
1

Limnological Study 2002-2003 of Heney Lake and of its
Watershed Lakes

and
Study of the Watershed of Heney Lake

Quebec Ministry of the Environment
Outaouais Regional Directorate

by

Richard Carignan, Ph.D.     
University of Montreal

15 November 2003



2

Contents
Summary........................................................................................7
1. Introduction.......................................................................9
2. Objectives.........................................................................11

2.1 Objective 1: Establish the present state of Heney
      Lake relative to that of other lakes present in its
      watershed and to that of other comparable lakes
      of the region................................................................11
2.2 Objective 2:  Characterize the drainage basin of
      Heney Lake and identify the current sources of 
      phosphorus in the lake................................................11 

3. Description of the site, its geological context and the present usage of the 
drainage basin..................................11

3.1  The 2002-2003 hydrological year at Heney Lake.....13

4.         Methods............................................................................14
4.1 Choice and characteristics of comparable lakes.........14
4.2 Chemical analyses......................................................15
4.3 Measurement of flows and phosphorus and nitrogen
      loads in the hydrological area and Heney Lake.........17
4.4 Calculation of hypolimnetic oxygen demand............19
4.5 Bathymetry.................................................................19

5. Results:  limnological studies 2002-2003........................20

5.1  Dissolved oxygen and phosphorus release from the sediments of Heney 
Lake .........................................21

5.2  Mechanism of phosphorus release from the hypo-limnetic sediments of 
Heney Lake...........................25

5.3  Phosphorus release from the hypolimnetic sedi-ments of the other 
lakes............................................27

5.4  Changes in the P mass and average concentration in Heney Lake since 
1995 and the impact of the fish farm...................................................................30

5.5  Nitrate (NO3) and ammonium (NH4) cycles in Heney Lake in 2002-
2003........................................32

5.6  Phosphorus cycle in Heney Lake.............................33
5.7  Cyanobacteria and nitrogen fixation in Heney Lake and the lakes of its 

watershed...................................35
5.8  Changes in hypolimnetic oxygen demand in Heney 

Lake..........................................................................37
5.9  State of Heney Lake relative to other lakes in the 

region........................................................................38
       5.9.1  Effect of the drainage ratio on P concentra-

                             tion..................................................................42
       5.9.2  Influence of land usage...................................43
     5.9.3  Influence of morphometry...............................45

6.  Study of the Heney Lake watershed......................................48
6.1  Hydrological balance sheet......................................48
6.2  P and N concentrations in the system......................50
6.3  Export of phosphorus by the system........................50



3

6.4  Heney Lake phosphorus budget 2002-2003.............55
6.5  Phosphorus budget, retention and modelling for lakes in the Heney 

watershed...................................56

7.  The solutions...........................................................................61

7.1  Watershed treatments................................................61
       7.1.1 Drainage of certain wetlands............................61

                   7.1.2  Reduction of P from dwellings........................65
                   7.1.3  Reduction of input from from farmland..........66

       7.1.4  The sawmill.....................................................66
       7.1.5  Summary of watershed treatments..................67
7.2  Lake treatments.........................................................68

8.   Conclusions............................................................................70
9.   References..............................................................................74
10. Annex 1:  Figures...................................................................76
11. Annex 2:  Raw concentration data for the lakes.....................86
12. Annex 3:  Lake bathymetry...................................................141
13. Annex 4:  Plates.....................................................................148

Plate 1:  Topography and bathymetry of watershed
                          lakes

Plate 2:  Mosaic of original aerial photographs
Plate 3:  Mosaic of the aerial photographs (uniform tinting)
Plate 4:  Land usage
Plate 5:  Forested areas
Plate 6:  Geology of the watershed
Plate 7:  Sub-drainage basins

List of Tables
Table 1:   Morphometric properties and characteristics of the lakes studied 
                between  2002 and 2003...................................................................15                                 
Table 2:   Importance of calcareous rocks in the drainage basins, and
                alkalinity and major cation concentrations of the surface water......15
Table 3:   Localisation of sampling sites in the streams and properties of 

    the sub-watersheds defined by these sites........................................18
Table 4:   Presumed geochemical steps in the phosphorus cycle of the

    small lakes included in the Heney Lake watershed..........................29
Table 5:   Probable steps in the internal phosphorous cycle of Heney Lake....34
Table 6:   Rate of nitrogen fixation deduced from the increase in total N
                mass measured in the summer and autumn of 2002..........................37



4

Table 7:   Number of buildings at 100 and 200 metres from the shoreline
    and evidence of property development expressed as number of
    buildings per hectare of lake.............................................................44

Table 8:   Annual (L) and specific (Ls) phosphorus and nitrogen load
    in the 33 streams, measured between August 1st, 2002 and July
    31st, 2003...........................................................................................52

Table 9:   Total phosphorus (TP), total dissolved phosphorus (TDP) and
    total nitrogen (TN) budgets for Heney lake, August 1st, 2002 to
    July 31st, 2003....................................................................................55

Table 10:  Turnover time (t), hydraulic charge (Qs), phosphorus charge (Lp),
     phosphorus loss by outflow (Sp), and phosphorus retention
     coefficient for Heney Lake and four other lakes in its watershed....57

Table 11:  Summary of the feasible reductions in P charge in the Heney
     Lake watershed.................................................................................67

Table 12:   Industrially available iron compounds for the immobilization 
      of phosphorus in Heney Lake and estimated costs..........................68



5

List of Figures
Figure 1:   Specific flow of the Picanoc River at Wright.....................................13

Figure 2:   Isotherms (ºC, a), dissolved oxygen concentration(mg/litre, b)
     and total phosphorus (microg./litre, c) as a function of date and
     depth in Heney Lake, May 2002-July 2003........................................20

Figure 3:   Dissolved oxygen and total phosphorus concentrations and the
                  fixed depths of 22 and 28 metres in Heney Lake in 2001 and 2002..22

Figure 4:   Changes in total phosphorus, dissolved phosphorus and chloro-
     phyll a concentrations at depths between 0 and 7 metres in Heney
     Lake....................................................................................................22

Figure 5:   Annual changes in Heney Lake of the masses of phosphorus and
     nitrogen in the strata between 0-12 metres and 12-32 metres in

                 2002-2003..........................................................................................23

Figure 6:   Isolines of total dissolved phosphorus concentration  (microg./litre,
     a) as a function of date and depth in Heney Lake, Aug. 2003 –
     Jul. 2004............................................................................................24

Figure 7:  Total mass and average concentration of phosphorus in Heney 
    Lake, Jul. 2001 – Jul. 2003................................................................24

Figure 8:   Concentrations of oxygen, total phosphorus, total dissolved
     phosphorus, and total iron, manganese, nitrate and sulphate in
     Heney Lake on 23rd September 2002...............................................25

Figure 9:   Concentrations of oxygen, TP, TDP, nitrate, total iron, manga-
     nese, and sulphate, Lake Desormeaux, 23rd  Sep 2002....................28

Figure 10:  Changes in concentration of dissolved oxygen and total phos-
      phorus at 13 and 16 metres in Lake Desormeaux in 2003..............28

Figure 11:  Changes in TP mass in Lake Heney since 1995.  Right axis
      shows the average equivalent concentration in the total volume
      of the lake.......................................................................................30

Figure 12:  Isolines for nitrate (a) and ammonium (b) concentrations in
      microg./l between July 2002 and July 2003 in Heney Lake...........33

Figure 13:  Concentration of chlorophyll a present in the major algal groups
      as measured on 28 Aug 2002 by flourescence excitation
      spectrometry (Flouroprobe)............................................................35

Figure 14:  Total nitrogen mass in the Heney watershed lakes.   The right
      axis refers to Heney Lake only.......................................................36

Figure 15:  Hypolimnetic oxygen demand compared to previous years in
      Lakes Heney, Blue Sea and des Cedres........................................37

Figure 16:  Total surface (0-4 metres) P concentration in Heney Lake,
      the comparable lakes, and the Heney watershed lakes..................38

Figure 17:  Chlorophyll a surface (0-4 metres) concentration in Heney
      Lake, the comparable lakes, and the Heney watershed lakes........40

Figure 18:  Total spring phosphorus concentration as a function of drainage
      ratio (a) and turnover time (b) in the eleven lakes.........................42

Figure 19:  Relation between the spring surface (0-4 metres) PT concen-



6

      tration of the lakes and the anoxia factor, measure at the end
     of the summer.................................................................................46

Figure 20:  Relationship between spring PT concentration (a), the anoxia
      factor (b) and the size of the lakes................................................46

Figure 21:  Specific flow at the outlet of Heney Lake (site R-30) and the
      gauging station MRN 40814 of the Picanoc River from
      August 2002 and July 2003..........................................................48

Figure 22:  PT concentrations in certain tributaries of Heney Lake in
      2001-2002 and 2002-2003............................................................51

Figure 23:  Relation between the specific PT load and the amount of 
      farmland in the sub-drainage bassin.............................................53

Figure 24:  Relation between the observed specific PT load and the 
      value predicted by the empirical model given by eqn. 2..............54

Figure 25:  Adjustment, by non-linear regression of eqn. 4, to the re-
      tention coefficients (Rp) measured in 2002-2003 and to the
      estimated longterm hydraulic loads for Lakes Heney, á la
      Barbue, Noir and Vert..................................................................58

Figure 26:  Comparison between predicted (eqn. 3) P concentrations
      and those observed in the spring of 2003 in Heney Lake and
      in four other lakes of its watershed.............................................60

Figure 27:  Annual P load (kg/yr) from the watershed defined by station
      R-12.............................................................................................64



7

Summary
Between 1994 and 1999, the fish farm Truiticulture S.L. caused a significant 

increase in the annual phosphorus (P) load in Heney Lake.   The present document 
completes the analysis of the data concerning water quality obtained between May 
2001 and July 2003 from five comparable lakes and the five lakes of the Heney 
watershed, with the aim (1) of establishing the P dynamics in these lakes, (2) of 
establishing the present state of Heney lake relative that of the other lakes, (3) of 
identifying the present sources of phosphorus in Heney lake, and (4) of proposing 
approaches to its restoration.

The changes in the total mass of P in Heney Lake since 1995 shows no clear 
tendancy between 1995 and 2003, except perhaps a slight decrease during the 
operation of the fish farm between 1995 and 1999, followed by a paradoxical increase 
since its closure.   The lack of increase in P concentration between 1995 and 1999, 
plus the absence of any decrease after 1999 suggests a biological, geological or 
physical control of the mass (or concentration) of phosphorus in this lake.   Contrary 
to previous views, the liberation of P from the hypolimnetic sediments of Heney Lake 
occur, above all, in the presence of oxygen.   Iron never plays an important in the P 
cycle in Heney Lake, as shown by the absence of iron accumulation in the anoxic 
hypolimnion and the limited P retention capacity of the oxygenated sediments.   This 
lack of reactive Fe might be due to natural causes;  it could also have been 
accentuated by the operation of the fish farm.

In the 11 lakes studied, the P concentrations do not obey the empirical 
relationships generally observed between the drainage ration and the turnover time of 
the lake water.   No significant correlation was found between total P concentration 
and the drainage ratio, the number of dwellings, the wetlands or the farmland in the 
watershed.   The lack of correlation does not mean that the farmland and wetlands are 
not sources of P for the lakes, but rather that their importance is minor compared to 
that of the internal P dynamics of these lakes.   The P cycle in the small lakes (á la 
Barbue, Désormeaux, Long, Noir, Saint Laurent and Vert) differs from that of the 
larger lakes for reasons related to their morphometry.   Significant relationships are 
observed between the P concentration and the size of lakes and the development of 
hypolimnetic anoxia.   These results show that Heney Lake should resemble the other 
big lakes of the region and that its present mesotrophic condition should be

attributable to circumstances peculiar to Heney Lake, including the past operations of 
the fish farm and a natural or induced iron deficiency.
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The hydrological balance sheet for Heney Lake strongly suggests that its 
watershed is not watertight.   The probable permeability of  the Heney Lake drainage 
basin introduces an uncertainty, of the order of 30%, in the calculation of its TP 
retention coefficient.   In the watershed, the P export coefficients for the forests, 
agricultural land and wetlands are estimated as 7, 30 and 140 mg/m2/yr, respectively.   
The coefficients found for Heney Lake are higher than those recently measured in the 
Laurentians.   However, the coefficients specific for forests and farmland are not 
particularly high relative to values reported elsewhere in Ontario.   The total P input to 
Lake Heney in 2002-2003 reached 801 kg.   Since the 2002-2003 year was unusually 
dry, with only 71.5% of the normal flow, the average yearly input to this lake is 
estimated at about 980 kg/yr.

