
PROC. N.S. INST. SCI (1967) 
Volume 37, pp. 71-88 

PRIMARY PRODUCTION OF TWO SMALL LAKES 
IN ATLANTIC CANADA 

G.D. HOWELL 
Environment Canada 
Water Quality Branch 

P.O. Box 861 
Moncton, N.B. 

E1C 8N6 

and 

J.J. KEREKES 
Environment Canada 

Canadian Wildlife Service 
Department of Biology 
Dalhousie University 
Halifax, Nova Scotia 

B3H 4}1 

At layton 's lake, Nova Scotia. the total annual primary production was estimated to be 182 ge 
m" y -I of which 87 ~c m -2 y -\ was planktonic production. Macrophyte production accounted for the 
additional 95 ge my-I, The macrophytes appeared to be inhibitory to the phytoplankton during the 
summer growing season, as indicated by the low chlorophyll-a concentrations. T atal phosphorus and 
maximum chlorophyll-a concentrations were the best trophic indicators, suggesting that layton's 
lake is eutrophic. Long lake, New Brunswick, had an estimated annual primary production of36.4gC 
m-2 y" due solely to phytoplanktonic production. Variations in daily areal production values could be 
explained largely by variations in surface insolation and flow rate. Neither total phosphorus concen
tration or chlorophyll-a concentration were good trophic indicators. It is suggested that peak 
chlorophyll-a concentration is the best trophic indicator for long lake, resulting in borderline 
o ligotroph ic-mesotrophic classification. 

Au lac layton en Nouvelle Ecosse, la production totale annuelle primaire a ete evalue a 182 gC m -2 a-I 
dontS7 gC m -2 a-I a ete la production planktonique. la production macrophytique explique la 95gC 
m-2 a-I de production en plus. les macrophytes paraissent ~tre inhibitoires aux phytoplanktons 
pendant la periode de croissance estival, com me indique par Ie bas niveau de la chlorophylle-a. l e 
taux de phosphore totale et la concentration maximale de la chlorophylle-a ont ete les meilleurs 
indices trophiques et suggerent que Ie lac layton est eutrophique. la production annuelle primaire 
du lac long au Nouveau Brunswick a ete evalue a 36.4 gC m-2 a-I attribuable entierement a la 
production phytoplanktonique. les variations journalieres dans les valeurs de productions d 'aire 
peuvent ~tre expliquees par les variations dansl 'ensoleillement de Ia surface du lac et dans Ie debit 
d 'eau. Ni les taux totales de phosphore ni la concentration en chlorophylle-a son! de bons indices 
trophiques. On suggere que la concentration maximale en chlorophylle-a est Ie meilleur iodice 
trophique pour Ie lac long et mene a une classification oligotrophique-mesotrophique. 

Introduction 

There has been little consideration of the primary productivity of the Atlantic 
province lakes with only values from five Newfoundland lakes presented in the 
literature (Kerekes, 1975). This paper presents primary productivity data for two lakes 
(Layton's Lake, N.S. and Long Lake, N.B.) sampled between June 14, 1977and August 
28,1978. These two lakes lie approximately 18km apart and exhibit different chemical 
and physical features. 

Layton's Lake is located in the Amherst Point Bird Sanctuary, a section of the 
Chignecto National Wildlife Area near Amherst, Nova Scotia (45°47'40" N; 
65°15'20" W) and is ectogenically meromictic, having prior to the 1950's received 
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periodic intrusions of seawater from the Cumberland Basin (Howell and Kerekes, 
1982). It is both small and shallow (surface area = 11.4 ha, z =2.1 m, Zmu = 10.5 m) and as 
the consequence of a small drainage basin (63 hal has a water residence time of 104 
days. The soils of this region are considered to be among the best agricultural soils of 
the province (Nowland and MacDougall, 1973) and thus the waters of Layton's Lake 
have high total phosphorus (44 mgP m"3) and total nitrogen concentrations (300 mgN 
L"I). The waters are clear (15 Hazen units) with the 1% light level found 4-6 meters 
below the surface. 

