had a higher summer [Chla] per uni“ of spring [TP].
than ?eep lakes. Tbe suggested reason for this differencé
was that TP concenfrations in the surface water increased
from spring to summer in shallow lakés, but dgcyeased in
deep lakes. Thus, relatively more phosphorus (P) was
available to the phytoplanktﬁn éommunity in shallow‘lakes
during the summer than was indicated by spring [TP].
Internal P loading from the sediments is often

suggested as the reason for increased surface water o

.concentrations of TP in shallow lakes. The importance of

a4

this source was investigated i.n two shallow lakes in

Alberta,’Nakamun and Halfmood.aLaboratory experiménts,on<
sedimerdt cores indicated P released into the o 71yingjwétér

when this:water was anoxic. When the lakes were stratified,
N » K. . LT i ‘{\4 B

o,

dissleed”bxygen levels in the water overlyiﬁﬁjthefSééimemts

were low and TP levels increased in this water. Duri.g these .

.
2

periods, internal loading contributed 1@68“§nd_147 kg of TP -

)

to Nakamun and Halfmoon Lakes, respectively, while external

loading only contributed 37 and 5 kg, respectively. Totgl

phosporus release rates, calculate& from in-lake budgets for

Nakamun ané Halfmoon (12.7 and 15.6 mg/m?/day,

3

respectively), were higher than those predicted from cores

. ‘ 67

!

s

A



-

&

»

and Halfmoon* Lakes, respectlvely; Indepcndent estlmates of P

resulted in incréased Chla levels.

P load;ng to shallow lakes (mf;

e - . . * - v
G S T : ' 68
o} _ | ; |

h)
3
s a

‘.incubated in laboratory (9 7 and 7 2 mg/m /day,

respectively). Con51der1ng the p0551ble errors in

extrapolating, laboratory measurments to-the field, the7‘

‘e

4pred1cted and measured rates were reasonably close. Lake

mixing transported the P whlch released from the sedlments

" to the surface water. After elght of the n1ne m1x1ng events

vwhlch 1mmed1ately follo#ed stratlfled perlods ‘the [TP]

v

1ncreased 3-43% and 31—52% 1n the surface water of Nakamun

[y

movement in Nakamun Lake (thermal budgets) confirmed that TP
7 B

increases in the sur face water were due to lake mivimg. The .

subseguent increase of TP levels in the surface e

o . \‘: v
~ £
!

:qu-’i‘.t

Although sedlment release -was the major source of ﬁ
; A

“Yinternal loadang, there were other 1nternal 1nputs of P
vnﬁ
Nakamun Lake. The 1mportance of other mechanismsoof 1nternal

o

”re@hytes (Lle 1977 Landers

1982) and sedlment resuspen51on (Réynoldson and Ham1lton

1982)) should be studied in cd%%unctlon wlth relea e from

the sedlments. Further studles are also needed on 1nternal p
loadlng from the sedlments in other shallow lakes. From
these studles, the effect of dlfferent m1x1ng patterns on P.
release and transpprt can be determlned 'For instance, W1ll
.more P be” transported to the surface water in lakes wh1ch
‘mix’ completely durlng the summer as comparéd\tp lakes whlch-
only»part1ally mix? More;studles on'internal loadlng from |

sediments will also determine if P rélease rates are

i

a’



1ignificantly different betWeen lakes. Since internal
loading seems to be the important factor influencing summer

4~ TP, levels in‘:shallow 1a€§%, more productive lakes may have
higher release ggtéﬁi As ‘he relative importance of mixing
paptetnS*and,reﬂf_;E?'ates are established, management

\

»

tac%?bs‘forﬁshallog?lakes will improve.
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fvﬁf V. Appendix A: ? Test of Two Chiorophyll Models With An

Independent; Data Set.

e L . . S

, s Empirical r-3jels to predict the growing season mean
- v ) TN . e ..
concentration chlorophyll a ([GhlAl}suisare based on i

" phosphorus (: (Nicholls and Dilion"T§78 . The relationship

between tota. P cehcentration ([TP]) "and ([Chﬁg]su) is quite
robust (Prepasiénd Tgew‘f983);.However, the cdnfidence
”llmlts for the models are qulte broad (Dlllon and ngler
N 1974- NlChOllS and Dlllon 1978). Sm1th (1982) attempted to,
‘ ‘1mprove the predlctab111ty of [Chlalsu by developlng a model

sbased on two Verlables, TP and total n;;rogen (TR

A

: a ' DRI -
concentrationss - v . Q“'Jﬁg&
* " L : 50 DA T
gl . . “

. e X o . - R o
. {%150910[Chla]5}1 = 0.653.1log; o[TP].Su # 0.548 1991'0‘[TN]STJ BEREELAN
Ve - o o

[

/.7-:;7 ‘ ‘ - ,——« / . )
‘T’ - . ’ d. . :
where . [TP}su and [TN]su are mean grow1ng _seaon [TP] and

[

[TND, respectlvely The model i-s based on 311 cases.

w7

In qéder to aemonstrate how much variability TN
. accounts, for in the phosphorus chlorophyll relation, Smith
-4

compéred hls<model (Eq 1).w1th D{llon ahd ngler s (1974)
model based on [TP] alone .