Heney Lake and three other lakes of its watershed do not follow the classical 
model relating the P charge to its average concentration in the lake, or even to the 
concentration in the water column at the time of the spring turnover.   There is no 
significant correlation between between the values predicted by this model and the 
concentrations observed at that time.   Consequently, the model cannot be used to 
predict, within a few micrograms, the average P concentration probable in Heney 
Lake prior to or after the operation of the fish farm, let alone to establish the 
concentration to be aimed at during possible restoration treatments.

During 2002-2003, the principle diffuse sources of P in the Heney Lake 
watershed  were, in decreasing order of importance:  (1) the forests (266 kg/yr); (2) 
the wetlands (213 kg/yr); (3) dwellings (163 kg/yr); (4) farmland (103 kg/yr).   
Drainage of certain wetlands, adoption of stricter requirements for septic systems and 
the use of phosphate-containing products, and the establishment of vegetation barriers 
along the edges of farmland, streams and road ditches would probably reduce the total 
P input to Heney Lake by about 200 kg/yr.   However, on the basis of our present 
information about the lake, the effects of such a reduction on the quality of the water 
in Lake Heney remain uncertain.
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1.   Introduction
The growth of algae and aquatic plants in lakes is mainly controlled by 

nutrient input, in particular by phosphorus (P) input.   Thus, an excessive P input 
generally leads to a decline in water quality and loss of usage.   When accompanied 
by nitrogen deficiency, an excess of P may cause risks to human health by favouring 
the proliferation of toxic cyanobacteria.   In Heney Lake, the operation of the 
Truiticulture S.L. fish farm between 1994 and 1999 produced a large increase in the 
annual phosphorus input (Bird and Mesnage, 1996;  Prairie, 1998;  Carignan, 2002b) 
and probably caused a deterioration of the lake.   However, since the closure of the 
fish farm in June 1999, limnological studies show overall that, for reasons that are 
poorly understood, the average P concentration1 remains above 20 microg./l and the 
expected recovery of the lake has not occurred.   These matters were examined in a 
preliminary report entitled “Past and present impacts of the Truiticulture S.L. fish 
farm on water quality in Lake Heney” (Carignan, 2002b).   In this first report, the 
following points were put forward:
A)  A study of the previous evidence about the transparency and oxygen content 
showed that during the years 1979-1987 Heney Lake already suffered from some 
problems due to excessive P input.   Transparency measurements before, during and 
after the presence of the fish farm suggest that before the fish farm the water of Heney 
Lake was not so clear as that of other big lakes in the region, that during the operation 
of the fish farm transparency declined, at least in 1994 and 1996, and that in 2001 and 
2002 it was similar to what it had been before the existance of the fish farm.   The 
historical data on oxygen levels show that Heney Lake was already mesotrophic 
before the existance of the fish farm.   Values of the hypolimnetic oxygen demand 
(DHO) estimated before and after the existance of the fish farm suggest that it rose by 
about 40% during operation of the fish farm.   The DHO in 1979 and 1987 show that 
at that time Heney Lake was about twice as productive as Lake des Cèdres and that in 
summer the total P concentration in the epilimnion of Heney Lake was probably close 
to 11 microg./l, comparable to the values of 12 to 16 microg./l observed in 2001 and 
2002.
B)   In 2001 and 2002, four lakes in the region (Blue Sea, Bernard, des Cèdres and du
Bois-Franc) comparable in size to Heney Lake had an oligo-mesotrophic character, 
with
1 In this report, average P concentration refers to the total mass of P present in the lake 
water divided by the volume of the lake.
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P concentrations that did not exceed 50% of those found in Heney Lake on the same 
dates.   However, six other lakes close to Heney Lake (à la Barbue, Désormeaux, 
Long, Noir, Vert and Saint Laurent) had P concentrations similar or higher than those 
observed in Heney Lake, even though some of these lakes (Long, Vert) were not 
significantly affected by human activity.   The presence of mesotrophic lakes in the 
immediate vicinity of Heney Lake provides support to the historical evidence 
concerning transparency and oxygen levels showing that Heney Lake was 
mesotrophic before the advent of the fish farm.   Nevertheless, no satisfactory 
explanation for the mesotrophic character of the lakes neighbouring Heney Lake has 
been put forward.
C)   Between 1995 and 1999, the amount of P released by the fish farm was of the 
order of 600-700 kg/yr.   A compilation of the P concentrations reached during and 
after the operation of the fish farm shows that the lake did not deteriorate  further after 
1995 and that it showed no obvious signs of improvement after closure of the fish 
farm in June 1999.   However, the reasons for this surprising behaviour remain 
unknown.
D)   The total P input from the watershed, the dwellings and atmospheric deposition 
were estimated to be about 1,040 kg for the 2001-2002 year and about 920 kg for a 
year of average rainfall.   This input would have been increased by about 70% during 
the years of operation of the fish farm, which would have caused the average 
concentration of the lake at turnover to rise from 17 microg./l to close to 25 microg./l .   
The loss of P via the outlet, estimated at 710 kg/yr in 2001-2002, may represent a very 
important part of the current input.   These values were based on the unconfirmed 
assumption that the specific flows of the streams draining the Heney Lake watershed 
were similar to that of the Picanoc River, whose watershed is in the Lake Heney 
region.
E)   The three approaches explored with the aim of  establishing the state of Heney 
Lake prior to the arrival of the fish farm (historical data, comparison with other lakes 
and mass balances) indicate that the lake was already mesotrophic and that its average 
P concentration was probably not below 15 microg./l.   This value was proposed as 
the lower limit to be adopted for rehabilitation of the lake.   It was concluded that all 
measures aimed at lowering the average concentration to below 15 micorg./l should 
be directed at the external inputs of P to the lake.
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2     Objectives

2.1  Objective 1:   clarify the present state of Heney Lake relative to that of  the          
       the other lakes in its watershed and of other comparable lakes in the region
       In Carignan’s study (2002b), several important questions remained unanswered 
because of our lack of information about the lakes of the region and the incom-plete 
nature of the limnological studies up to October 2002.   For example, the lack of 
spring data from the watershed lakes (à la Barbue, Désormeaux, Long, Noir and Vert) 
made it impossible to compare or satisfactorily explain the trophic state of these lakes 
relative to those of Heney Lake.   The annual P balance est-mated for the 2001-2002 
year were based on the assumption of constant winter concentrations in the lake and 
of a flow similar to that of the Picanoc River. In addition, the choice and optimization 
of possible rehabilitation techniques re-quired better characterization over time of the 
forms of P and of other chemical and physical properties of the water column.   In 
order to fill these gaps, Lake Heney was the object of a complete stury between July 
2002 and July 2003, and supplementary data were obtained from the Lakes à la 
Barbue, Désormeaux, Long, Noir and Vert between November 2002 and July 2003.
2.2  Objective 2:  Characterisation of the Heney Lake watershed and identi-
       fication of the present sources of  phosporus in the lake
       The data about water quality obtained up to 2002 suggested that the overall 
watershed of Lake Heney suffered from an overload of phosphorus whose causes, 
natural or human, needed to be understood better in order to identify those sources 
that could be manipulated so as to improve the condition of the lake.  This objective 
required a detailed study of the characteristics of the watershed, as well as water 
quality and phosphorus load in the whole of its drainage basin.   These data should 
allow localisation of the principal P sources in the watershed and suggest precise 
interventions aimed at reducing the input of phosphorus into the lake.
3     Description of the site, geological context and present usage of the watershed

       Lake Heney has a surface area of 12.3 km2 .    Its watershed, shown in Plates 1 to 
7, occuppies 64.8 km2;  it is 95% covered with deciduous forest, resulting from 
logging over the past 30 to 90 years.   A study of 
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aerial photographs taken in August 2002 shows that the cleared areas total 3.8 km2, or 
6.4 % of the land area of the drainage basin.   The deforested areas are essentially 
composed of  farmland (pasture and fodder) often next to the lake or crossed by 
important tributaries.   The area occupied by farmland has changes little during the 
past ten years.
    The watershed consists of lakes, alluvial plains and hills whose net elevation varies 
from 50 to 200 metres.   The highest points are formed by quartzite crests to the East 
of  Heney Lake and reaching a maximum of 370 metres.   The depressions have 
altitudes of  varying from 150 to 160 metres.   Apart from Heney Lake, the watershed 
includes lakes Vert, Noir, Long, Désormeaux, Ruglis, à la Barbue, Chat Sauvage and 
Partridge, whose surface area totals 5.4 km2 (Table 1).   The principal lakes of the 
watershed (Heney, Désormeaux, Vert, Noir, and à la Barbue) are at almost identical 
altitudes (144 to 145 metres).   The position of the principal headwater lakes (à la 
Barbue, Désormeaux and Noir) within the hydrographic network is peculiar:  owing
to their proximity to Heney Lake, these three lakes intercept 60% of the drainage into 
Heney Lake, playing the role of natural traps for suspended matter and elements of 
limited solubility such as iron (Fe) and manganese (Mn).
     Like many other lakes in the Outaouais region, including the ten other lakes 
considered in the present study, Heney Lake rests on a geological stratum that is 
unusual for the pre-Cambrian Shield, itself generally consisting of  silicate (?) rocks 
that are very resistant to alteration and erosion.   About 50% of the watershed rests on 
carboniferous (?) rocks consisting of calcareous marbles (CaCO3), dolomitic marbles 
[(CaMg)(CO3)2] and impure marbles (Langlais and Carignan 2002, Plate 6).   These 
carboniferous enclaves amount to about 3000 km2 in a vast area covering about 
40,000 km2 and bounded in the south by the Ottawa River, at the level of Pembroke, 
andreaching the Saint Jovite-Mont Tremblant region to the east.   In the Heney Lake 
watershed, the dolomitic marbles are scarce and represent about 10% of the marbles 
in the area.   These two types of marble generally have very low concentrations of 
other minerals;  they are also particularly poor in iron, aluminium, sulphur and 
phosphorus.   Compared to other lakes on the pre-Cambrian Shield, the carboniferous 
(?) nature of the mother lode gives a distinctive character to the chemical properties 
and biological communities of about 600 lakes in this region.   Their concentrations of 
calcium (10 to 30 mg/l), magnesium (1 to 3 mg/l), alkalinity (0.5 to 1.5 meq/l), and 
pH (7 to 9) are relatively high.   In summer, the surface water is often supersaturated 
with carbonate



13

and calcium, which promotes the formation of fine calcite crystals in the water, on the 
aquatic plants and on the bottom of the lake in shallow water.   These conditions 
account for the bluish tint of  several of these lakes and, in some cases, the seasonal 
appearance of a turbidity that can vary from white to green.   The aquatic flora and 
fauna are characteristic of those found in the St. Lawrence valley.   The neutral to 
slightly alkaline pH of the soil favours the mobilisation of phosphate in the watershed 
(Stumm and Morgan, 1981).

The aerial photographs taken in 2002 show a total of 757 diverse buildings in 
the watershed, of which 515 are cottages and residences.   Of these, 317 cottages and 
residences are situated at less than 100 metres from Heney Lake.
3.1   The 2002-2003 hydrological year at Heney Lake

  The average annual run-off of the region is relatively low, with an average of 
419 mm (13.3 l/km2/s) calculated between January 1994 and January 2002 at the 
station MRN 40814 (Picanoc River at Wright, Figure 1).   The graph shows a 
pronounced increase in flow in April and May, accounting for 38% of the average 
annual run-off.   The increased flow is followed by a period of low waterduring July 
to Octobre (15% of the annual flow).   During the low water period, Heney Lake 
sometimes stops draining through its outlet or its direction of flow at the outlet       
and the Désormeaux creek is reversed.

Figure 1.  Specific flow of the Picanoc River at Wright. 

Figure
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     During the period of the study, i.e., between August 1st ,2002 and July 31st, 2003, 
the total precipitation at Ottawa International Airport was 765 mm, compared to an 
average longterm (1971-2000) value of 943 mm (Environment Canada, 
www.climate.weatheroffice.ec.gc.ca).   As a result, the run-off was exceptionally low 
(9.51 l/km2 /s, or 300mm, i.e., 71.5% of the average annual flow) in the region and 
was characterised by the absence of  an autumn rise and a very weak spring rise).   
The abnormal 2002-2003 run-off influences the interpretation of the results of annual 
input and retention of phosphorus in Heney Lake (section 6).