Long Lake (45°37'40" N; 64°14'15" W) is partially located within the Tintamarre 
National Wildlife Area near Sackville, New Brunswick. The lake is divided into two 
basins by a causeway and only the southern part is considered in this study. The south 
basin is small (20 hal , extremely shallow (z = 1.36 m, Zmu = 2.0 m) and due to the 
relatively large drainage basin (13.5 km2) has a water residence time of 6days. This lake 
has high water colour (110 Hazen units) which reduces light penetration with the 1% 
light level usually less than 1.5 m below the surface. Due to the short water residence 
time, concentrations of chemical constituents can fluctuate rapidly (e.g. 8.5-65 mgP 
m"3). 
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LEGEND 
Contour intervals (m) 

x Sampling station 

Fig 1 Bathymetri c map of Layton's Lake, Nova Scotia. 
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Methods 

Planktonic primary productivity was estimated using the technique of Steeman
Neilson (1952). Samples were collected from the surface and at various depths in the 
euphotic zone and combined to form an integrated sample. All collections were 
made with a non-metallic horizontal VanDorn sampler between 1100and 1300, were 
taken to the field laboratory and were protected from light. Eight 68 mLlight and two 
dark bottles were innoculated with 10l'C of radioactive sodium bicarbonate solution 
and incubated for 3h at 4 light levels in an incubator deSigned by Shearer (1976). 
Following incubation, a sample (5 mL) was transferred to a 25 mL scintillation vial, 
acidified with H,SO, (0.5 mL, 2 N) and ''CO, was removed by aspiration with airfor15 
min. (Schindler et a/. , 1972; Theodorsson and Bjarnason, 1975). Scintiverse fluor 
(Fisher Chemical Co., 15 mL) was added and the radioactivity was determined using a 
Beckman LS100 Scintillation counter. Daily integral primary production was calcu
lated as described by Fee (1973). 

Results of the primary production experiments have been expressed in not only 
the usual areal (P-area) and volumetric (P-vol) units but also in two units (P-vol x and 
P-area x) which were presented by Kerekes (1975). These units correct the production 
estimates for the modifying effects of basin morphometry using the formulae: -

1 • '" 
P-vol x = V £ A (z) P (z) dz mgC m-3 day-' 

1 '" 
P-area x = - f A (z) P (z) dz mgC m" day" 

A 0 

LONG LAKE, N.B. 
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Contour intervals (rn ) 
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Fig 2 Bathymetric map of Long Lake, New Brunswick. 
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where A;; area m2, V;;: volume m2, p = volumetric production mgC m-3 da{t, Zeu = 

depth of euphotic zone (m) 

Areal rates of carbon assimilation (P-area x) were converted to g-cal m-' using a 
conversion factor of 1 gC = 11.25 Kcal (Schindler and Nighswander, 1970) and were 
ex_~ressed as a percentage of g cal of surface photosynthetic active radiation (PAR 
m ). 

Surface and subsurface light intensities were measured with a submersible Li-Cor
LI-185 Quantum/ Radiometer/ Photometer. Daily surface irradience was measured 
with a Belmont Pyrheliograph. All light measurements were converted to PAR using a 
factor of 0.45. Annual primary production was estimated by multiplying the produc
tion efficiency by the surface isolation for a given period and summing over the entire 
year. 

Dissolved inorganic carbon (DIC) concentration was determined using a method 
of Stainton (1973). Total phosphorus concentration was measured by the molybde
num blue method (Murphy and Riley, 1962) after samples were digested by potas
sium persulphate (Menzel and Corwin, 1965). Total nitrogen and major ions were 
analyzed by the laboratory of Environment Canada, Inland Waters Directorate, Water 
Quality Branch, Moncton, New Brunswick. Chlorophyll-a concentration was deter
mined on a Turner Model 110Fluorometer using the method of Yentch and Menzel 
(1963) as modified by Holm-Hansen et a/. (1965). 