,?; logko[Chla]su = 1.449w%og1§[TPJsp ;;\1?136 (2)
where [TPlsp is the lake's [TP] at sprJgg overtyrn. For the

tesﬁ,'Eq;w1 and 2 were used to predict [Chla]sg 7o) 31i

71 N



72

lakes based on [TPlsu and [TN]su (Smith 1982) 'Thus [TP]su
was substituted for [TP]lsp in Eqg. 2. To compare the accuracy
of the models, re51dd%l varlatlons (RV) were calculated for

each model:

RV = (Cobs - Cpred)*/(n - 1) ’ o (3)

Ed

~
S

' "
where Cobs iﬁﬁthe obaerQed fChla]su,ahd Cpred is the

< predicted [Chlalsu. For the 311 caeee, the RV for Eq. 1 was

¥t

{%iof the“RV for Eq. 2. When‘oniy thdse lakes with a TN to

TP ratio > 12 (i.e., lakes which are phosphorus limited

JaCGdrdEhg to Dillon and Rigler 197ﬂ)) the Ry‘tor Eg. 1 was

SO e o

'\However Smlth's compﬁ%lson ﬁgk a8~ major problem %whlch . .3%3
{

¢

he RV for Eg. 2. wge

he recognlzed 1n hlS paper) Equatlons 1 End 2 were compared<
with the same 311~cases wsed to construct‘Eq. 1.:Thus, it -
was inevitable that Eg. 1 would be a more accurate predlctor

of [Chlalsu than Eq. 2. The two mod@Bs should have been

-~

tested with an 1ndependent data set.

by .
L.;;Mf, [ v ' + ot

L.
V. To evaluate both modefs, used<an independent data set.

b from western Canada consisging%of [TPlsp, [TPlsu, and NIN]su
_ e . :

ol

(Prepas and Trew’ 1983). For the comparison, I used 20. of the

22 lakes wh1ch had suff1c1ent data" for thlS comparison. Two'

’ ‘Thkes were excluded a. pPIOPl because the [TP]sp in these IR

| 'Iakes (363‘ahd*761 mg/m ) were well béy@na the range in ’
<.Dlllon and ngler s study (3 to 180 mg/m? ) Three sets of

.7' predictions ‘were made: (1) Both [TPIsu and [Tstu were used



0.04 for E& 2 based on [TP]su). Thus:for the 20, lakes from

73

in Eqﬂ*A to predlct [Chlalsu, (2) [TP]su was used in Eq. 2

to predlct [Chlalsu, and (3) [TPlsp was used'in Egq. 2 to

predict [Chlalsu. Contrary to Smith's approach I calculated.

H

RV's foraeach model based on standard statlstlcal
75

f.;

techniques. Thus, the denomlnator in Eq. 3 wasfreplaced with

n - i where i is the number of parameters estimated in the

corresponding regression model (i.e., | = 3 and‘2 fon-, . U

predictions from Eq. 1t and 2, respec1t1vely)

<

- The RV's from the three gsets of predlctlons were -

compared palrwlse'WA%h an F—test Slﬁﬂe three comparlsons,””

3 o i

N e :
were'made thqychance of comm%ttlng ‘a type ; error was,

.

o greater than the value given- ip a standard F table’(Zar o

»

y .,

1974 )y Therefore, a probab'lfty level of. O 02 rather than
. to d15t1ngu1sh 51gn1f1cance
S

the tradlnlonal 0 05, wgg f“f’
| For the western CanadLan lakes E¢ .52 w1th [TP]su as-

'the 1ndependent varlable was the best predictor of [Chla]su;‘

followed by Eq. 1 and 2 where [TP]sp was the rndependenﬁ

variable (Table 1). The'accuraoy-of Eq. i and 2 was

statistically indistinguishable..U:=bﬂ.7, dafr ='18,17, P =

0.26 for E%, 2 based on [TP]sp; F =2.8, df = 17;18,-P =

)

western Canada, ‘the addltlon of [TN]su.does ‘not improve the\‘

c/'

' predlctablllty of [Chla]su over [TP]sm or [TPlsp alome

o

However Eq 2¥was ‘a better predlctor of [Chlal: when [TP]su
was used rmxne? than [TP]su (F 4 &ﬁgéf 18, 18 P =0.002).

R

These results show [TPﬂsu is a better predlctor of [Chla]su

than [TPlsp.

f .
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' There are two possible reasons why the addition of TN

did'not.add'sighifieant information‘tdrthe [[TP]-[Chla]su

vtirelatiehsﬁip for_the;ZOllakes iniwestern'Canada{ (1) all

AtHQSé iakes'had TNsu to7TP§d ratios > 18 (Prepas and Trew

L9§3) Consequently,'nltrogen was probably not 11m1t1ng

algal productlon (lelon and ngler 1974) although Smith

£

arguesﬁghat nitrogen is llmltlmg even when the TNsu to TPsu

\»A

ratlo 1s > 18. The addltlon of n1trogen to the [TP] [Chla]su

a “’

‘model may‘be 51gn1f1cant in lakes where the TNsu to TPsu,'

(ol

N «;-\ o, 3 M

‘ratlo is <‘18 and should be tested w1th the approprlate data“”

\J - Ch
{2) The data set 1s QUlte small and only from one
«._,J i

Eé%atlon,l shoulﬁ\%e tested on. a larger data set

I

= va ,r‘
ERN

. - "
udlng lakes from several reglons u"'v
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© (IChlalsu) and predict®d [Chla)lsu based on Dillon and Rigler’s
"~ (1974) model using spring total phosphorus concentration ([TP])