4    Methods

4.1 Choice and characteristics of the comparable lakes

In addition to Heney Lake, the ten other lakes were visited in the context of 
the study.   Five of them form part of the Heney Lake watershed.   Five other lakes 
situated on the same rock stratum and having similar characteristics (average depth, 
drainage ratio, turnover time, land use) were chosen so as to establish the present state 
of the lake relative to other similar ones in the region.   The lakes were chosen after 
consultation of the records of the topographical, bathymetric and geological (MRN, 
scale 1 : 250,000) properties, and a Landsat-7 image obtained in August 2001.   These 
characteristics, as well as those of the lakes of the watershed of Heney Lake are given 
in Tables 1 and 2.   Since two identical lakes do not exist, some compromises were 
necessary in the choice of the comparable lakes.   Some of the lakes therefore 
significant differences in their average depths (5.3 to 18.2 m), drainage ratios (3.9 to 
9.7), turnover times (1.2 to 10.3 years), sizes (2.1 to 14.3 km2), and the cleared areas 
of their watersheds (<1 to 5.2%).   Some lakes have unique characteristics; e.g., 
Heney Lake is the only one where the bulk of the farmland borders on the tributaries 
or the lakeshore;  this lake is also the only one where the major part of the run-off is 
via significant, but smaller, lakes.   Lake St. Laurent is the only one with no smaller 
lake upstream;  it was chosen because of its proximity to Heney Lake and the absence 
of obvious development in its watershed.
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Table 1.  Morphometric properties of the lakes studied between 2001 and 2002 and
            characteristics of their watersheds (see section 5.9.3 for the definition of

    the anoxic factor (areal hypolimnetic oxygen deficit?)

Table 2.  Importance of marbles in the watersheds and concentration of alkalinity and
   major cations in the surface water

4.2    Chemical analyses

Water samples for analysis of total phosphorus (PT), total dissolved 
phosphorus (PTD), total nitrogen, dissolved organic carbon (COD), nitrate, 
ammonium, major ions and chlorophyll were taken in independent triplicates at 
station B in Heney Lake, and in duplicate elsewhere, by lowering a Van Dorn bottle 
two or three times to the same depths.   The samples were kept in the dark at a 
temperature close to 4ºC for several hours before they were filtered (Gelman Supor 
0.45microns for the
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COD and PTD, and Whatman GF/C for chlorophyll) and prior to removal of aliquots 
for determination of PT and PTD.   The analyses were generally performed within 24 
to 48 hours in the Water Quality Laboratory of the University of Montreal (UdeM).   
Chlorophyll a was determined by spectrophotometry after cold ethanol extraction 
(Sartory and Grobelaar, 1984;  Nusch, 1980).   In August 2002, the vertical 
distribution of chlorophyll a contained in the major algal taxonomic groups (green,
blue-green, diatoms, cryptophycae?), were measured by flourescence excitation 
spectrophotometry in situ corrected for the effect of dissolved organic matter 
(Fluoroprobe BBE, Beutler et al., 2002);  the flourescence signatures of the dissolved 
organic matter were obtained from the epilimnion of each lake.   Total phosphorus 
was measured (Murphy and Riley, 1962) after digestion at 120ºC in the of postassium 
persulphate.   An appropriate quality control was used for the determinations of PT 
and PTD;   the batches of samples for P analysis were systematically accompanied by 
certified controls whose nominal concentration was between 20 and 70 microg./l 
(TP78-3 and TP80-3, Canadian Centre for Inland Waters, Environment Canada, 
Burlington, Ontario).   The differences between the observed values and the certified 
values never exceeded 5%.    At the limit of 20 microg./l, the average coefficient of 
variation of the PT samples measured in triplicate was 5.4%.   Ammonium and nitrate 
were measured by auto-analysis (Lachat, FIA, methods #10-107-04-1-B and #10-107-
06-1-F) with detection limits of 1 and 5 microg./l, respectively.   Sulphate and 
chloride were determined by ion chromatography (Dionex DX-500) and total 
alkalinity by Gran titration.    In September 2002, calcium, magnesium, iron and 
manganese were determined by plasma spectrophotometry (optical ICP) in samples 
preserved in HNO3 (0.5%) by the Centre d’expertise en analyse environnementale du 
Québec (MENV).

Temperature, dissolved oxygen (pulsed polarography), pH and conductivity 
were measured with a YSI 650MDS multi-probe calibrated in water vapour saturated 
air or appropriate standard solutions.   Note that in the total absence of oxygen, these 
probes give a background value of up to 0.2 mg/l if the operator does not wait for 
several minutes before taking the reading.   Since the profiles were obtained from the 
surface towards the bottom of the lakes, results of less than 0.2 mg/l generally mean 
that the oxygen concentration was zero.

Concentrations of PT, PTD and total nitrogen (NT) were measure in duplicate 
between August 13th ,2002, and July 22nd , 2003 at 33 sites and on 20 dates in the 
Lake Heney hydrological network  (Table 2, Plate 7).   The frequency of visits was 
adjusted to be approximately proportional to the flow.   Even though some forty 
streams
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were initially chosen, acces to some was denied by the owners.   In other case, no 
flow was observed during the period of the study, which was unusually dry.
4.3  Measurement of flow and of phosphorus and nitrogen loads in the 
hydrographic network and Heney Lake

The annual P and N loads at the sampling sites were estimated by multiplying 
the concentrations by the measured or estimated flows.   The flows of eight streams 
(R-01, R-03, R-12, R-24, R-28, R-30, R-31 and R-34) were measured in triplicate 
during each visit using a Doppler Sontek Flowtracker acoustic flowmeter according to 
the standard methods of the USGS programmed by the manufacturer for streams and 
cylindrical ponceaux?     The rates of flow were measured at least at three points in 
the transverse section at 0.6 times the maximum depth.   The missing data (arising 
from the inaccessibility of certain sites in winter) were estimated by linear regression 
with stream 1, for which a complete series was available, and 2, whose flow showed 
the highest correlation.

The flows of the other 25 streams were estimated by analogy with those for 
which the flows were known.   Each stream whose flow was unknown was paired 
with the most similar stream based on the importance of the lakes in the watershed, 
and the surface area and orientation of the watershed.   The specific flow (l/km2/s) of 
the stream whose output was being measured was then multiplied by the surface area 
of the drainage basin whose run-off drained through the sampling site of the stream 
whose flow was being determined.

The concentrations and daily flows were then estimated for each day of the 
year by linear interpolation between the sampling dates.   The annual total charge at a 
given site was then finally calculated as the sum of all the daily loads from August 1st, 
2002 to July 31st, 2003.

The specific annual flow was calculated from the flows measured at the 
hydrological station MRN 40814 on the Picanoc River, 0.5 km upstream from Route 
105 near Wright.   This station measures the flow of the river at its exit from a basin 
of 1,290 km2 whose centroid is situated 30 km to the West of Heney Lake.

The charge into Heney Lake coming from that part of the watershed with no
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surface drainage, or drained by minor streams that were not sampled, was estimated 
by multiplying the surface area of the types of land (forest, agricultural, wetlands)  
making up that part of the drainage basin by the export coefficients for such areas, 
quantified in section 6.3.
Table 3.   Localisation of the sampling sites in the streams and properties of the 
       sub-watersheds defined by them.

Table
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A value of 15 mg/m2/yr was used to estimate the direct P load via dry and wet 
precipitation.   The contribution of the cottages and residences could not be measured 
directly in this study.   This contribution was estimated (for the 317 chalets and 
residences situated less than 100 m from the lakeshore) on the assumption that (1) 
85% of these dwellings were cottages occuppied 100 days per year; (2) the P output 
per person was 0.8 kg/yr; (3) the number of occupants per cottage or residence was 
2.4; (4) septic systems retain 30% of P.   These values are similar to those used by 
Bird and Mesnage (1996).   However, we emphasize that some of these values are 
very approximate and that the errors in the estimated inputs P from the atmosphere 
and the cottages and residences could be of the order of +/- 50%.
4.4 Calculation of the hypolimnetique oxygen demand

The hypolimnetic oxygen demand (AHOD, DHO) of Lakes Blue Sea, des 
Cèdres and Heney was estimated by calculating the quantity of oxygen consumed, 
during the summer stratification, in the volume of water between the 12 m isobath and 
the maximum depth.   This quantity was then divided by the number of days between 
measurements to give a daily rate of oxygen consumption per square metre of 
hypolimnion (mg O2/m

2/day).   The volumes of the three lakes were calculated from 
the bathymetric maps of the MRN, after numbering of the isobaths, linear 
interpolation by triangulation of the depths (?), and development of a model of the 
basins (MapInfo/Vertical Mapper).
4.5 Bathymetry

The MRN maps were used for Lakes Blue Sea, des Cèdres, Bernard, du Bois 
Franc, and Saint Laurent.   The bathometric data for the lakes where the morphology 
of the basin was poorly understood or judged too inaccurate (Heney, à la Barbue, 
Vert, Noir, Long and Désormeaux) were obtained (about 1000 points per km2) bet-
ween September 2001 and October 2002 by means of a Datamarine echosounder 
(precision +/- 0.2 m) coupled to a DGPS Trimble AGPS130 (precision +/- 1 m).
The MapInfo/Vertical Mapper programmes were used to produce a numerical 
elevation model after network triangulation (?) and linear interpolation of the depths.
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5.  Results:  limnological studies 2002-2003
The complete results of the limnological studies made between July 2002 and 

July 2003 are given in tabular form in annex 1 and as figures in annex 2.   The results 
of the studies prior to July 2002 are reported in Carignan (2002a;  2002b).
Figure 2.   Isotherms (ºC, a), dissolved oxygen concentration (mg/l, b) and total 
phosphorus concentration (microg/l, c), as a function of date and depths, between 
May 2002 and July 2003 in Heney Lake.   The vertical, dotted lines in the upper panel 
show the dates of sampling.
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5.1  Dissolved oxygen and phosphate liberation by the Heney Lake sediments
The 2002-2003 measurements, made regularly over a complete year (figure 2)

confirmed a phenomenon that up to this time had escaped several observers and 
which has important implications.   Contrary to previous findings, P liberation from 
the hypolimnetic sediments occurs mainly in the presence of oxygen.   Further, 
hypolimnetic anoxia only arises in summer and very probably as a result of the 
decomposition of the algal bloom occurring in the spring (figure 3).

In the autumn, the bloom is as pronounced as in the spring and persists longer 
(figure 3).   However, the autumn bloom does not cause anoxia in the winter, 
probably because it is followed by a relatively long period of mixing (3 to 5 weeks) 
during which part of the biological oxygen demand due to algal decomposition is 
satisfied by atmospheric oxygen.   Even though a pronounced fall in oxygen 
concentration is observed during the winter stratification, it always remains above 1 
mg/l, except in the very small portion of the hypolimnion between the depths of 30 to 
32 metres.

In summer as in winter, the noticeable liberation of PT by the sediments starts 
well before the appearance of anoxia.   Figure 3 shows in effect that in 2001 and 2002 
this release reached a maximum while the oxygen concentration was between about 8 
and 2 mg/l;  this range of oxygen concentration is wider than that (4 to 2 mg/l) 
suggested in Carignan (2002b).   Figure 3 also shows that the PT concentration starts 
to fall when the oxygen concentration falls below about 2 mg/l;  this decrease is very 
probably due to a cessation of P release by the sediments in the absence of oxygen 
and a slow vertical dispersion of P due to turbulence near the bottom of the lake.   
Between 12 and 32 metres, the winter release of P is much less (200 kg) than in the 
summer (1,000 kg), as shown in figures 2c and 4.

During the autumn turnover, i.e., when the temperature of the water reaches 
about 5.5ºC, a significant part of the total P (PT) appears as total dissolved P (PTD, 
figures 4 and 6).   This change is due to the simultaneous redistribution of the 
hypolimnetic PTD throughout the water column and to the death of planctonic algae 
following the development of a less favourable average light intensity in the water 
column.   The bulk of the P present in the water column at the end of the autumn 
mixing persists in
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in the water column as PTD during the whole winter.   In the spring, within only a few 
days before or after melting of the ice, the PTD is assimilated by the algae and 
reconverted into particulate P (figure 4).
Figure 3.   Changes in dissolved oxygen concentration and total phosphorus at the 
fixed depths of 22 and 28 metres in Heney Lake in 2001 and 2002.   Note that the 
rates of inrease in P concentration reach maximum values when oxygen 
concentrations are between 8 and 2 ppm, approximately.