Macrophyte biomass was estimated for each sampling date by harvesting all plants 
lying within the boundaries of six randomly placed 0.5 m' quadrats. Fresh, dry and ash 
weights were determined for each sample. Organic weight (ash-free dry weight 
-AFDW) was converted to carbon using the factor of 0.48 given by Westlake (1965). In 
order to get an estimate of plant productivity 15 cm terminal macrophyte tips were 
incubated under constant light for 1 hour in 68 mL bottles. Water collected from the 

Table 1 Representative chemical constituents of layton's lake, N.S. and long lake, N.B. 

pH 
Total Alkalinity mg l -' 
Specific Conductance umho cm-1 

Water Colour (Hazen units) 
Turbidity (NTU) 
DIC mg C l -I 
TOC mg C l -I 
Total Phosphorus mg P m-3 

Chlorophyll-a mg Chi m-' 
Phaeophytin mg m-3 

Total Nitrogen mg N m-3 

Secchi Disc m 
·Ca++ mg l -l 
MgH mg l -l 
Na+ mg l -l 
K+ mg L-1 

Fe· .... mg l -l 
HCO-, mg l -' 
50·4 mg l -' 
cr mg l -l 

layton's Lake 

7.3 
30.5 

534 
15 
1.5 
9.2 
8.3 

44 
4.4 
2.2 

300 
2.7 

50 
5.5 

42 
2.6 
0.3 

37.2 
108 

78 

long lake 

6.7 
5.6 

36 
110 

2.7 
3.3 

17.8 
27 

3.8 
2.3 

280 
1.1 
4.4 
0.9 
2.4 
0.7 
0.5 
6.8 
6.0 
6.1 

.. l ayton's lake ion chemistryis for November17, 1977. Long Lake ion chemistry is for September 
30, 1977. Other va lues are annual means. 
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macrophyte region was filtered through 0.45 p. GF/ C glass fibre filters prior to use in 
the incubation bottles. Productivity was estimated using the oxygen light and dark 
method and expressed as mgC h( g-' AFDW. 

Results 

Bathymetric maps of the two study lakes are presented in Figs 1 and 2, while Table I 
summarizes the water chemistry of the two lakes. 

Nutrient Concentrations 
Mixolimnetic total phosphorus at Layton's Lake (Fig 3) were relatively high 

throughout the entire study period (range 3(}'90 mgP m-'). Concentrations observed 
during late autumn, winter and the summer of 1978 were higher than during other 
periods. 

At Long Lake phosphorus concentrations were generally highest during the 
summer and early fall and gradually declined throughout the autumn to minimum 
levels during periods of ice cover (Fig 4). Like Layton's Lake, total phosphorus 
concentrations were higher during the summerof 1978than in the previous summer. 
The limited amount of total nitrogen data suggests that both lakes have similar levels 
(range 21JO.400 mgN m-' ). At Long Lake, N:P ratios were consistently above 10. while 
those at Layton's Lake ranged from 6 to 16. 

Chlorophyll-a 
The lowest ice-free season chlorophyll-a concentrations at Layton's lake were 

observed during the summer months in the epilimnetic waters (Fig 5) . This pattern 
was more pronounced in the summer of 1977 than in 1978. Conspicuously high 
chlorophyll-a concentrations developed in the hypolimnion during the latter part 
(July and August) of both summers. With the onset of autumnal circulation 
chlorophyll-a concentrations increased significantly and remained high throughout 
the early winter. On April 4, 1978, a chlorophyll-a concentration of 39.2 mg m-' was 
found immediately under the surface of 0.39 m of snow-free transparent ice. Subse
quent phytoplankton analysis revealed large numbers (9.35 x 10S cells L-') of the 
chlorophyte Chlamydomonas. Chlorophyll-a concentrations at Long Lake (Fig 6) 

J JASON O J FMAM JJA 
1977 1978 

Total phosphofOU$ (mg/m') 

Fig 3 Isopleths of total phosphorus concentration for Layton's Lake, 1977 and 
1978. Broken lines represent sampling uncertainty. Hatched area indicates 
ice cover. 