(D&Rsp), Dillon and Rigler’s model using average summer

;i ITP} (D&Rsu) and Smith’s (1982) model using average

summer [TP] and total nitrogen concentration (Cpred is the
predicted [Chlalsu and Cobs is the observgﬂs[Chla]su). AT,

data are from Prepas and Trew-(1983).
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d’pd Halfmoon Lakes and Total Phosphq@us Loading and
'"'*‘*";%' Phytoplankton Data For Nakamun Lake.
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Table 1. ﬁbtal-phosphorus concentration (TTP]), total

RN dissolved phosphorus conc¢entration ([TDP]), dissolved oxygen
* . concentration ([DO}), and temperature profiles for Nakamun
Lake (ST = Station). : ‘ : '
: P
DEPTH. [P} [ TDP] [DO]- . TEMPERATURE
Oy (mg/m?) - (mg/m?). (mg/L) - (°C)
ST 1 ST2 ST3 ST 1 ST3 ST 1 ST:3 ST 1 ST 3
17 May 1982 V . — -
0 138.1 '
5 1 138.1 130.5 ' ' 16.4 ,
2 - 133.5 130.2 : ~ L -
3 123.0 129.7 KR N
4 134.5 136.4 - ; e
5 133.8 * - T
6 129.3 : : I et
7 141.0 R
8 174.0
20 May 1982 . .
0 11506 L e
1T ™M15.6 108.1 - SR
2 115.4°105.3
3 117.5 100.4 ©
4 T4 114.0 110.2
5 107.7
3 6 -133:0 o
i 7 .153.0 % .-
8 170.0 N : :
25 May 1982
>0, 69.6 )
1/ 69.6 62.4 . 22.2
2 67.6 67.4 o ‘
3 68.2 68.7 Cy .
4  74.9 68.2 Q. :
5  74.7 : N K : - o . 13,1
6, 8.0 - L L 12,49
7. 80.5 . 7 -~ 21.0 . 11.0 . 12.9
y o 8 77.3 -7 21,0 11,00 = 12.9
.31 May 1982 : : -
.0 - B5.0 L _ 14.8
\ 1 66.0 .60.0 M 24.0% 0 8105 s 14,7
e -2 . 63.3 63p6 - ) A S 14,4
~ 3 61.4 6127 | -~ ~ 25.0 S 10.3 T 13,7
4 1 62.0 664" . 13.5
5 '24;0 22.5 . 5.7 . *13.0
"6 4.3 ©23.3 C2.4 12.6
W7 68.6 5 1.3 12.4
8 81.6" = ' 24,6 0.7 12,2



(Table 1 cont'd)
DEPTH - [TP] . [TDP] ~- " [Dpo] TEMPERATURE
(mg/m?) (mg/m?) (mg/L) (is)
ST 1 ST 2 ST3 ST 1 ST 3 ST 1 ST.3 ST 1 ST 3
3 June 1982 - . - . .
0 75.2 62.9 R o 16.4
1 64.4 69.9 24.8 8.9 - 16.4
2 76.2 66.3 ©15.9
3 80.0 67.0 24.1 - 8.7 15.7
4 76.6 65.1 ‘ 14.9 ~ :
5 71.6 24,1 5.6° 14.5. -
6 . 83.6 32.0 0.6 . 1341
7 98.2 . . 0.2 12.6
8 74.9 21,9 7 0.0 12.4
7 June 1982 : g
0 64.7 ‘<§ ; S TN
1 69.0 - 73.3  21.0 10.2 g+ 14.8
2 65.9- = .76.4 . o - 14.7; ;
3 66.4 81.7 t.8.5, - - 14.6 °
4 . 60.6 78.8 . e ARl 63 T 14060
5 . 61.6 66.1 19.9 v 4.3 72,7 14,57
6. 85.0 # t06.8 25.4 -36.6 0.0 0.0- . 13.4
7 B1.4 L oo i 12.8
8  92.4 ) 1 29.6. ¢ 0.0 207 T
10 June 1982 - . ( Lo
0 72.3 76.9 72.3 oo 16.0 16.8
1 74.5 7201, 25.7 - 9.5 - 16.0 16.8
2 70.4 - 73.7 S ey o o+ 15.6 16.4
3 ° 70.6 ) 74.9 .8.0° 3.9 15,2 15.4
4 71.8 74.2 7 .3.3 .14:9 .6 ¢
5 76.6 73.7  23.7 ’ 4.4 1.8  14.1 14.8 -
6 . 87.2 135.6 . 26.7 52.5 0.4 . 0.0 .'14.0. 13.8
7 100.4 . .o 0.3 ' 13.8~ A
: 8 98.4 ) ©40.0 0.0 13.5° . e
“ . % 14 June 1982 R . v .,
0 66.9 L 69.3
"1 72.4 | 70.5  26.4 5 .13.0 P \
2 70.0 <. 71.4 ' s .
3° B86.4 73.1 25.0 S 4.7 10,4
4. 79.5 , | 85.2 A 2.2 7.8 T
5.  79.3 86.0 27.9 , 0.2 3.9 T %
64 80.2 105.5 .29.3 41.5 0.0 .0 o
=7 94.3 L T2907 0.0 :
, 8 123.6 S 37.5 ' 0.0