Figure

Figure 4.   Changes in concentration of total phosphorus, total dissolved phosphorus 
and chlorophyll a  between 0 and 7 metres depth in Heney Lake.

Figure

These results have very important implications with respect to possible 
restoration measures for Heney Lake.   First, figure 3shows that artificial oxygenation
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of the hypolimnion with the aim of reducing P release from the sediments would be 
ineffective because the latter occurs mainly in the presence of oxygen (between 2 and 
8 mg/l).   Second, during the ice-free period, P persists primarily in reactive form 
(PTD) in the whole water column only during the autumn turnover.   It is possible that 
the reactive form predominates for a brief period during the spring turnover.   
However, the results of May 2nd, 2003 (see the raw data in annex 2), obtained only 
two days after the thaw, show that this state only persists during a very brief time 
interval.   Instead, the spring data suggest that the assimilation of PTD by algae might 
start even before the ice melts.   Consequently, treatments aimed at sequestering the P 
by addition of chemicals such as alum, FeCl2 or FeOOH would be most effective 
during the autumn mixing, either two or three weeks before ice-over, when the 
surface temperature reaches about 6ºC.   Such a treatment would co-sediment the P to 
the bottom of the lake and keep it there at least until the following spring, thus 
preventing the formation of a large algal biomass in the epilimnion.
Figure 5.  Annual changes in the phosphorus and nitrogen masses in the strata 0-12 m 
and 12-32 m in Heney Lake in 2002-2003.

Figure   
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Figure 6.   Isolines of total dissolved phosphorus (microg./l, a) as a function of the 
date and depth between August 2002 and July 2003 in Heney Lake.

Figure

In the autumn of 2002 and spring of 2003, the total P mass present in the 
whole lake was less than about 500 kg than at the same dates in the previous year 
(figure 7).   This decrease might have been due to a fall in the external P input caused 
by the abnormally low run-off observed between autumn 2002 and spring 2003 
(figure 1).
Figure 7.   Total mass and average concentration of phosphorus in the water of Heney 
Lake from July 2001 to July 2003.

Figure
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5.2   Mechanism of phosphorus release from the hypolimnetic sediments of  
Heney Lake

The vertical profiles of dissolved oxygen, PT, PTD, Fe, Mn, NO3 
-, and  O4

2+

observed in Septembre 2002 (figure 8) show clearly that the P cycle is not linked to 
any major extent to that of iron in Heney lake, contrary to what is frequently seen 
elsewhere.   During periods of anoxia, P release from the sediments is not 
accompanied by a major release of reduced iron [Fe(II)] since the total Fe 
concentration never surpasses 30 microg./l.   Besides,release of Fe(II) from the deep 
sediments of Heney Lake is imposssible, owing to the persistance of relatively high 
concentrations of nitrate in the hypolimnion during periods of stratification.   The 
NO3

- is in fact a powerful oxidant which would cause the immediate transformation 
and precipitation of Fe(II) released from the sediments as insoluble Fe(III).

Figure 8.   Concentration profiles for oxygen, total dissolved phosphorus, total 
manganese, nitrate and sulphate in Heney Lake on September 23rd, 2002.   Note that 
PT concentration increases before complete exhaustion of oxygen in the water 
column.   Note also that the release of PT and PTD from the sediments is not 
accompanied by a release of Fe owing to the presence of nitrate.

Figure
     The absence of appreciable amounts of Fe(II) in the hypolimnion at the end of the 
period of stratification means that there is no formation of Fe(III) capable of 
removing, by sedimentation, of P during and after the autumn mixing.   A good part 
of the P redistributed in the whole water column in autumn may therefore remain in 
solution during the winter and can stimulate algal growth in the next spring, as shown 
in figures 4 and 6.
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Because anoxic reduction of insoluble Fe(III) into soluble Fe(II) plays no part 
in the sudden release of P by the deep sediments, other mechanisms must be invoked.   
Like the oxyhydroxides of Fe(III), those of Mn(IV) have a high capacity to adsorb 
phosphate.   Their reduction to soluble Mn(II) occurs before that of Fe(III), while 
traces of oxygen still remain in the medium.   However, if the reduction of Mn(III) 
were implicated in the release of P, the Mn and PTD profiles in figure 8 should have 
a similar shape, which is not the case.   Further, the molar ratio Mn:P (2.5 to 25 
metres) is much to small to support the hypothesis of an important role for Man in the 
retention in and release from the sediments of P in oxygenated and anoxic conditions, 
respectively.

In summer, the waters of Heney Lake and several lakes of lesser hydrological 
importance in its watershed are saturated or virtually saturated with calcium carbonate 
(Ca CO3).   In such lakes, a high rate of photosynthesis in spring causes an increase in 
pH and the precipitation of fine particles of CaCO3,  resulting in the lake having a 
whitish or bluish appearance.   This phenomenon occurs every year in Lake Vert.   In 
the presence of phosphate, the latter co-precipitates with the CaCO3 (through 
formation of apatite on the surface of the CaCO3 microcrystals) and is therefore 
rapidly sedimented to the bottom of the lake.   In the hypolimnion, the more acid 
conditions arising from CO2 accumulation cause dissolution of the CaCO3 and the 
release of its associated phosphate;  this release occurs in the water column and/or at 
the surface of the sediments.   Even though this mechanism is found in lakes Vert and 
Long, and may have arisen in Heney Lake in the past, it did not play a role in Lake 
Heney in 2002, as shown by the vertical Ca profile seen in August 2002 (see the data 
in annex 2), because no significant increase in Ca was observed in the hypolimnion.

Figure 5 shows that the P lost by the hypolimnion at the end of the spring 
does not accumulate in the water of the hypolimnion.   It settles instead directly on the 
hypolimnetic sediments, probably in the form of senescent algae or anaerobic 
bacteria, which should develop rapidly in the algal deposit.   On the other hand, figure 
3 shows that the rapid loss of P by the sediments occurs well before the development 
of anoxia, that is to say while the oxygen concentration close to the sediments goes 
from 8 to 2 mg/l.   These characteristics strongly suggest that the phase of rapid 
release of P from the sediments is caused by the aerobic decomposition of the organic 
layer deposited in the spring.   When the oxygen concentration close to the sediments 
reaches low values (4 to 2 mg/l), P release could be due to the death of the anaerobic 
bacteria present in the organic layer, itself now anoxic.   Even though this hypothesis 
is not supported by direct observations of the spring deposit and the decomposition of 
an
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an algal layer at the bottom of the lake, it provides the most plausible explanation of 
the global behaviour of P in Heney Lake.   We will see in the next section that this 
mechanism of release differs radically from that observed in the other lakes 
considered in the present study.

The low P retention capacity of the sediments of Heney Lake suggests a 
deficiency in active Fe.   This deficiency might be due to natural causes, such as a low 
geochemical abundance of Fe in the rocks and the friable deposits of the watershed 
(Carignan and Langlais, 2002) or even the presence of significant headwater lakes in 
the watershed acting as traps for its exported Fe.   Such a natural deficiency could 
explain why the lake was already mesotropic before the existance of the fish farm, as 
shown by the historical data reported by Carignan (2002b).   The Fe deficiency might 
also have been induced by the additional P inputs coming from the fish farm, 
estimated at about 3,500 kg between 1992 and 19992 (Carignan, 2002b).   Such an 
amount could, in fact, contribute to the saturation by P of the Fe(III) present in the 
upper layer of the sediments or even to immobilize the active Fe in the form of FeS in 
the sediment following the increased sedimentation of organic matter.   These 
considerations imply that the addition to the lake of a quantity of Fe (some tens of 
tonnes) sufficient to precipitate the P in the autumn  and to retain it susequently at the 
surface of the sediments could be considered as a partial solution to the problem of 
excess P in Heney Lake.   The feasibility of such a treatment should, however, first be 
demonstrated by means of preliminary laboratory experiments on water/sediment 
systems.
5.3   Release of P from the hypolimnetic sediments of the other lakes

Among the 11 lakes studied, release of P from the sediments in oxygenated 
conditions was only observed in Heney Lake.   In the other ten lakes, the vertical 
profiles of PT showed now significant increase while oxygen persisted.   The release 
of P only begins after the complete disappearance of oxygen and it is accompanied by 
a large release of iron, presumably in the form of soluble Fe(II), as shown in figures 9 
and 10 for Lake Désormeaux.

In these lakes, the mechanism of P liberation is, therefore, completely different 
from that prevailing in Heney Lake and involves a more important role for Fe in the P 
cycle, as frequently observed elsewhere.   The stages leading to the anoxic release of 
P in the hypolimnion after 
      
2Even though P release started in 1992, important amounts were not released before 
the summer of 1994 (Carignan, 2002b)
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establishment of the summer stratification are summarized in Table 4 as a function of 
oxygen concentration at the surface of the sediments.
Figure 9.   Concentration profiles for oxygen, total phosphorus, total dissolved 
phosphorus, nitrate, total iron, total manganese and sulphate in Lake Désormeaux on 
September 23rd, 2002.   Note that contrary to the profiles from Heney Lake (figure 8) 
the PT in deep water only rises significantly in the absence of oxygen, and that the Fe 
profile is similar to that of PT, indicating a common origin.   Note also the marked fall 
in sulphate in deep water owing to its reduction in anoxic conditions to sulphur (H2S, 
S2-).

Figure
Figure 10.   Changes in dissolved oxygen and total phosphorus concentrations at the 
fixed depths of 13 and 16 metres in Lake Désormeaux in 2003.   Note that in contrast 
to Heney Lake, the P concentration only increases after the elimination of oxygen.

Figure



29

Table 4.   Presumed geochemical stages of the phosphorus cycle in the small lakes of 
the Heney Lake watershed.
Stage    oxygen concn. Reactions     

                      mg/l
        
1 >2 Summer stratification occurs.  Anaerobic decomposition      

of organic material deposited on the sediments after the
spring algal bloom and of that provided continuously by
the epilimnion.  NH4

+ from that reaction is converted 
into NO3

-.  The PO4
3- is sequestered by the Fe(II) in the 

     superficial sediments.

2 1-2 Aerobic decomposition of organic material deposited on
the sediment.  Reduction of NO3

- to N2 and of Mn(IV)
       to soluble Mn2+.

3 0 Reduction of Fe(III) to soluble Fe(II);  the phosphate 
released diffuses into the water column.

4 0 Reduction of SO4
2+ to H2S and S2-;  this reaction occurs

                             in the anoxic water column after complete elimination 
of NO3

- and in the sediments after removal of reactive
Fe(III).

5 0 Formation of insoluble FeS by reaction of Fe(II) with
the S2-;  the FeS formed in the water column fall onto
the top of the sediments as black mud.  This reaction
causes a fall in the Fe/P ratio in the anoxic hypolimnion.

6 >2 Autumn turnover:  oxygenation of the water column,
nitrification of NH4

+ from aerobic decomposition,
oxidation of residual Fe(II) to Fe(III) and precipitation.
Excess phosphate remains in solution in the water
column and is assimilated by the phytoplancton.

Hypolimnetic anoxia favours the mobility and availability of P in these lakes.   
According to the steps in Table 4, the presence of reactive iron in the sediments 
prevents release of P into the water column while there is oxygen close to the 
sediments.   P only appears when Fe(III) reduction starts and Fe accumulates in 
soluble, reduced form in the hypolimnion.   The small lakes are more productive than 
Heney Lake and have smaller oxygen reserves at spring turnover.   For these reasons, 
anaerobic decomposition of organic material plays a more important role in Heney 
Lake.   Thus, nitrate is completely reduced to N2 in the hypolimnion and a 
considerable amount of the sulphate is also reduced there to H2S, as shown in Figure 
9 and confirmed by the typical odor of the water samples.   Because Fe2+ and H2S 
form a weakly soluble precipitate (FeS) that sediments rapidly, suphate reduction 
causes a fall in the Fe2+/PO4

3- ratio in the hyperlimnion.   In August 2002, this ratio 
varied between 0.4 and 4.1 in the hyperlimnions of the five small lakes.   During the 
turnover periods, re-oxygenation of the water caused precipitation of the Fe2+
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remaining in the Fe(III) and sequestering of the PO4
3- by Fe(III).   However, since a 

part of the Fe would have been lost through formation of FeS and the remainder 
would be insufficient to precipitate all the PO4

3-, part of the latter would remain in 
solution in the water column and be available to algae.
5.4.   Changes in P mass and average concentration since 1995 in Heney Lake 
and the impact of the fish farm

The changes in the total P mass since 1995 shown in Figure 11 were 
assembled by combining the data of Bird and Mesnage, the Ministry of the 
Environment, and those kindly supplied by Dr. Prairie (UQAM) with those obtained 
during the present study.   Figure 11 shows no clear trend between 1995 and 2003, 
except perhaps for a slight decrease during the operation of the fish farm between 
1995 and 1999, followed by an increase since its closure.   These trends are 
completely contrary to those anticipated because, owing to the long turnover period 
(6.4 yr) of the water of Heney Lake and the high inputs of P by the fish farm, a steady 
increase in the total mass should have been seen between 1995 and 1999.   To the 
author’s knowledge, such a response has never been described previously in the 
literature.   The lack of an increase in P concentration between 1995 and 1999, plus 
the absence of any decrease since 1999 suggest biological, geochemical or physical 
control of the mass (or concentration) of phosphorus in this lake.   It all suggests that 
other natural factors have a more important influence on P concentration in the lake 
that the external inputs.
Figure 11.  Changes in the total mass of P observed in the water of Heney Lake since 
1995.   The right-hand axis shows the average equivalent concentration in the total 
volume of the lake.   The value of 31 microg./l measured by Prairie in mai 2001 
departs considerably from the other points and could be in error.   Note that the 
apparent trends are contrary to those anticipated.