76 HOWELL AND KEREKES 
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Fig 4 Seasonal va riation of tota l phosphorus concentration in surface waters of 
Long Lake during 1977 and 1978. 
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Fig 5 Isopleths of chlorophyll-a concentration for the mixolimnion of Layton 's 
Lake, 1977 and 1978. Hatched are indicates ice cover. 

were the highest during the summer and declined rapidly during the late autumn to 
extremely low winter minima. Summer chlorophyll-a concentrations tended to be 
equal to or greater than eplimnetic values at Layton's lake while the fa ll and winter 
values were considerably lower. 
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Plankton Primary Production 
Rates of planktonic primary production for Layton's and Long Lakes are presented 

in Table II and III respectively. At Layton's Lake, areal production values representa
tive of the entire lake (P-area x) range from 24 to 98% of the deep station areal 
production (P-area). P-area x and P-max values tended to be the highest during the 
summer and fall with very low values found during the winter. The exception to this 
was the high P-area x (173 mgC m -, da{') and P-max (414 mgC m-' da{') found under 
ice on April 4, 1978. 

8.0 

~ 4.0 
.c 
"o 
(; 
:c 
02.0 

J J .A SON 0 J F M A M J J A S 
1977 1978 

Fig 6 Seasonal variation of chlorophyll-a concentration in surface waters of Long 
Lake during 1977 and 1978. 

At Long Lake P-area x production values were 76 to 88% of the corresponding 
P-area values. The highest P-area x values were recorded during the summer with 
much lower levels found during the fall and winter. 

On five occasions primary production incubations were conducted on Layton's 
Lake samples collected from the macrophyte region as well as at the deep station. The 
incubator uptake rates were similar (Table IV) with a paired difference (a = .05) 
indicating no significant difference between the two sites. Production efficiencies at 
Latyon's Lake were generally low during the summer with peak values observed 
during low light days (Table V). The winter efficiencies were similar to those found 
during the summer. As was observed for both IOtal phosphorus and chlorophyll-a 
concentrations, production efficiencies were higher during the summer of 1978 than 
during the summer of 1977. 

Long Lake production efficiencies followed a similar pattern to that observed at 
Layton's Lake, with the exception that the peak efficiencies observed during low light 
days were absent. Summer production efficiencies were slightly lower than those 
recorded at Layton's Lake. 

Macrophytic Primary Production 
Layton's Lake is a shallow clear-water lake and therefore ideally suited for the 

development of submergent macrophytes. A visual survey revealed that during the 
summer growing season approximately 68% of the lake's sediment surface was 
colonized by submergent macrophytes, dominated by Myriophyllum exa/bescens 
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Table II Areal and volumetric primary production measurements at layton 's lake, N.S. 
for thirteen sampling dates during 1977 and 1978. 

P-area P-vol x P-area x 
Date mg C/ m'.day mg Clm' .day mg Clm'.day 

1977 
June 15 142 33.2 61.1 
July 11 463 66.5 159 
August 9 448 115 211 
August 23 546 109 201 
November 4 343 100 185 

1978 
January 12·· 70.7 21.8 40.1 
February 21··· 15.7 8.5 15.4 
April 4· 262 94.1 173 
May 31 105 29.3 54 
June 15 281 79.5 146 
June 29 624 139 251 
July 29 280 76.2 140.3 
August 27 825 183 337.4 

• Ice cover. 
•• Ice and light snow cover. 

... Ice and heavy snow cover. 

and to a much lesser extent by Potamogeron pectinalUs. Macrophyte biomass began 
increasing in late April or early May soon after loss of winter ice cover and reached a 
maximum biomass of 95.5 gC m" of littoral zone in mid,August (Table VI) . By the end 
of August the macrophyte communities began to senesce with biomass declining 
throughout the fall. Correcting the maximum biomass to give a value representative 
of the entire lake, the annual standing stock was approximately 61 gC m" . 

Net photosynthetic capacity of both Mrriophyllum and Potamogeton tips was low 
during June (0.5 ' 1.5 mgC g,dry wI" h' ) however by late July when macrophyte 

Table III Areal and volumetric primary production measurements at Long lake, N.B. 

for thirteen sampling dates during 1977 and 1978 

P-area P-vol x P-area x 
Date mg Clm' .day mg Clm' .day mg Clm'.day 

1977 
June 15 27.2 16.4 22 
July 11 106.4 64.1 87.1 
August 9 157 96.3 131 
August 23 239 143 192 
November 4 51 .9 33 44.2 