R



80
(Table 1 cont'd)
DEPTH [TP] [TDP] [DO] ~ - TEMPERATURE
(mg/m?) (mg/m?*) (mg/L) (°c)
3 ST 1 ST 2 ST 3, ST 1 'ST3 ST 1 ST.8 ST 1 ST 3
17 June 1982 ' ' -
0 70.0 69.2 59.4 . 19.9 20.7
. 1. 66,1 80.5 28.3 . 13.0 “12.6  19.9- 20.5
2 ' 68.3 & 70.7 . N 19.8 . 20.3
3 .153.0 . - . 80.2 29 2.2 6.5 17,0 17.9
‘4 . 102.7 .80-2 102.0 ‘-‘1'% 0.0. 1.1 15,2 15.5
- .'5 1 84.0 88.1 4495 . 0.0 0.0 _ 14.3 -14.4 °
Gt P6hasr 99,6 Vg 90.0 57.7..70.3 !'0.0. 0.0 14.0 14.0
~??vzg %138.1. 118.7% . ) ‘ 0.0 13.9 ‘
.8 ©"192.3 ’ 133.2. 0.0 13.6.
2% Ju uhe. 1982 - A R L . ‘
oS B9.2 T 66,4 W w B e , i22.,2 22.3
Hl™ 0 68.8 64.3 66.4  21.6 11.6 o 2241 .°22.3.
Y2 7 65.9 “‘66.4 c , 10.8, 22,1 22.3
. 3 90-.9 69. 20.9. 0.5 - “'17.4 19.4
4 . 89,0 78 9 . 0.0 _0. 15.7 ™4.8 - -
. 5 ,on 116.3  55.2 0.0 4.3 - 14.0
- 6 i81.3 - 60.2 119,5 0.0 14.0 -13.5
7 , X, ’ . ) . 0.0 13.7 ' )
"8 . 229.1 ) 168.0 0.0 ' 13.7
'24 June 1982\ 7 .. - ‘ _ o
0> "65.2 . 613 ; - 420.4  19.8
,,1 '77.6- 646 73.0° . 24.8 9.6 . 20.4 19,7 -+
2 71.1 : 79.07 8.4 - 20.3 19.3
3 . 64.5 81.0 18.6 ;0.0 0.1 20,1 '17.8
4 117.9 160.3 142.8" : 007 0.0 . 16.0 17.4
%.5. 134.0 ] 96.8 78.7 0.0 0.0 - 14.7 16.7
6 178.3 . . -187,6 ,12.5 116.0 0.0 14.5 14.6
‘ 7 22007 ¢ ¢ SRR o 0.0 14.0 4
Pl fr“8\ -219.0 T 15300 - 0.0 13.9 7
W 28 June 1982 ¢ ?gﬁ . Yf, o T -
«;~" 0! 65.5 60.7 . ., , ,_5. S 19,4 -19.2 .
S 1 68,3 62.5.66.7 16.3 847 .. 8.4 19,4 19.2.:
L2 §4 0 v 6523 . T " 19.3  18.8
©7 3 .88.0 L. 8706 L 1304 4,3+°.4.3° 18.6 18.5"
: 4. T75.9 142, 5«431 7 - : .0.8 - 0.0° 18.1-16.2 -
5 -144.4 178.4 + 86.5 © ~ 0.0 0.0 15.4 14.3 ..
- 6 231.7 237.7 175.5 178: 0 0.0 14.0 13.9
’ 7 -375.9 - . 0.0, 13.4 :
8 394.0 i “7369.0 S 0.0 yo 3.4
_ ) & :
- s N



81

(Table 1 cont'd) -

y
DEPTH - [TP]

(mg/m?)

[TDP]“. [DO]

(mg/m?)

~ (mg/L)

' TEMPERATURE

ST- 3

“%
’ ST 1 ST 2. ST
1 July 1982
0 80.1
T 70.7 81.3
) 77.9 -
3 75.3 -
4 87.8 98.1
.5 147.2
, - 6 240.8. 251
&y 7 386.6 "y @”}
SO 8 421.3 R i

uly 1982
. 101.0
2 98.4
7 96.5
993.2
108.0°.
112.4
114.3
432.5 5
412.1
uly 1982.
83.1.
- 96.7
2 87.7
95.13
“101.6
100. 1
.290.0°
. 442.1
506.6
July 1982
> 95.5 -
97,0
110.7
.-109.5° .
12602
- 202.8
T 274.5
. 360.3 -
446.0

96.7

101.3

&
. . . ™ K
P®IONPEWN 2OLOIRNUT IR WN 2O

v 12

<

® OO W O

.8 160.0

.1 40.8 21.0
‘ &

94, . c L
"95.3  21.1 ,19.9° 9.6 ‘10.6.
393, ’ : : :
95.0 21,1
100.
100.8 .
170, 2

1

1

- 98wy
105.7-103.7
©17104.0 -
108.8,
112.7 °
1192
246.0 - 188.4

L 328.0

16-8,
61.8

. 341.0

21.9 22,1 '5.7. 6.2
SRR
19.4 ]9.4""

S 31,1 .31, 4.6
4.1
0.8 B
0.0

2 .