Figure
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   Our data do not allow us to explain with certainty the paradoxical behaviour of 
P in Heney Lake.   The surprising response of the lake to the increased input of P 
between 1994 and 1999 should not be interpreted as a demonstration that the fish farm 
had a negligible effect on the lake.   An hypothesis consistent with the overall 
observations to date can, in fact, be proposed.   This hypothesis, outlined below as 
four points, gives a central role to the extremely limited P-Fe interactions in this lake:
a)  Amorphous Fe oxides are naturally abundant in lake sediments and have a large 
capacity for P fixation.   The natural occurrance of  Fe oxides is low in all the lakes of 
the Heney Lake watershed, owing to the low geochemical abundance of this element 
in the marbles of the region (Carignan and Langlais, 2002).   This Fe deficiency 
lowers the P retention capacity of the oxygenated and anoxic sediments, increases the 
reversibility of the adsorption of P by the sediments, increases the mobility and 
availability of P in these lakes, and thus leads to significant internal inputs of P.
b)  In the watershed of Heney Lake, the very special placement of the headwater lakes 
(Vert, Noir, Désormeaux and à la Barbue) increases the Fe deficiency because these 
lakes act as traps for the Fe naturally exported by the watershed.   The exceptional 
scarcity of Fe and exceptional mobility of P in Heney Lake would explain why the 
latter was mesotrophic before the arrival of the fish farm, as shown by the historical 
record analysed by Carignan (2002b).
c)  Owing to the great mobility of P in Heney Lake, P is subject to pronounced 
biological control.   Thus, the phytoplancton can rapidly assimilate and produce 
sedimentation of amounts of P higher than the annual input into this lake.   Since the 
sediments have a low capacity of retention, P is rapidly recycled in the water column.   
However, the phytoplancton is itself influenced by external climatic (luminosity), 
physical (thermal stratification) and chemical (nitrogen availability) factors.   These 
mechanisms essentially explain the “saw toothed” changes in the P mass in Heney 
Lake.   These sources of variability may have masked the influence of the fish farm 
between 1995 and 2000.   Other confounding factors may have had an influence in the 
paradoxical behaviour of P between those dates.   E.g., the increase in hypolimnetic 
anoxia arising from the fish farm might have temporarily lowered the rate of 
decomposition of organic matter and the return of P into the water column (increase 
of the P retention coefficient);  by modifying the N/P ratio, the fish farm may have 
caused major changes in the composition of the phytoplancton, which in turn could 
have influenced the rate of sedimentation and the dynamics of P in the lake; the 
important summer inputs of P (from the fish farm) may have stimulated  
photosynthesis and caused , in some years, the formation of CaCO3 and massive P 
sedimentation.
d)  Over several years, the increase in biological productivity due to the fish farm
has contributed to diminish further the abundance of Fe in the superficial sediments, 
by increasing the burial of
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the latter or by immobilizing Fe as FeS in the anoxic sediments.   This mechanism has 
further increased the mobility of P in the lake, thus voiding the expected effect of 
closure of the fish farm.

Parts a, b, and d of this hypothesis could be verified through measurements 
linking the retention capacity of the sediments to their reactive Fe content in a few 
lakes of the region.    In the absence of  pertinent chronological data, proof or part c 
would require a much more thorough knowledge of the biogeochemistry of P and the 
ecology of phytoplancton in the lakes of the region.
   To summarize, the fish farm probably did not cause marked changes (apart 
from a poorly understood decrease) in the average P concentration during the four or 
five years following the start of intensive commercial fish production, as is clearly 
shown in Figure 11.   On the other hand, the fish farm very probably had major 
effects in the shallow areas close to its outlet, where the filamentous algal biomass 
must have reached impressive levels.   On the other hand, the claim that the sudden P 
input experienced by the lake after 1994-1995 might have caused a sudden and 
massive anoxic release of P from the deep sediments from 1994 onwards does not 
hold up, because it has been shown that the lake has suffered periods of anoxia prior 
to the arrival of the fish farm (Carignan, 2002b) and that the release of P from the 
sediments is a phenomenon that occurs in this lake in essentially oxygenated 
conditions.   However, the recent increase (2000-2003) in average P concentration is, 
in itself, more worrying and suggests that the fish farm may have caused major and 
durable changes in the P cycle and in the planktonic community.
5.5   The nitrate (NO3

-) and ammonium (NH4
+) cycles in Heney Lake in 2002-

2003

The inorganic nitrogen cycle is presented here because it influences those of 
iron and phosphorus in Heney Lake.   It also influences the potential development of 
cyanobacteria because the latter is favoured by inorganic nitrogen deficiency (general 
in the lakes of this region).   Figure 12a shows that, in the presence of oxygen, the 
concentration of NO3

- increases in the hypolimnion during the period of summer 
stratification, following the sedimentation and decomposition of the spring algal 
bloom and the mineralisation of the organic material continuously supplied in the 
summer by the epilimnion.   The same phenomenon occurs in winter, but in this case 
the NO3

- accumulates in the water column owing to the very low biological demand 
for nutrients in the cold, dark water.



33

In summer, when the oxygen has been completely exhausted in the deep water 
(25 to 32 metres), part of the nitrate produced in the spring is is lost by denitrification 
and inorganic nitrogen from the decomposition of organic material then appears as 
ammonium ion (figure 12b).   The rate of denitrification nevertheless remains low 
and significant concentrations of NO3

- persist in the hypolimnion during the whole 
summer and winter, thus preventing reduced iron [Fe(II)] from accumulating in the 
water column when the hypolimnion becomes anoxic.
Figure 12. Isolines of nitrate (a) and ammonium (b) concentration in microg./l in 
Heney Lake between July 2002 and July 2003.

Figure

5.6   The phosphorus cycle in Heney Lake

The data obtained during a complete year (2002-2003) in Heney Lake and the 
mechanisms discussed above permit the establishment of the chronology of the 
internal P cycle and the proposal of  mechanisms underlying it(Table 5).   Although 
the details of some mechanisms need to be confirmed, Table 5 suggests an 
interpretation that is consistent with the observations as a whole.   It could serve as the  
basis for the development of possible corrective measure in Heney Lake or to orient 
future research.
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Table 5.  Probable stages in the internal phosphorus cycle in Heney Lake.
1.  20th April to 1st May.   Thawing of the ice and the spring turnover period.   The PTD present during 
the previous autumn turnover and that produced at the time of the winter stratification are 
homogeneously distributed throughout the water column.   A few days before the thaw, the PT and 
PTD concentrations at the surface reach 25 and 20 microg./l, respectively;  the availability of inorganic 
nitrogen is relatively low, but higher than at the time of the autumn turnover, with a nitrate 
concentration above 100 microg./l.   The spring algal bloom starts shortly before the melting of the ice 
(which becomes transparent) or during the turnover.   Within only a few days, the bulk of the PTD and 
inorganic nitrogen is taken up by algae throughout the water column.   At that time, the phytoplancton   
probably consists mainly of diatoms tolerant to the low average luminosity of the water column.
2.  5th May to 1st June.   Beginning of stratification and further development of the spring algal bloom 
in the first 8 to 12 metres of the water column.
3. 1st June to 1st July.   Sedimentation of a significant fraction of the algae leading to the rapid loss of 
1,300 kg of P by the epilimnion (0 to 12 metres).   About 35%, i.e., 450 kg of this P is then transferred 
to the hypolimnion, which constitutes 35% of the surface of the lake.   Another 200 kg net of P will be 
lost by the epilimnion in July and August.   The P lost by the epilimnion does not accumulate in the 
water of the hypolimnion.   Instead, it settles directly onto the sediments forming a layer of senescent 
algae and aerobic bacteria, which develop rapidly in the algal deposit.
4.  1st July to 1st October.   Net release of 1,000 kg of P from the sediments into the hypolimnion.   
This transfer is not steady, but occurs mainly when the oxygen concentration close to the sediments 
goes from 8 to 2 mg/l and is considerably reduced when the hypolimnion becomes anoxic.   The loss of 
P from the sediments is probably caused by the aerobic decomposition of the superficial organic layer 
deposited in the spring.   This loss could also be due in part to the death of the aerobic bacteria present 
in the organic layer when the O2 concentration approaches 2 mg/l close to the sediments and when the 
organic layer itself becomes anoxic.   Part of the nitrate from algal decomposition is denitrified 
following exhaustion of the oxygen in the deep water.   The liberation of P by the sediments is not 
accompanied by release of iron (Fe).   Iron never plays a significant role in the P cycle in Heney Lake 
owing to its low abundance.
5.   15 September to 10th November.   Progressive loss of the thermocline, and transfer of 850 kg of P 
from the hypolimnion (12 to 32 metres) to the epilimnion (0 to 12 metres) due to turbulance, trigger the 
autumn bloom.   The PT concentration rises again to about 25 microg./l, but the availablility of 
inorganic nitrogen remains very low (25 micorg./l) compared to the spring level (100 microg./l).
6.   10th November to 5th December.   Prolonged autumn mixing and large mortality of algae owing to 
the light intensity being unfavorable for the species making up the autumn bloom.   The bulk of the P is 
converted into PTD in the water column, which remains in that form until the next spring.   Contrary to 
what happens in spring, the algal bloom decomposes mainly in the water column during the long 
autumn turnover, thus reducing oxygen demand and P release from the sediments in winter.
7.   December to April.   Ice formation and winter statification.   During this period, the 0 to 12 metre 
layer loses only 200 kg of P and the 12 to 32 metre layer only gains 200 kg.   The water column is 
replenished with nitrate through mineralisation of the organic nitrogen in it.
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5.7   Cyanobacteria and nitrogen fixation in Heney Lake and its watershed lakes

During summer and autumn, inorganic nitrogen concentrations reach the limits 
of analytical detection (microg./l for NO3

- and 5 microg./l for NH4
+) in Heney Lake 

and its upstream lakes.  These conditions favour the growth of cyanobacteria, of 
which many species are able to fix atmospheric nitrogen.   Our few observations on 
the significance of cyanobacteria (blue-green algae) are reported here because of their 
potential impact on public health and their influence on the nitrogen cycle.   One 
series of experiments undertaken on August 28th, 2002, show that towards the end of 
the summer, cyanobacteria constitute an important fraction (25 to 70%) of the 
phytoplankton of certain lakes, notably Lakes Heney (25%), à la Barbue (70%) and 
Désormeaux (55%) (Figure 13).

Figure 13.   Vertical profiles of chlorophyll a contained within the major groups of 
planktonic algae measured on 28th August 2002 by flourescence excitation 
spectrophotometry (Flouroprobe).   The dotted line indicates the bottom limit of the 
epilimnion.   Note the presence of cyanobacteria (blue-green algae) in the epilimnion 
of certain lakes.

Figure
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In parallel, monthly measurement of the total mass of nitrogen (NT) in the 
lakes (Figure 14) revealed significant increases in certain lakes.   These increases, 
normally indicative of nitrogen fixation by cyanobacteria, occurred between the 
middle of summer and the middle of autumn.   In Figure 14, the curve for Lake Vert 
has to be interpreted cautiously because only the first 19 metres of the water column 
were sampled.   In this lake, a significant amount of ammoniacal nitrogen might have 
accumulated during summer in the volume comprised between 19 metres and the 
maximum depth (24.7 metres).   The lakes showing a large increase in NT are those 
where the phytoplanktonic community included a significant proportion of 
cyanobacteria at the end of August (Figure 13).   During the visits, deposits typical of 
cyanobacteria were seen along the shoreline of three of these lakes (à la Barbue, 
Désormeaux and Noir).