1978 
January 12 3.8 2.4 3.2 
February 21 8.1 5.3 7.1 
April 4 47.6 28 37.5 
May 31 28.8 18.5 24.8 
June 15 85.4 54.8 73.5 
June 29 209 119 160 
July 29 53.3 37.3 43.3 
August 27 293 165 222 
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P-max P-area xl lo/ day Euphotic 
mg C/ml.day P-area 1y Depth (m) 

58.7 0.43 292 6.0 
116 0.34 428 6.3 
255 0.47 449 5.6 
173 0.37 430 6.3 
259 0.54 91 .5 4.5 

67.9 0.57 98.2 3.0 
86 0.98 79.4 1.2 

414 0.66 251 1.8 
74.9 0.51 44.4 5.1 

192 0.52 197 4.9 
226 0.40 358 6.3 
185 0.50 77.5 5.3 
241 0.41 359 5.3 

biomass was increasing at the greatest rate, photosynethic activity was up to 2.5-3.5 
mgC g-dry W(I hr-I. Due to the small number of macrophyte productivity experi
ments, it was not possible to calculate annual production by this method. 

In contrast to the high degree of colonization by submergent macrophytes at 
Layton's Lake, Long Lakewhich has high water colour, short water residence time and 
a rocky bottom had insignificant macrophyte development. 

P-max P-area xl lo/ day Euphotic 
mg C/ml.day P-area 1y Depth (m) 

42.8 0.81 292 1.75 
252 0.82 428 0.90 
339 0.83 449 1.50 
291 0.80 430 1.35 
136 0.85 91.5 1.30 

7 0.84 98.2 1.10 
36.5 0.88 79.4 0.80 
58.3 0.79 251 0.85 
89.6 0.86 44.4 1.70 

166 0.86 197 1.10 
272 0.77 358 2.00 

84.9 0.81 77.5 1.80 
299 0.76 359 1.90 
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Table IV Incubator uptake rates for two stations at layton's lake measured on Ii\{!: sampling 
dates. 

Date 

1977 
November 4 

1978 
June 15 

June 28 

July 29 

August 27 

light 

.392 

.084 

.028 

.006 

.519 

.046 

.029 

.007 

.337 

.084 

.021 

.004 

.571 

.129 

.029 

.006 

.359 

.084 

.024 

.006 

''C Uptake 
mg C m-3 h-' 

Macrophytic limnetic 
Zone Zone 

33.1 37.3 
32.9 34.2 
12.2 13.4 
3.2 2.9 

16.9 17.1 
16.9 16.1 
8.2 6.9 
2.0 1.8 

31.0 24.2 
25.2 20.0 
6.7 6.0 
1.6 1.8 

33.7 31.7 
31.3 31.2 
13.9 14.7 

2.7 4.0 

50.4 49.2 
53.3 43.0 
20.1 14.5 
3.5 6.9 

Table V P-area and P-area x production efficiencies at layton's lake, N.S. and Long lake, N.B. for 
thirteen sampli ng dates during 1977 and 1978. 

Date Layton's lake long lake 

1977 P-area P-area x P-area P-area x 
June 15 0.12 0.05 0.02 0.02 
July 11 027 0.09 0.05 0.05 
August 9 0.15 0.12 0.09 0.07 
August 23 0.32 0.12 0.14 0.11 
November 4 0.94 0.51 0.14 0.12 

1978 
January 12 0.18 0.10 0.01 0.Q1 
February 21 0.05 0.05 0.03 0.Q2 
April 4 0.26 0.17 0.05 0.04 
May 31 0.59 0.30 0.16 0.14 
June 15 0.36 0.19 0.1 1 0.09 
June 29 0.44 0.17 0.15 0.11 
July 29 0.90 0.45 0.17 0.14 
August 17 0.57 0.24 0.20 0.15 



PRIMARY PRODUCTION OF TWO LAKES 81 

Table VI Macrophyte biomass· estimates at layton's Lake for seven sampli ng dates during the 
summer of 1978. 

Macrophyte Biomass 
Date Fresh Wt. DryWt. Ash Wt. Ash-Free DryWt. -, g m-2 g m-2 g C m-2 gm 

1976 
May 31 1016 166 90.7 77.6 373 
June 14 691 90.7 42.2 46.5 23.3 
June 26 1124 150 50.6 96.6 47.4 
July 26 2316 263 74.1 169 90.7 
August 14 2222 251 59.7 199 95.5 
August 26 1437 149 36 113 54.3 
October 10 454 47 11.3 35.7 17.1 

• Biomass estimates are expressed on a per m2 littoral zone basis. 