LI

3340

1

18.8 5.2 . 8.3

30.5 30.5

3.4
'190.9, - 90..1 0.6
¢ ..z 006 1
~EQQfQ i<"ﬁ"\O:5'5} ¢

18.9 21,00 5.2.°

N

"116:5

] ) ’ i

. . . ’
e u 4

5.6 1 6.3:

2201 8.97.10.1 2

18.6
18.6 .
18.5

~18.5

18.4"
17.3
14.5

Y

17.5

3
LRGN R BT N



(Table 1 cbnt'd)

DEPTH [TP] \ TEMPERATURE
- (mg/m? Qzg‘nx(mg/m’) (°c)
- ST 1 ST 2 ST 3 ST 3 ST t ST
15 July 1982
0 103.6 110.8 19.9-20.
1 112.0 107.7 105.8 34.8 .8 19.9 19.
2 115.6 102.7 19.2 19.
3 107.5 107.5 28.8 4.8 5.0 19.0 19,
4 143.3 256.1 113.9 " 2.4 3.4 18.6 19.
5 166.5 197.8 ~ 95.5 95.5 1.0 0.3 17.7 17.
6 228.9 2211.4 131.4 124.0 0.2 ’ 17.3 - 17.
7 283.8 ' 0.0 15.9
8 .457.3 0.0 15.5
19 July 1982
0 89.6 91.1 , 20.3 20.4
1 87.9 90. 89.4 20.7 9.6 20.3 20.4
2 87.0 92.5 20.3 20.4
3 89.4 88.5 19.9 9.5 20.2 20.4
4 168.7 92. 89.4 1.1 19.5 20.4
5 318.9 93.0 -103.5 19.2 0.3 .8 18.6 20.4
6 205.6 184.6 110.5° 0.0 .3 18.0 17.6
7 234.9 0.0 17.4
a 250.8 0.0 17.3
22 July 1982 _
G -108.5 129.7 18.2 18.
1 110.5 139.2 128.7 19.7 18.2 18.
2 104.4 129.0 18.2 18.
3 106.1 128.7 . 20.7 18.2 18.
4 108.0 127.3 130.9 18.2 18.
5 114 .1 133.8 28.3 18.2 18.
6 108.5 143.1 34.5 18.2 18.
7 114.1 - ~18.2
8 121.4 18.2
26 July 1982
0 106. 1 113.6 20.6 20.9
1 107.1 1{¥i2 109.5. 21.3 20.2 20.2
2 109.8- 108.1 - 18.9 19.9
3 106.4 105.4 19.8 8.1 18.4 19.0
4 100.1 115.6 107.6 7.7 18.3 18.6
5 106.6 . 108.5 2¢ 38 3.1 18.1 18.1
6 120.2 149.7 £0.8 0.9 17.8 17.9
7 155.1 17.7
8 209.4 17.3

N~JOO0 NWY—=

[ T G Y
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. {Table 1 cont'd)
' -“»n
4 7 . -
DEPTH [TP] [TDP] ~[Do] TEMPERATURE
! . (mg/m?) (mg/m?) (mg/L) . (°c)
ST 1 ST 2 ST3 ST 1 ST 3 ST 1 'ST.3 ST 1 ST 3
29 Jufy 1982 |
0 102.1 .3 22.3 21,
1 103.7 131.7 113.2 28.6 24.2 16.3 13.8 2° 2C .
a2 110.9 118.7 _ 20, 20,
3 109.0 15.4 24,7 27.1 2.8 7.3 18.5 "3,
4 153.6 109.7 112.5 N R T R d. o 18.
5 151.7 105.6 68.7 39.2 0.5 2.4 18.0 18.
6 > 139.8 89.6 69.8 106.1 -0.6 0.1 18.0 17.
7 186.3 0.6 17.6
8  265.1 168.7 0.0 17.4
3 August 1982
0 121.9 117.5 , X 18.5 18.8
1 123.4 114.5 115.6 -~ 18.8 21.3 5,3 18.5 . 18.8
2 117.5 118.5 . 18.5 18.8
/3 122.4 115.4  18.0 22.0 5.3 6.7 18.5 18.8
4 124.8 115.8 117.0 .18.5 18.8
5 . .124.6 120.5 18.3 20.6 5.3 18.5- 18.8
6~ 120.7 - 119.5 19.5 18.3 6.6 18.5 18.8
7 7 125.1 ' 2 18.5
8 127.0 19.5 - 5.3 18.5
6 August 1982 '
0 *122.3 122.1
1 125.1 119.7 119.3 24,6 24.6 8.5 8.4
2 122.1 ¥ 124.0 ¢ L
3 124.0 124.7 28.7 28.7 6.5 8.3
4 123.6 124.9 127.0 :
5 123.7 £ 129.2 29.5 27.8 7.4
6 119.5 ©124.9  29.8 29.9 3,7 6.0
7 122.6 ' 3.1
8 120.7 26.4 3.6 ‘ ‘
9 August 1982 :
0 127.9 121.1 . 18.7 18.7
1 122.8 119.5 132.4 24.9 26.2 7.9 7.5 18.7 18.7 .
2 116.2 121.8 . ’ 18.7 18.4
3 115.7 126.8 23.1 23.5 7.1 5.7 18.7 18.3
4 119.0 143.3 131.3 = _ 18.5 18.1
5 119.5 147.3 24.9 40.5 7.1 2.6 18.5 18.0
6 116.9 185.9 23.1 82.5 7.0 0.4 18.5 17.5
7 ' 158.6 1.8 17.8
8 173.9 70.5 . 0.7 17.3



84

(Table 1 cont'ad)

DEPTH [TP] _. [TDP] {DO] TEMPERATURE
(mg/m?) (mg/m?) - (mg/L) (°c)’