Figure 14.   Total mass of nitrogen in the lakes of the Heney Lake watershed.   The 
righthand axis refers only to Heney Lake.   Note the increases taking place in summer 
and autumn in Lakes Heney, Désormeaux, à la Barbue and Noir.

Figure

The rates of N2 fixation estimated according to theNT mass balances are 
reported in Table 6.   These values are typical of those observed in mesotrophic and 
eutrophic lakes (Howarth et al., 1988).   Note however that these values are the 
maximum seasonal estimates and that the rates calculated on an annual basis would be 
about ten times less.
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Table 6.   Nitrogen fixation rates deduced from the increases in total N mass 
measured in summer and autumn 2002.

Table

5.8   Changes in hypolimnetic oxygen demand in Heney Lake

The hypolimnetic oxygen demand (HOD) observed between June and July 
2003 was added to the values previously reported by Carignan (2002b).   These values 
(Figure 3) suggest that prior to the existance of the fish farm the HOD in Heney Lake 
(477 mgO2/m

2/d) was nearly twice that measured for Lake des Cèdres (269 
mgO2/m

2/d), which is morphometrically similar to Heney Lake.   The HOD observed 
in Heney Lake in 2003 (623 mgO2/m2/d) is slightly less than those of 2001 (654 
mgO2/m2/d) and 2002 (656 mgO2/m2/d), which may reflect a decrease in the external 
P and organic carbon inputs owing to the low run-off in 2002-2003 (see section 6).   
In comparison, the winter deficit calculated between 12 and 32 metres and from 23rd

January to 20th March was only 233 mgO2/m2/d, i.e., about one third of the summer 
value.

Figure 15.   Hypolimnetic oxygen demand compared to that of previous years in 
Lakes Heney, Blue Sea and des Cèdres.

Figure
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5.9   State of Heney Lake relative to other lakes of the region

As a whole, the measurements of PT and chlorophyll a concentration obtained 
at the surface (0 to 4 metres) of the Outaouais lakes between July 2001 and July 2003 
show (Figures 16 and 17) that Heney Lake is more fertile than four other large lakes 
of the region (Bernard, Blue Sea, du Bois-Franc and des Cèdres) situated on a 
carbonaceous geological stratum similar to that of Heney Lake.   On the other hand, 
all the lakes close to Heney Lake have PT and chlorophyll a concentrations that are 
clearly higher than the latter, particularly in spring and autumn.   It should be noted 
that all the lakes of the region surpass, in spring at least, the limit of 10 microg./l 
distinguishing oligotrophic from mesotrophic lakes and often used in the management 
of lake environments.   Further, the concentrations of PT measured in these lakes is 
systematically higher than the averages seen in other similar lakes in the Lauretians.

Figure 16.   Total phosphorus content at the surface (0 – 4 metres) of Heney Lake, the 
comparable lakes and the Heney watershed lakes.   The comparable lakes are 
represented by the round symbols and those of the watershed by the square symbols.

Figure
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Figure 17.   Chlorophyll a concentration at the surface (0-4 metres) of Heney Lake, 
the lakes of comparable size and the Heney watershed lakes.   The comparable lakes 
are represented by round symbols and the watershed lakes by square symbols.

Figure

The small lakes in the watershed of Heney Lake develop a much earlier and 
more pronounced hypolimnetic anoxia that the latter owing to greater availability of P 
and their smaller hypolimnetic volume.   These differences give rise to others; e.g., 
the small lakes suffer from an even more pronounced nitrogen deficiency than Heney 
Lake owing to major denitrification taking place in their hyperlimnions.

Several natural and human factors could, in theory, explain the differences in 
trophic status (fertility) observed between the eleven lakes of the Outaouais region.   
The most common are:

 The drainage ratio.
 Land use, such as agriculture, the extent of cottage and residential 

development.
 The extent of wetlands.
 The morphometry of the lakes.
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In the specific case of Heney Lake, the operation of the fish farm considerably 
increased the P inputs between 1995 and 1999 (Carignan, 2002b).   In order to 
compare the state of Heney Lake with those of other lakes in the region and, possibly, 
to single out more clearly the impact of the fish farm, the influence of the other 
factors mentioned above need to be examined.
5.9.1   Influence of the drainage ration on P concentration

In the Laurentians, as in other temperate regions, significant correlations are 
normally observed between the PT concentration and the ratio of  the drained area to 
the surface area of the lake, or the turnover time of the lake water.   These
relationships arise in part because the terrestial part of a watershed is an important 
source of minerals and nutrients for the lakes, and because the longer the turnover 
time of the water, the greater the tendancy of the P to be deposited on the bottom of 
the lakes.   Nevertheless, and contrary to all expectations, these relationships do not 
emerge when the eleven lakes under study are considered (Figure 18).   Further, all 
the lakes close to Heney Lake (those situated above the dotted line in Figure 18) have 
particularly high P concentrations.   Note, however, that with the exception of Heney 
Lake all the other four big lakes in the region show a strong correlation between PT 
concentration and drainage ratio (r = 0.99) and the turnover time (r = -0.92).

Figure 18.   Total spring phosphorus concentration as a function of drainage ratio (a) 
and turnover time (b) in the eleven lakes.   The lakes above the dotted lines are all 
close (0.1 to 2.6 km) form Heney Lake, whereas the distance separating the other 
lakes from Heney Lake varies between 20 and 30 km.   Note the absence of 
correlation between these variables;  note also that four of the five big lakes (below 
the dotted line) seem to form a separate group obeying the empirical relationships.

Figure
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normally observed elsewhere.
Two hypotheses could explain the absence of the expected empirical 

relationships when the 11 lakes are considered together;  these hypotheses would also 
explain the presence of mesotrophic lakes in the Heney Lake watershed:

1. Heney Lake and its five neighbouring lakes suffer from a special problem of 
P overabundance.   The implications of this hypothesis are important since the 
present mesotrophic condition of Heney Lake would then be due mainly to  
causes that are local, but independent from the fish farm.

2. The P cycle in the small lakes (à la Barbue, Désormeaux, Long, Noir, St. 
Laurent and Vert) differ fundamentally from that governing the larger lakes 
for reasons linked to their morphometry.   According to this explanation, 
Heney Lake should resemble the other large lakes of the region and its 
mesotrophic condition would arise from causes particular to Lake Heney, 
including the past operation of the fish farm.

          Of these two hypotheses, the first is the least probable because it will be shown, 
in section 6, that the export of P from the watersheds of these lakes is not particularly 
high.   In addition, because all these lakes are influenced by the same geological 
formation, they should be subject to a similar influence due to the watershed.   The 
second hypothesis will, itself, be examined in detail in section 5.9.3.
5.9.2   The influence of land use

Other factors such as the level of building development (cottages and 
residences) close to the lakes, and the importance of agriculture and wetlands in their 
watersheds might explain the different trophic states observed amongst the eleven 
lakes.   Septic systems and the use of  horticultural fertilizers are, in fact, potentially 
important sources of P in recreational lakes.   Cultivated land and wetlands generally 
export more P than do forests.   In order to check the effect of property development, 
an impact index was calculated by establishing the number of buildings present at less 
than 100 and 200 metres from the shoreline of each lake and this number was divided 
by the surface area of the lake (Table 7).   In this calculation, the exact number of 
cottages and residences surrounding each lake was not used, because these data were 
not readily available for some lakes.   Instead, the Federal Geological Survey maps 
(?), updated in 1989-1990 (1:50,000), were chosen as the source of the data on the 
assumption that the relative numbers of buildings on each lake have not changed 
markedly since 1989-1990.   Table 7 between the two indexes since the majority of
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of buildings are less than 100 metres from the shoreline.   According to these data, 
Lake Bernard is the most populated, with 0.59 constructions (100 index) per hectare 
of lake, whereas the majority of the other lakes (Blue Sea, de Bois-Franc, Heney, à la 
Barbue, Désormeaux and Vert) share, by coincidence, an almost identical property 
development index (0.20-0.25).

Table 7.   Number of buildings at less than 100 or 200 metres from the shoreline and 
the property development indexes, expressed as number of buildings per hectare of 
the lake.   Data from the Federal Geological Survey maps, scale 1:50,000 (1989-
1999).

Table

No significant  correlation was found between the spring and summer PT and 
the property development index.   This result does not mean, however, that the 
cottages and residences are not sources of P for the lakes; rather, it shows that other 
even more important factors are responsible for the differences between the lakes.   
Further, we must remember that the data about water quality used in this report comes 
from a single site generally located at the deepest point, itself frequently near the 
middle of the lake.   Now, the properties measured at the centre of a big lake are not 
necessarily representative of the whole lake, particularly if its shape is complex.   
E.g., even though the concentrations of PT measured in Blue Sea Lake (5 to 7 
microg./l) correspond to those defining oligotrophic lakes, except in spring (13 
microg./l), some densely inhabited bays of that lake have clearly mesotrophic 
characteristics.

No significant correlation was found between the PT concentration and the 
extent of the wetlands or agricultural land in the watersheds of the 11 lakes.
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Here again, the absence of correlation has to be interpreted with care.   It does not 
mean that agricultural land and wetlands are not source of PT for the lakes, but 
instead that their influence is too slight relative to other factors to explain the 
pronounced differences between these lakes.

5.9.3   The influence of morphometry

In these lakes, the concentration of PT does not obey the empirical 
relationships that are often observed elsewhere in the Laurentians.   The PT seems, 
however, to be linked to other morphometric variables that, normally, do not appear 
elsewhere in the Laurentians.   One observes, e.g., a strict relationship between the 
planar anoxic factor (FAp, Figure 19), defined as the ratio of the anoxic surface area, 
as measured at the end of summer, to the total area of the lake.   A similar relationship 
also exists between the spring PT and the volumetric anoxic factor (Fav), defined as 
the ration of the maximum anoxic volume to the total volume of the lake.   We should 
emphasize that Figure 19 does not necessarily indicate the presence of a direct cause 
and effect relationship between the FAp and the PT.   This relationship could very 
well be due to the fact that lakes with a high PT concentration have a high biological 
productivity which would generate in its turn a high oxygen demand in the 
hypolimnion.   Conversely, Figure 19 might also reflect a greater availability of P in 
the lakes where a significant part of the hypolimnion becomes seasonally anoxic, as 
discussed in section 5.3.

In the small lakes within the watershed of Heney Lake, P should be relatively 
mobile and available owing to the low Fe/P ratio in their anoxic hypolimnion.   The 
amount of Fe(III) formed in the water column of these lakes during the periods of 
spring and autumn mixing are in effect insufficient to sequester and precipitate all the 
P during its redistribution.   As expected, a significant relationship is seen between the 
spring (and autumn) PT and the size of the lakes (Figure 20a).

According to Figure 20a, the smaller the lake in this region, the greater its PT 
concentration will be during the periods of mixing, and the more fertile it will be.   
According to Figure 20b, the first relationship is simply due to the fact that the 
smaller the lake, the greater the tendancy of its hypolimnion to become anoxic, which 
is easily explained because little lakes are generally shallower and more protected 
from the wind than big lakes.
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Figure 19.   Relationship between the spring PT concentration measured at the 
surface (0-4 metres) of the lakes and the anoxic factor, measured at the end of 
summer.

Figure

Figure 20.   Relationships between the total spring phosphorus concentration (a), the 
anoxic factor (b) and the size of the lakes.

Figure

In section 5.9.1, two hypotheses were put forward to unusual presence of 
mesotrophic lakes in the Heney Lake watershed as well as the absence of any 
correlation between the PT and the drainage ratio.   The first, considered unlikely, 
assumed an effect of local causes, such as an abnormal abundance of P in the 
watershed.   The second hypothesis, invoked a difference between the P cycle in the 
small lakes and that in the big lakes.   In the light of the relationships revealed in 
Figure 20, the second hypothesis now seems more likely to us, being the simplest 
and most probable.   Its validation will, however, require studies of additional lakes 
(bathymetry, water chemistry) of various sizes, distributed randomly over the 
marbles (?) of the Outaouais region.
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It now appears that the mesotrophic state of Heney Lake is not the result of an 
abnormal abundance of P in its watershed and, therefore, that this lake should 
resemble the other large lakes in the region.   There only remain three probable 
explanations which are not mutually exclusive:

(a)  The past operations of the fish farm.   This possibility cannot explain on 
its own the present state of the lake because it has been shown (Carignan, 2002b) that 
the lake already suffered from some problems before the arrival of the fish farm.