Discussion 

In lakes where the ratio of ':z.u (z.u =euphotic zone depth) is much less than unity, 
P-area production estimates from the deep station will greatly overestimate areal 
production, as the euphotic zone is restricted due to the shallowness of the lake. To 
overcome this, Kerekes (1975) proposed the use of a volume corrected P-area value 
which he termed P-area X. Fee (1980) observed that use of P-area overestimates actual 
lake production by approximately 20%. However, as this overestimation of produc
tion is a function of both basin morphometry and transparency, clearwater lakes such 
as Layton's which have a large littoral zone and a small area of deep water (i.e., low 
':z.u), may have errors much greater than 20%. At Layton's Lake, where the ':z.u ratio 

200 

Fig 7 
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Relationship between the percent overestimation of areal production and 
the ' :leu ratio for several lakes. 
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Table VII Results of the li near regression a~alysi s relating Layton's Lake and Long Lake 
phytoplankton production (p-area x) to environmental factors during the ice-free 
season and the summer season. 

Layton 's Lake (summer 1977 and 1978) 

P-area x =0.25110 + 107. 
T-value~ 1.59 NS 
P-area x =0.356 + 5.81 TP - 167 
T-va lue~ 1.99 NS 2.52 NS 
P-area x =0.320 10 + 5.54 TP + 33.9 Chl-a 
T-values 4.45 HS S.99 HS 5.21 HS 

l ayton 's l ake (Ice-free) 

P-area x =0.272 10 + 100 
T-values 1.67 NS 
P-area x =0.354 + 5.67 TP - 160 
T-va lue~ 2.67 5 2.43 5 
P-area x =0.487 10 + 5.82 TP + 18.8 Chl-a-284 
T-values 4.52 HS 3.44 HS 2.71 S 

P-area x =0.323 10 + 11.8 
T-value~ 2.93 5 
P-area x =0.253 10 + 190 Wl - 110 
T-values 3.36 HS 2.66 5 

Long Lake (Ice-free) 

NS - not significant 5 - significant (=.05) HS - significant (:5.01) 
10 - incident solar radiation (PAR) Langleys da(l 
TP - total phosphorus concentration mg P m-
Chl-a - chlorophyll -a concentration mg m-3 

Wl- water level (recorded as m below reference) 

r' = 0.16 F = 1.10 NS 

r' = 0.48 F = 4.2 NS 

r' = 0.92 F = 26.56 HS 

r' = 0.17 F = 2.79 NS 

r'=0.48 F=5.19 5 

r' = 0.73 F = 9.07 5 

r' = 0.44 F = 8.56 5 

r' = 0.62 F = 11.5 S 

NOTE: all correlation co-efficients have been corrected for low degrees of freedom. 

is low (0.35), the use of P-area will on an annual basis overestimate adual produdon 
(P-area x) by 120%. At Long Lake, where the z:zw is larger (.78), P-area produdion 
overestimates P-area x produdion by 17" .... 

The relationship between the percent overestimation of annual P-area x by P-area 
and the ratio z: z~ for several lakes in the Atlantic Region is presented in Fig 7 and 
emphasizes the necessi ty of correding station areal produdion, particularly in those 
lakes which have a ratio of z: z~ much less than 1.0. 

P-area x at Layton's Lake was generally highest during the summer months when 
surface inso lation was high. Howeve r, the linear re lationship between summer (1977 
and 1978) P-area x and surface insolation was poor (Table VII), possibly due to 
improved nutrient concentrations in the mi xolimnion during the dry summer of 1978 
(Fig 3). Inclusion of total phosphorus concentration in the linear regression improved 
the co-efficient of determination (r2 = .48) but as indicated by the low F value, these 
two variables (10 and TP) do not explain the variation in summer P-area x values. 