ST 1 ST 2 ST 3 ST 1 ST3 ST 1 ST.3 ST 1 ST 3
12 August 1982 ‘

S NN W

0 116.2 1:7.6 18.7 18.
1 117.1 119.5 123.2 26.8 23.3 7.6 18.6 18.
2 122.3 119.9 18.6 18.
3 120.6 120.2 24.7 20.8 6.7 6.2 18.5 18.
4 120.6 115.7 119. - 18.4 18.
5 115.3 127.0 24.7 24.0 5.5 18.4 18.
6 116.9 122.5 27.8 22.6 5.3 4.6 18.4 18,
7 162.7 0.7 18.4
8 169.3 59.7 0.0 18,2

16 August 1982 .
0 117.9 120.6 17.4 17.4
1 113.1 120.1 119.9 17.9 19.7 6.1 6.8 + 17.4 17.4
27 115.2 114.6 : 17.4 17.4
3 117.97 . 118.6 17.5 20.5 5.7 6.1 17.4 17.4
4 116.2 116.4 117.4 ' 17.4 17.4
5 120.1 116.0 17.9 18.7 5.6 5.9 17.4 17.4
6 114.4 114.5 19.4 18,3 5.9 17.4 17.4
7 114.0 > 5.2 , 17.3
8 119.6 "N/ 19,0 4,2 17.3

19 August 1982
0 110.8 109.3 19.1
1 115.7 110.3. 118.7 21.2 20.9 13.4 13.2 18.8
2 113.2 113.0 . 17.5
3 113.0 112.7 22.0 22.7 3.9 4.5 17.3
4 108.1. 144.7 109.5 3.1 3.3 17.1
5 114.7 120.4 33.0 35.7 2.2 2.0 17.0
6 128.2 117.7 44.1 35.3 0.4 0.9 16.9
7 138.8 t 0.0 16.8-
8 176.7 96.5 0.0 16.7

23 August 1982 _ .
0 112.9 117.5 ‘ . 18.2 18.5
1 T14.1 113.4 115.2 22,2 24.3 8.5 9.5 18.1 18.5
2 112.2 119.7 18.1 18.5
3 113.4 120.9 24,6 22.9 6.9 9.4 18.1 18.5
4 124.5 126.1 126.3 - 1.7 17.5 18.0
5 124.9 133.8 49.1 44.4 0.9 0.9 17.4 17.5
6 137.5 161.0 59.7 83.1 0.9 0.0 17.4 17.2
7 153.7 0.0 17.0
8 111.8 31.4 0.0 17.0
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(Table 1 cont'd)
DEPTH [TP] [TDP] [DO] TEMPERATURE
(mg/m?) (mg/m?) (mg/L) (°c)

. ST 1 ST 2 ST ST ST ST 1 ST.3. ST 1 ST 3

26 August 1982 -
0  133.4 138.6 : 17 .1 17.0
1 133.9 125.7 134.9 25.9 25.6 5.3 4.8 17.1 17.0
2 136.4 131.8 17 .1 17.0
3 134 .1 » 125.7 24.4 33.4 5.0 4.5 17 .7 17.0
4 138.9 -120.2 127.9 1.1 17.0
5 132.4 123.4 24,1 28.2 3.8 4.5 1.1 16.9

6 133.6 126.9 25.2 26.3 4.6 17.1 16.9
7 138.9 5.0 17.1
8 147.1 25.2 4.9 17 .1

30 August 1982
0 118.7 120.8 15.4 15.3
1 118.4 117.7 114.4 17,3 18.0 6.7 4.2 15.4 15.3
2 120.1 113.3 ' 15.4. 15.3
3 118.0 ' 114.7 18.1 19.5 6.3 6.3 15.4 15.3
4 116.8 113.7 114.7 , 15.4 15,3
5 116.1 118.7.- 18.8 19.5 6.5 3.3 15.4 15.3
6 115.8 118.4 18.0 18.0 6.3 4.2 15.3 15.3
7 118.0 : 6.3 15.3
8 122.7 16.9 . 6.3 15.3 ¢

3 September 1982 ‘
0 120.1 114.7 16.0 16.0
1 116%.5 116.8 114.0 17.3 17.7 10.3 - 9.3 15.9 15.9
2 114.9 14,7 15.9 15.9
3 114.0 109.7 16.2 18.4 8.5 8.7 15.9 15.8
4 113.3 114.2 114,2 15.9 15.8
5 115.6 114.0 15.8 16.5 6.8 8.2 15.7 ~15.7
6 122.2 117.3.°-16.5 17.3 & 7.9 15.5 15.7
7 T129.9 15.5
8 T127.1 18.4 5.6 15.3

7 September 1982
0 125.7 118.8 15.4 15,1
1 114 17.4 115.2 18.3 19.5 5.7 8.7 15.4 15.0
2 115/:/?“‘3 110.8 15.3 14.9
3 113.7 t14.2 -20.1 20.1 5.7 15.1 14.8
4 A16.4 124.7 115.5 14.9 14.7
5 112.8 115.9 20.1 19.7 6.0 5.4 14.8 14.7
6 114.7 113.3 18.6 20.7 . 14,7 14.7
7 116.7 14.7
8 118.4 20.1 5.0 14.6




Table 2. Total phosphorus concentration ([TP]), dissolved
oxygen concentration ([D0O]), and temperature profiles for
Halfmoon Lake. . - .