(b)  An abnormal deficiency in Fe.   This explanation is based on the unusual 
arrangement of the headwater lakes and on the chemical characteristics of the water 
column.   It requires, however, proof through studies of the export of Fe by the 
watershed and the geochemistry of P in the sediments of Heney Lake and other 
comparable lakes.

©  The specific uses of the watershed, particularly agriculture and the 
configuration of farm land.   This point will be addressed in detail in the next section.
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6   Study of the watershed of Heney Lake

6.1   Hydrological budget

Measurement of the flow of the Heney Lake outlet (Paul-Emile stream, Figure 
21) show that its drainage basin is not watertight.   Between 1st August 2002 and 31st

July 2003, the average flow through the outlet was only 5.89 litres/km2/s (185 mm) 
compared with 9.51 litres/km2/s (300 mm) at the MRN 40814 station close to the 
mouth of the Picanoc River.   The outflow of the Heney Lake watershed, therefore, 
only represents 61.7% of that drained by the Picanoc River, corresponding to a 
difference of 115 mm.

Figure 21.   Specific flow at the outlet of Heney Lake (station R-30)  and at the 
hyrological station MRN 40814 of the Picanoc River between August 2002 and July 
2003.   Note that the flow measured for Heney Lake was considerable lower than that 
of the Picanoc River during the greater part of the year.

Figure

At our latitudes, the annual evaporation from the surface of the water 
surpasses by 30% the rate of evaporation plus transpiration of forested areas.   The 
flow from watersheds including a significant area of lakes should therefore be 
slightly lower than that of watersheds containing few lakes.   In the Heney Lake 
region, according to the Canadian Hydrological Atlas, the average annual 
evaporation from the water surface is estimated to be 640 mm, compared to 500 mm 
for the “evapotranspiration” from land areas.   However, the hydrological deficit in 
Heney Lake cannot be ascribed simply to the greater importance of lakes (27.9%) in 
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in its watershed than in that of the Picanoc River (7.2%).   In fact, assuming 
respective values of 640 mm and 500 mm for the evaporation of the lakes and 500 
mm for the evapotranspiration, the total rainfall (765 mm) in 2002-20033 should have 
caused a flow of 255 mm at the Picanoc River and 226 at Heney Lake, hence a 
difference of only 29 mm between the two watersheds instead of the 115 mm 
observed.   Repeating the same calculations, but using the evopotranspiration value 
measured in 2002-2003 in the Picanoc River watershed (451 mm), one gets a flow of 
261 mm for Heney Lake and difference in the flows of 39 mm if the Heney Lake 
watershed is leak-proof.

The  measured outflow of Heney Lake (185 mm) is therefore lower by 76 mm 
than the expected value of 261 mm.   This considerable difference can only be 
explained through the existance of underground leaks linking the Heney Lake 
watershed to the Gatineau River.   Such underground connections are, in fact, 
common in the type of geological formation (marble) found in the region.   
Observations on site confirm this conclusion, because during the months of 
September and October 2002 an inversion of flow was seen between lakes 
Désormeaux and Heney.   Now, it is difficult to conceive, without invoking 
underground leaks, how the level of Lake Désormeaux, which only comprises 14% 
of the lakes in its watershed, could go down more rapidly than that of Heney Lake, 
where the hydrological deficit in summer should be more significant owing to the 
greater percentage of lakes (27.9).   Another inversion of flow that occurs at the 
Heney Lake outlet towards the end of summer and beginning of autumn also suggests 
underground leakage, but could also be due to a natural sill between Lakes Heney 
and Ste. Marie.

The probability that the Heney Lake watershed is permeable introduces a 
considerable uncertainty, of the order of 30% for the 2002-2003 year, into the 
calculation of its P retention coefficient, since the underground loss of P could be 
additional to the loss via the outlet.    This uncertainty could only be removed by  
installation of a local meteorological station and a flowmeter in the outlet, which 
would permit quantification of the rainfall, evaporation and evapotranspiration, and  
the establishment of a more precise hydrological budget for Heney Lake.

3Value meaured beween 1st August 2002 and 31st July 2003 at Ottawa International 
Airport (www.climate.weatheroffice.ec.gc.ca).
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6.2    P and N concentration in the hydological network

PT concentrations were measured in certain principal tributaries in 2001-2002 
and 2002-2003.   These data are reported in Figure 22 in order to illustrate their 
seasonal and annual variability.   As a general rule, concentrations were higher in 
2002-2003, a year with abnormally low run-off, than in 2001-2002.   During the 
spring of 2003, the PT concentration in several streams reached very high values 
(200 to 600 microg./l) during a brief period while their flow was very low owing to 
the lack of a spring spate in 2003.   These very pronounced peaks of short duration 
(e.g., R-19 in Figure 22) had little influence on the annual charges owing to their low 
flows.

In autumn 2002, the PT concentrations in the outflows of Lakes à la Barbue, 
Noir and Désormeaux reached much higher values (145 to 362 microg./l) than those 
measured a a depth of one metre in the same lakes in October of that year at the time 
of the autumn turnover (26 to 40 microg./l).   The concentrations were also much 
higher than those observed in the same streams in 2001.   The reasons for the peaks 
in concentration are not entirely clear, but might be related to the presence of 
cyanobacterial blooms at the surface of the lakes during the months of  september 
and october.

6.3   Export of P and N by the hydrological network

The annual amounts of P and N (kg/yr) passing each sampling station are 
reported in Table 8.   These values have been divided by the area of each sub-
watershed defined by the sampling point to obtain the export coefficients for each 
sub-watershed, also recorded in Table 8.

The relationships between the P and N export coefficients of the sub-
watersheds and their properties, such as slope, proportions of forest, fields and 
wetlands (given in Table 2) were analysed by linear regression (simple or multiple).   
The following rules were applied in the selection of data:

 The stations had to be independent (the overlap of su-watersheds had 
to be less than 25%).

 In the case of the regressions linking the export coefficient to the 
proportion of fields, the sub-watersheds with significant wetlands 
were excluded.

 The lakes should not represent more than 5% of the watershed.



51

 Two small sub-watersheds (R-01 and R-02) with a relatively high 
number of dwellins were excluded.

Figure 22.  Total phosphorus concentrations in some tributaries of Lake Heney in 
2001-2002 and 2002-2003.

Figure
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Table 8.   Annual charges (L) and specific charges (Ls) of phosphorus and nitrogen in 
the 33 streams, measured between 1st August 2002 and 31st July 2003.   The stations 
R-13, R-28, R-31, R-34 and R-30 correspond to the outlets of Lakes à la Barbue, Vert, 
Noir, Désormeaux and Heney, respectively.   The special case of the seasonal effluent 
of the sawmill (R-14) is discussed in the text.   The bold type identifies the tributaries 
of Heney Lake.

Table
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A significant relationship was thus found between the annual specific charge 
of PT (LsPT, mg/m2/yr) and the percentage of the sub-watershed occupied by fields 
(Figure 23):

LsPT = 0.00030+/-0.00007 %fields + 0.0070+/-0.0009    Eqn 1
This relationship suggest that the export coefficient specific to the fieldsis close to 30 
mg/m2/yr.   Further, because these sub-watersheds essentially contain only forest and 
fields, the ordinate at the origin suggests an export coefficient specific to the forest of 
7 mg/m2/yr.   Note that fields only occupy a minor portion (<20%) of the sub-
watersheds and that the relationship in Figure 23 depends essentially on the presence 
of a sub-watershed (R-10) that includes a high percentage of fields.   Note also that 
the data have not been normalized so as to give more weight to sub-watershed R-10.
Figure 23.   Relationship between the specific total phosphorus charge and the 
proportion of fields in the sub- watershed.

Figure

When the data in Table 8 are analysed by multiple regression (including the 
sub-watersheds with wetlands), a significant relationship is found between the 
specific charge (LsPT) and two independent variables, namely the percentages 
consisting of fields or wetland (Figure 24):
LsPT = 0.00028+/-0.00008%fields + 0.0014+/-0.0006%wetlands + 0.007+/-0.001

Eqn 2
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Figure 24.   Relationship between the specific charge of total phosphorus observed 
and the total predicted by the empirical model represented by equation 2.

Figure

According to this model, the export coefficient specific to the fields and pastures 
should be close to 28 mg/m2/yr and the coefficient specific to the wetlands should be 
close to 140 mg/m2/yr.   As in the case of the previous empirical model (equation 1), 
the ordinate at the origin suggests a coefficient specific to the forest of 7 mg/m2/yr.

The specific PT export coefficient found for the forest in the watershed of 
Heney Lake is higher than that recently determined in an igneous watershed in the 
Laurentians (3.5 mg/m2/yr; C. Crago, M.Sc., in preparation).   The specific coefficient 
for the forests of Heney Lake (7 mg/m2/yr) is among the values suggested for 
Southern Ontario (Dillon and Kirchner, 1975) for forests on an igneous geological 
stratum (5.5 mg/m2/yr) or a sedimentary one (11.7 mg/m2/yr).   The value for the 
specific export coefficient for fields and pasture for Lake Heney is between those 
suggested (Dillon and Kirchner, 1975) for fallow (20 mg/m2/yr) and agricultural land 
(66 mg/m2/yr).   This result is not surprising because there is no intensive farming in 
the watershed.   The specific coefficient for wetlands is considerably higher than those 
generally proposed in the scientific literature, but not very far from the average value 
seen in the Laurentians (110 mg/m2/yr;  C. Crago, M.Sc., in preparation).   It emerges 
from these brief comparisons that the coefficients found in Heney Lake are higher 
than those recently measured in the Laurentians, but that the coefficients associated 
with the forests and agriculture are not particularly high compared to values reported 
elsewhere in Ontario.
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6.4   The phosphorus budget in Heney Lake in 2002-2003

The PT budget is shown in Table 9 based on the direct inputs from the 
tributaries (Table 8), the charges calculated for the rest of the watershed not drained 
by the tributaries measured, and the assumptions stated in section 4.3 concerning the 
inputs from the atmosphere and the cottages and residences.   The specific coefficients 
of 7 mg/m2/yr for the forest and 30 mg/m2/yr for the the fields, obtained in Section 
6.3, were used for the calculation of the inputs from the residual part of the watershed.

Table 9.   Budgets for total phosphorus (PT) total dissolved phosphorus (PTD) and 
total nitrogen (NT) for Heney Lake between 1st August 2002 and 31st July 2003.   The 
total given for one hydrological year assumes that the estimated contributions for the 
cottages and the direct precipitation over the lake (atmospheric) are constant and that 
the contributions of the watershed are proportional to the run-off.

Table
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  Thus, the total charge of P to Heney Lake in 2002-2003 reached 801 kg.   
Since the 2002-2003 year was unusually dry, with only 71.5% of the normal run-off, 
the average annual charge received by this lake is probably higher.   Assuming that 
the charge from the watershed is directly proportional to the run-off, but that the 
inputs from the atmosphere and dwellings is independent from the precipitation or the 
run-off, one obtains an average value of 981 kg (Table 9).   This last value is slightly 
less than that (1042 kg/yr) obtained in 2001-2001 (?) and higher than the one 
previously estimated for an average run-off (Carignan, 2002b).   These values are all 
higher than that (693 kg/yr) given by Bird and Mesnage (1996), but similar to that 
(975 kg) estimated by Prairie (1998).   To summarize, the bulk of the work 
undertaken on Heney Lake shows that the annual P charge is between 800 and 1000 
kg/yr and that it could vary by +/- 200 kg/yr according to the run-off.   Expressed in 
milligrams per square metre of lake (65 to 81 mg/m2/yr), this charge is not  
particularly large;   however, it becomes excessive when one considers the long 
turnover time of the lake and its low capacity for P retention (next section).

6.5   Budget, retention and modelling of P in the lakes included in the Heney 
Lake watershed

According to currant models of P concentration in lakes, the latter can be 
expressed as:

[TP] = Lp/Qs (1-Rp)                        Eqn 3

where [TP] is the average P concentration in the lake at equilibrium (mg/m3), Lp is 
the specific charge in total phosphorus (mg/m2/yr), Qs is the hydrological charge 
(m/yr) and Rp the lake retention coefficient for P.    [Note (PSF): this appears to be 
the classical model of Dillon et al., 1975 and1986]

On the other hand, the lake retention (Rp) is often expressed as:

Rp = Vs/(Vs+Qs)       Eqn 4

where Vs is the rate of P sedimentation (m/yr).