Many authors (Hasler and Jones, 1949, Goulder, 1969; Planas et a/., 1981) have 
documented inhibito ry effeds of macrophytes on phytoplankton. This would 
explain why Layton's Lake summer ch lorophyll-a concentrations and produdion 
effi ciencies are relatively low. Thi s was most pronounced during the summer of 1977 
as higher nutrient concentrations in 1978 resu lted in slightly higher chlorophyll-a and 
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production efficiencies. Metalimnetic and hypolimnetic chlorophyll-a concentra
tions were often greater than epilimnetic values which may be a response to higher 
nutrient concentrations below the thermocline. Similar findings have been docu
mented by Kerekes (1974) and Fee (1976). Thus chlorophyll-a concentration may be 
useful as an indicatorof not only the nutrient status of the lake but also any inhibitory 
effects caused by macrophytes. Inclusion of chlorophyll-a into the regression analysis 
improved the co-efficient of determination from 0.48 to 0.92 

It is interesting to consider Layton's Lake P-area x values on the ice-free season basis 
(Table VII). The relationship betwee P-area x and surface insolation is poor, but 
addition of total phosphorus concentrations to the regression analysis again improves 
the relationship (r' = 0.48). Inclusion of chlorophyll-a concentration into the regres
sion analysis raises the coefficient of determination for the ice-free season from 0.48 
to 0.73. During circulation periods in the spring and fall, mixolimnetic phosphorus 
concentrations increase slightly partially due to mixing of hypolimnetic waters, 
release from senescing macrophytes, and increased internal loading of nutrient rich 
monimolimnetic water (Howell and Kerekes, 1982). However, these slightly increased 
phosphorus concentrations cannot alone explain the large increases in chlorophyll-a 
concentration and production efficiency during these periods. One possible expla
nation is that a shift to more biologically available phosphorus is involved, rather than 
an actual increase in concentration. However, from the limited data available, there is 
no discernible increase in the percentage of total phosphorus found in the soluble 
reactive form during the circulation periods. With the onset of autumnal circulation 

100 

(ChI) :: 0.28 [PJAO-96 ,-
r :: 0.88 SE = 0.251 

/// 
n = 77 

~ 10.0 

,//' 
, 

,/0'" 
C> ,/ v 
oS / O~ UiylO" 5 " 

, .. , ~C:J"" LIke " 

/ ~«; • .,' 
>. 

,//' 
<?-~0 long ,' 

~ 
<> Q Lake " 
e ~(j " 0 //// 

o , 

" 
, 

u 
, 

c / / .. 1.0 
, , 

" 
, 

::; , , , , , 
,,;/' 

0 .1 

,/'// 

10 

[pl. (mg/ m' ) 

100 

Fig 8 OECD relationship between mean ch lorophyll-a concentration and mean 
in-lake total phosphorus concentration. 



84 HOWELL AND KEREKES 

the macrophytes begin to senesce and thus, during the fall, winter and spring the 
phytoplankton have less competition for available nutrients. This reduction of com
petition or antagonism could account for the phytoplankton blooms during periods 
of circulation. 

Similar to Layton's Lake, P-area x at Long Lake was highest during the summer 
when surface insolation was also high. Linear regression analysis indicated a positive 
correlation between P-area x and surface insolation (r2 = 0.44) but unlike Layton's 
Lake, addition of total phosphorus concentration did not significantly improve the 
relationship (r2=0.42). A large proportion ofthe total phosphorus in coloured waters 
is associated with clays and organic compounds (Hines and Barker, 19S7; Fillos, 1976) 
and is not available to phytoplankton. This may explain the insignificant effect 
inclusion of total phosphorus has on the regression analysis. 

In lakes such as Long Lake which have extremely high flushing rates, the phyto
plankton are often susceptible to washout (Dickman, 1969; Wagner and Parker, 1973; 
Gorham el a/., 1974). Flow rate may also affect light extinction by changing organic 
carbon concentrations, water colour and turbidity. From Table VII, inclusion of water 
level into the regression analysis improved the coefficient of determination consider
ably from 0.49 to 0.62. 