DEPTH = [TP] o [DO] TEMPERATURE
(mg/m?) (mg/L) (°c)
25 May 1982
0 166. 1 11.5
1 166. 1 13.4 11.5
2 168.3 11.5 \
3 163.0 11.5
4 155.9 12.3 11.4 &
5 136.3 11.1
6 145.6 10.9
7 182.3 10.4
8 229.2 4.9 10.1
11 June 1982 ~ o
0 78.4 17.5
1 80.7 17.5
2 91.4 . "16.8
3 95.6 14.2 15.6
4 120.2 6.8 13.9 .
5 222.89 0.0 11.3 ‘
6 278.8 0.0 10.7
7 . 627.3 0.0 10.4
8 805.6 0.0 10. 1
25 June 1982 ' :
0 70.9 20.7
1 82.1 13.4 20.2
2 51.5 19.8
3 71.2 8.8 ™ 19.4
4 91.4 - 0.8 i 15.0
5 156.7 0.0 12.5
6 331.0 0.0 11.2
"7 663.7 0.0 10.6
8 775.2 0.0 10.2
9 July 1982 :
0 62.3 - 19.7
1 68.9 16.2 19.1 ,
2 98.4 18.6
3 55.4 8.0 18.0
4 59.1 5.3 16.9
5 136.2 1.5 15.2
6 449.5 0.2 11.7
7 644 .2 0.0 10.6
8 878.3 0.0 10.2



(Table 2 oont'd)

<

+

DFEPTH [TP] [DO] TEMPERATURE
(mg/m?) (mg/L) (°c)
23 July 1982
0 69.6 18.2
1 78.5 7.6 - 18.2
2 69.6 18.2
3 77.0 18.1
4 260.8 5.9 17.9
«5 190.9 0.3 16.2
6 6£09.5 0.0 12.4
-7 824.5 0.0 11.7
8 930.1 0.0~ 10.9
8 August 1982
0 . 95.8 19.3 -
1 97.2 13.7 19.2
2 92.0 v 19.0
3 97.2 8.3 18.7
4 72.3 6.1 18.3
5 279.9 0.0 16.5
6 721.9 0.0 13.6
7 996.1 0.0 12.3
g | 1222.7 0.0 11.4
20 August 1982 _
0 139.7 19.5
1 123.5 12.4 19.5
2 118.2 19.4
3 112.5 19.1
4 90.1 7.6 18.7
5 121.1 1.1 17.5
6 644.1 0.0 15.3
7 1076.6 * 0.0 13.4
8 1349.5 0.0 11.9
10 September 1982
0 - 141,40 . 15.7
1 145.4 5.0 15.7
2 143.5 15.6
3 155.0 4.3 15.6
4 145.9 3.8 15.6
5 210.2 1.3 15.5
6 372.3 0.4 14.5
7 823.4 0.0 13.8
8 1181.2 0.0 13.0



" (Table 2 cont'd)

DEPTH [TP] - [DO] TEMPERATURE

(mg/m?) (mg/L) o (°C)

25 September 13982

’ 189.

185.
189.
188,

183.
183.
189.
284,

481,

15 October 1982
0. - 169.
168.

170.

167.

168.

172.

169.

178.

' 174,
29 October 1982
‘ 151.
T61.
-157.

149
156.
151,
161.
149,
152.

14,4
14.4
14.3
$4.3
14.2
141
14.0
13.5
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Table 3. Total phosphorus concentration ([TP])
and chlorophyll a concentration ([Chlal]) of the
trophogenic zone, and Secchi disk depth (S.D.)
in Nakamun Lake. Trophogenic zone defined as

2 times S.D. :

[Cchla] : (TP] S.D.
Date .- {mg/m?) {(mg/m?) " (m)
" May 13 ' . 140.0 0.7
17 ' 147.2 136.9 0.8
20 - 115.5 110.0 0.6
25 ' 42.7 » 67.5
;31 14.5 - 65.4 1.3
*Jun 03 ! 10.5 67.4 135
07 19.5 67.0 1.7
10 24.3 73.0 1.1
14 ) 24.6 70.0 1.0
Y7 24.1 71.0 0.9
21 ‘ 21.2 67.6 0.9
24 26.7 71.0 1.0
. 28 38.7 67.7 0.9
Jul 01 ~ ~ 58.6 77.1 0.7
05 40.8 100.6 0.9
08 : 54,7 100.0 0.8 -
12 44 .4 103.0 0.7
15 41.0 108.0 0.7
19 51.1 100.8 0.7
22 50.9 118.5 0.6
26 69.9 112.2 0.4
29 ' 116.0 0.4
Aug 03 62.7 120.0 0.4
06 77.9 © 122.0 0.5
09 81.9 121.9 0.5
12 0.5
16 67.2 121.3 0.7
19 69.9 117.8 0.7
23 - 66.6 123.2 0.5
26 : 66.2 130.3 0.5
30 80.7 119.5 , 0.5
Sep 03 80.9 117.8 0.5
07 65.8 114,2 0.5
14 54.?// 103.7 0.6
20 54.3 93.7 0.7
28 41.2 87.0 1.0
Oct 05 . 23.4 71.2
12 15.8 46.3 2.7
20 2.6 32.0 5.0
27 1.5 34.0 5.5

Nov 02 1.4 33.0




Table 4. Total phosphorus concentration ([TP]) -
and chlorophyll a concentration ([Chla])) of the
trophogenic zone, and Secchi disk depth (S.D.)
in Halfmoon. Lake. Trophogénic gzone defined as

2 times S.D. : - : :

[Chla] A [TP] S.D.
Date . (mg/m?) . {mg/m?) (m)
May 27 86.0 ) 170.2 0.9
Jun 11 23.1 ) 86.9 1.1
25 . 40.8 ‘ 54,1 :
Jul 09 ' 54.6 78.7 1.0
23 29.9 72.2 1.4
Aug 05 62.8 . 95.5
20, . a 129.4 . 130.5 0.7
‘Sep M0 46.9 155.8 1.2
24 T el 14.0 : 190.2 2.3
Oct 15 Swoow 21,5 . 166.9 2.0
. 29 C 11,6 ' 157.5 1.5
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Table 5. Strata volumes for Nakamun Lake. . o
- /,\y,
Stratum Volume LA ‘
(m) (m?)
SRR
0-0.5 1767706 '+ |
1-1.5 3084314 |
2-2.5 2773344 . — 7%
3-3.5 2483808\ -
4-4.5 1985559 -
5-5.5 .. 1561066
6-6.5 1190994 -
7-7.° 771943
8-8.5 253356
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Table 6. Strata volumes for Halfmoon Lake.

a

Stratum ' .~ Volume

(m) ‘ -(m*)

0-0,5 206173
1-1.5 . 350583
2-2.5 324923
3-3.5 297849
4-4.5 254377
5-5.5 201667
. 6-6.5 150087
7-7.5 . 104229
8-8.5 ' 71874

»
N
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Tabl

e 7. Totai phosphorus runnff loading, aeolean

- loading, loss through the outflow,
- load to Nakamun Lake.

and net external

Runbff

_ Aeolean . Outflow NET

DATE of TP TP ' TP TP

(kg) (kqg) (kg) (kg)
May 13-17 2.22 0.76% 13.26 -10.22
©17-20 2.21 0.57% 10.46 -7.62
20-25 4.68 0.95x% 11.02 -5.31
25-31 3.07 1.14% 2.49 1.72
May 31-Jun 3 0.94. 0.69% 0.00 1.63
Jun 3-7 0.03 0.92x% 0.00 0.95
7-10 0.01 0.69% 0.00 0.69
10-14 0.00 0.92x% 0.00 0.92
14-17 0.00 0.69x% 0.00 0.69
17-21 0.00 0.92% 0.00 v 0.92
21-24 0.00 0.69% 0.00 0.69
24-28 0.00 0.92% 0.00 0.92
,Jun 28~Jul 1 0.00 0.69% 0.00 0.69
Jul 1-5 0.28 . 24% 0.00 1.52
5-8 0.27 0.93% 0.00 1.20
o 8-12 0.19 1.24% 0.00 1.43
12-15 5.53 1.35 0.00 6.88
15-19 7.07 0.75 0.00 7.82
19~-22 - 7.86 0.39 0.00 8.25

22-26 5.54 0.52 0.00 6.06 &
,26-29 2.11 0.39 0.00 2.50
Jul 29-Aug 3 0.79 1.04 0.00 1.83
Aug 3-6 0.00 0.78 0.00 0.78
6-9 0.00 2.94 0.00 - 2.94
9-12 0.00 2.94 0.00 2.94

12-16 0.00 1.44% 0.00 1.44
16~.19_~ 0.00 ©1.08% 0.00 1.08
19-23 0.00 1.44% - 0.00 1.44
©23-26 0.00 1.59 0.00 1.59°
. 26-30 0.00 2.12 0.00 2.12
Aug 30-Sep 3 0.00 0.40 0.00 0.40
Sep 3-7 0.00 0.52° 0.00 0.82
- T7-14 0.00 0.28 . 0.00 0.28
14-21. 0.00 0.28 0.00 0.28
21-28 0.00 ©1.19 0.00 1.19
Sep 28-Oct 5 0.00 0.21 0.00 0.21
Oct 5-12 0.00 0.21 0.00 0.21
12-19 , 0.00 1.30% 0.00 1.30
19-27 0.00 1.30% 0.00 1.30
Oct 27-Nov 2 0.00 1.30% 0.90 1.30

* Esitmates from average values from Alberta Environment.

-
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‘Table 8. Algal counts from Nakamun Lake, summet'of 3982.

Cyanophytes Chlorophytés Cryptophytes Diatoms

Cells/mL . Cells/mL . Cells/mL - ' Cells/mL
Date x 10° ‘ ©ox 10° x 10° : x 107
May 17 0.00 ~ 2.60 0.00 °  165.00"
- 25 0.00 5.50 o 1.00 105.00
31 ' : 2.80 - 1.90 ~ 5.20 7.30
Jun 7 37.40 5.60 110 5.60
14 229.00 9.70 - 3:70 0.00
21 ©325.00 12500 5.20 0.00
28 : 305.00 _ 9.40 - 0.00 0.00
12 : 222.00 3.10 3.90 1.50
19 250.00 3.90 1.50 ' 0.10
26 524.00 3.90 C 1.50 . -0.00
Aug 2 230.00 0.00 0.00 0.00
9 329.00 2.40 : 0.00 0.00
16 $340.00 .0.80 . 0.00 10.00
23 242.00 5.50 0.00 0.00
30 213.00 0.00 0.00 0.00
Sep 7 260.00 . 0.00 0.00 © 0 2.30
14 198.00 ' . 0.00 0.00 0.00
20 181.00 B 2.30 ¢ ‘ 9.50 ‘ 0.00
Oct 6 - 115.00 . 0.00 ' 15.90 . 0.00"

12 © - 15.90 ~__0.00 __7.90 0.00