Using P-area x production values for Layton's Lake, annual phytoplankton produc
tion was approximately 87. gC m-2 i'. In order to estimate total annual primary 
production for Layton's Lake, it is necessary to include the macrophyte production 
component. However, the calculated maximum standing crop of 61 gC m-2 i ' 
completely ignores any biomass loss by excudation, grazing and sloughing. As 
Layton's Lake had a maximum macrophyte biomass similar to Lake Wingra (Adams 
and McCracken, 1974) (AFDW Layton's Lake= 1999/ m2; Lake Wingra = 222 g/ m2) and 
photosynethic activity approximately 60% of that recorded at Lake Wingra, a produc-
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tion to biomass (P/ B) ratio of 1.56 (60'% of the Lakewingra PI B (26)) was assumed. This 
PI B ratio is similar to values of 1.25given by Winberg et al., (1972) and 2.0 used Sorokin 
(1972). Using a PI B ratio of 1.56, annual macrophytic production is estimated to be 
approximately 95 gC m-2 

{' which when summed with planktonic production gives a 
total production of 182. gC m-2 

{' for Layton's Lake. This is similar to the value of 172 
gC m-2 

{ ' estimated for the eutrophic lake 227 in Ontario (Fee, 1980). 
Long Lake, N.B., had an estimated annual P-area x production of 36.4 gC m-2 

{' 

which is slightly higher than values given by Fee (l98q for numerous coloured ELA 
lakes. 

Janus and Vollenweider (1981) and Kerekes (1983) showed that the Organization 
for Economic Co-operation and Development (OECD) empirical relationships (Vol
lenweider and Kerekes, 1980; Vollenweider and Kerekes, 1981) may be used to 
analyse an individual lake response to nutrient status as it related to ((average" lake 
behaviour. Given the annual mean total phosphorus concentration both Layton's 
Lake and Long Lake have annual mean chlorophyll-a concentrations which are below 
the OECD regression line (Fig 8). At Long Lake much of the measured total phospho
rus is organically bound and is therefore not available to the phytoplankton. The 
Layton's Lake point is also below the OECD line due to the inhibitory effects the 
macrophytes have on the phytoplankton. 

From the OECD relationship between peak chlorophyll-a concentration and mean 
annual in-lake phosphorus concentration (Fig 9), it is apparent that Long Lake falls 
below the regression line, but Layton's Lake isslightly above the OECD line. The peak 
chlorophyll-a concentration (= 45 mg m -3) was observed during the late fall when 
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Fig 10 Predicted trophic conditions in terms of probability (five trophic categories) 
for annual peak chlorophyll-a concentration (after Vollenweider and 
Kerekes, 1981). 
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there was no macrophyte competition or inhibition. This would suggest that at 
Layton's Lake, both total phosphorus and maximum chlorophyll-a concentration 
would tend to overestimate planktonic primary productivity but would be good 
indicators of total (planktonic and macrophytic) primary productivity. From the 
OECD study it was found that on average, peak chlorophyll exceeds yearly average 
chlorophyll by a factor of 3. At Layton's Lake, the ratio of Chlm .. : Chi is approximately 
10, indicating the considerable effect that the macrophytes have on chlorophyll-a 
concentrations. 

Thus it appears that total phosphorus concentration and peak chlorophyll-a con
centration are the best trophic indicators for Layton's Lake. Using the probabilistic 
trophic category scheme for maximum chlorophyll-a concentration (Fig 10) given by 
Vollenweider and Kerekes (1980) , Layton 's Lake has a 17% chance of being mesotro
phic, 58% chance of being eutrophic and a 25%chance of being hypertrophic. Using 
a similarscheme based on total phosphorus concentration Layton's Lake had a nearly 
equal probability of being mesotrophic or eutrophic. Therefore, it is concluded that 
Layton's Lake is presently eutrophic. 

At Long Lake it is obvious that both mean chlorophyll-a and total phosphorus 
concentrations would tend to overestimate annual production. However, as the ratio 
of maximum chlorophyll-a concentration to mean chlorophyll-a (1.9) is less than the 
average value of 3.0, it appears that maximum chlorophyll-a is probably the best 
trophic indicator. From Fig 10 the probabilities of being oligotrophic, mesotrophic, 
eutrophic and hypertrophic are 51 %, 42%, 5% and 2% respectively. Thus, Long Lake 
would appear to be in a borderline oligotrophic-mesotrophic condition. 
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