This type of model assumes that the lakes behave like homogeneous reactors, 
that the external and internal inputs are instantaneously mixed and that all these inputs 
are
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equally available biologically, which is not usually the case.   However, because this 
model is often used as the reference (Dillon et al., 1994;  Reckhow and Chapra, 
1983), and because the work done in 2002-2003 in Heney Lake permits quantification 
of the variables in equation 3 with reasonable precision, we are in the position of 
being able to verify how realistic and useful such models (eqns. 3 and 4) are for the 
management of lakes, particularly those situated on the marbles of the Outaouias.

The P budgets of Lakes à la Barbue, Désormeaux, Noir and Vert were 
calculated using the same procedure as that employed for Heney Lake (Table 9) and 
are reported in Table 10.   Lake Long could not be included in this analysis because 
the P concentration in its outlet had not been measured,

Table 10.   Turnover time (t), water load (Qs), phosphorus load (Lp), phosphorus loss 
via the outlet (Sp) and phosphorus retention coefficient in Heney Lake and four other 
lakes in its watershed.   N.B.:  the values of t and Qs are calculated using the long 
term (1994-2003) average run-off and the flow estimated for 2002-2003;  the values 
of Lp and Sp are those measured in 2002-2003.

Table

The rate of sedimentation (Vs) was then estimated for the combination of the lakes by 
adjustment (non-linear regression) of equation 4 according to the measured values of 
Rp and the values of Qs (Table 10).   Because two of these lakes have a relatively 
long turnover time, Qs was calculated for two run-off conditions:  longterm (1994-
2003) and 2002-2003.   The longterm run-off comes from data referring to the 
Picanoc River corrected for the evaporation from the surface of lakes of the region 
(640 mm, Canadian Hydrological Atlas).   This correction gives an average flow of 
428 mm/yr for the land surfaces (Et) and of 303 mm/yr for bodies of water (Ee).   For 
each watershed, the total run-off for a given watershed was then calculated as:

Total run-off = Et x terrestial fraction + Ee x lake fraction
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The values of Qs for the 2002-2003 were calculated for each lake with Et = 314 mm 
and Ee = 125 mm, also deduced from the total run-off measure for the Picanoc River 
assuming annual evaporation of 640 mm at the surface of bodies of water.

Figure 25 shows that a Vs of 3.9 produces the best correction of Rp and Qs in 
equation 4 when the long term values of Qs are used.   Repitition of the calculation 
with the values of Qs estimated for 2002-2003 gives Vs = 2.7.   These sedimentation 
rates are lower than generally used in the literature.   E.g., Dillon et al. (1994) 
suggested values of 12.3 and 7.2 m/yr for Ontario lakes with oxygenated and anoxic 
hypolimnions.   Dillon and Molot (1996) subsequently proposed a range from 4.7 to 
13.7 m/yr, with an average of 7.9.   Reckhow and Chapra (1983) suggested an average 
value of 9.5 m/yr and a range of variability from 4.2 to 21.6 for 50 temperate lakes.   
The values of Vs obtained for Heney Lake and the lakes of its watershed are, 
therefore, exceptionally low and indicate a very limited retention of P, which is in 
accord with the conclusions of Sections 5.2 and 5.3, together with the presence of 
significant internal inputs whose effects manifest themselves through a lowering of 
the apparent sedimentation of P.  

Figure 25.   Adjustment by non-linear regression of equation 4 to the retention 
coefficients (Rp) measured in 2002-2003 and to the longterm hydrological charges 
(Qs) estimated for lakes Heney, à la Barbue, Noir and Vert.   The best correction is 
given by a value of 3.9 m/yr for Vs (continuous line).   The dotted lines show the 
relationship between Rp and Qs obtained using values of Vs of 5 and 10 m/yr.

Figure
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Figure 26 shows clearly that Heney Lake and the other three lakes of its 
watershed do not obey simplistic models of the type [TP] = L/Qs (1-Rp), at least 
when [TP] is defined as the average concentration in the lake, or even as the 
concentration in the water column during spring turnover.   In fact, there is no 
significant correlation between the values predicted by the model and the 
concentrations observed during spring turnover.   Futher, the predicted concentrations 
tend to be considerably lower than the observed ones, except in Lake à la Barbue.   In 
Heney Lake, for example, the predicted concentration using a  longterm Qs (more 
appropriate on account of the long turnover time) is only 10 microg./l, whereas the 
measured value in the spring of 2002-2003 was 22 microg./l.   In Lake Vert, the 
predicted concentrations varied between 9.8 and 25 microg./l, according to the 
combination of Qs and Rp, while a concentration of 35 microg./l was measured in 
spring 2003.

In the particular case of Heney Lake, the large input of P from the fish farm 
between 1995 and 1999 may have caused a lack of equilibrium between the inputs 
and outputs of P, thus explaining an abnormally low measure Rp (0.69).   However, 
use of a higher Rp would have caused an even greater between the measured and 
observed (predicted?) values.   Further, the occurrence of large seasonal fluctuations 
in the average P concentration (Figure 11), the paradoxical longterm trends (Figure 
11) and the failure of the model (equation 3) for Lakes Désormeaux, Noir and Vert 
cast doubt on its usefulness in the lakes of the Outaouais.

The failure of equation 3 may seem surprising at first glance, because this 
model is based on a mass budget that, logically, must necessarily be satisfied: in the 
longterm, the total P charge must  be equal to the loss from the outlet less the 
retention in the lake.   That condition must be satisfied for all lakes, including those of 
the Outaouais.   However, equation 3 assumes that the lakes are homogeneous 
reactors, where the outlet concentration is , by definition equal to the average 
concentration.   This assumption is clearly untenable in the case of Heney Lake and 
the other lakes of its watershed, where large gradients of P concentration are 
established between the surface and the bottom during periods of stratification.   For 
that reason, the average P concentration at the outlet, defined as:

[Pex] = Sp/(Qs.A)                   Eqn 5
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where A is the surface area of the lake, does not correspond to the average 
concentration in the lake.   In such conditions, equation 3 only applies, strictly, to 
longterm predictions of [Pex].

In consequence, equation 3 cannot to estimate, within about a few milligrams, 
the probable average concentration of P in Heney Lake before the operation of the 
fish farm, or even to establish the target concentration which should be aimed at in 
possible attempts at remediation.   The latter can only be established by analysis of the 
historical data prior to the existence of the fish farm and those closely following its 
entry into production (Carignan, 2002b).

Figure 26.   Comparison between the P concentrations predicted by equation 3 and 
those observed in the spring of 2003 in Heney Lake and the four other lakes in its 
watershed.   In a, the predictions and the Vs were obtained using estimated longterm 
values of Qs;  for each lake, two predications were generated:  the first uses the 
measured Rp (+) and the second uses the Rp modelled (**) by non-linear regression 
(Figure 25).   The predictions in b were obtained as in a, but using the Qs estimated 
from the 2002-2003 run-off.   Note that the majority of the predicted concentrations 
are considerably lower than the values observed during the spring turnover.

Figure
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7   The solutions

Independently from the presumed effects of the fish farm on Heney Lake, the 
fact is that the latter is in a poor state, as are the other lakes of its watershed.   An 
examination of  possible interventions that night improve the quality of the water of 
Heney Lake therefore seems appropriate here.   It was concluded, in Section 5.9.3, 
that the present mesotrophic state of Heney Lake can probably be attributed to a 
special combination of natural and human factors.   These factors include an iron 
deficiency that explains the low capacity of the lake to retain P (Section 6), and  
natural and human inputs judged excessive for this lake, considering its long turnover 
time and is low retention capacity for P.

7.1   Watershed interventions

According to Section 6.3 and Table 9, in 2002-2003 the principal diffuse 
sources of P in the Heney Lake watershed are, in decreasing order of importance:    

1. Forests (38 km2 x 7 mg/m2/yr = 266 kg/yr)
2. Wetlands (1.52 km2 x 140 mg/m2/yr = 213 kg/yr)
3. Direct precipitation (185 kg/yr)
4. Dwellings (163 kg/yr)
5. Pastures and hayfields (3.44 km2 x 30 mg/m2/yr = 103 kg/yr)

Obviously, one cannot change the inputs from the forests or the direct 
precipitation over the lake.   However, interventions with respect to the other three 
diffuse sources could be invisaged.

7.1.1  Drainage of wetlands

The amount of P contributed to the watershed by the wetlands is estimated to 
be about 210 kg/yr.   The bulk of this P comes from two areas of wetland situated 
upstream from Lakes à la Barbue and Désormeaux.   They provide major amounts of 
P that explain in part the mesotrophic state of these two lakes.   E.g., the mass budget 
of the P passing between stations R-05 and R-06 localised in the Lake à la Barbue 
watershed show that the wetlands (0.16 km2) situated between these two points
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release at present about 51 kg/yr of P, i.e., 320 mg/m2/yr (Figure 27).   Another mass 
budget, calculated between stations R-37 and R-36, in Lake Désormeaux, gives a 
specific export coefficient of 110 mg/m2/yr for the small wetland area (0.032 km2) 
situated between these two points.   All that P does not end up entirely in Heney Lake, 
because according to the retention coefficients in Table 10, about 50% of the P 
entering Lakes à la Barbue and Désormeaux is intercepted by them.

Because some wetland areas produce major quantities of P, drainage of them 
might be considered as a partial solution to the problem of excess P in Heney Lake.   
E.g., assuming that the local topography would allow it, and that the work would not 
cause additional erosion, drainage of the wetlands between stations R-05 and R-06 
would permit the removal of  50 kg of P from the annual budget of that lake and 25 kg 
from the budget of Heney Lake.   That treatment might be worthwhile in order to 
improve the chronic poor quality of the Lake à la Barbue because it would lower its 
annual P charge by 27%.   For Heney Lake, however, the reduction in load would not 
exceed 3%.

Assuming that all the wetlands were eliminated from the watershed, which is 
impossible, and that 50% of the P produce by them enters the lake, the maximum 
possible reduction would be of the order of 100 kg/yr.   Because many of those 
wetlands are maintained, or recently flooded, by beavers, systematic elimination of 
beavers (itself difficult) and drainage of the ponds that they maintain, could itself 
allow a reduction of 50 kg in the total annual charge in Heney Lake.   Now, that 
optimistic quantity only represents a small part of the total annual charge in Heney 
Lake (800 to 1000 kg/yr).   Further, such interventions should not be undertaken 
without considering the important role of wetlands in maintaining the biological 
diversity of the area.

In conclusion, drainage of  certain wetlands might improve the quality of the 
headwater lakes, but it is unlikely that this option would allow a reduction of the P 
charge in Heney Lake by more than about thirty kg.
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Figure 27.   Annual P charges (kg/yr) passing through the watershed defined by 
station R-12.   Note the presence of important wetlands along the main tributary 
running between Lake des Perdrix and Lake à la Barbue.   Note also the considerable 
additions between stations R-05 and R-06, and R-13 and R-12.   The flow at station 
R-14 is seasonal and comes from the sawmill;  it carries about 20 kg/yr between the 
stations R-13 and R-12.   On its own, the outlet of Lake à la Barbue provides 17% 
(148 kg/yr) of the total P charge entering Heney Lake.

Figure



65

7.1.2   Reduction in P input from dwellings

According to Table 9,   the cottages and residences release about 160 kg/yr 
into Heney Lake.   This amount is not certain because it is based on a non-verifiable  
assumption about the average P retention (30%) by septic systems.   In addition, the 
assumed input by dwellings does not take into account the use of lawn and garden 
fertilizers by the lakeside inhabitants, or the transfer of the P from those fertilizers to 
lake.   E.g., a 20 kg sack of lawn fertilizer contains 610 g (0.6 kg) of phosphorus, 
using the average content of the spring, summer and autumn formulae given by the 
manufacturers.   At that rate, the fertilization of about thirty lawns alone could double 
the human P inputs.

In theory, P should be much more mobile in the neutral and iron-deficient soils 
of the region than in the acid and iron-rich soils (podzols?) which normally cover the 
siliceous rocks of the Laurentians.   This property therefore makes the lakes in the 
region exceptionally sensitive to human P inputs.   In the absence of quantitative data 
concerning the true impact of the dwellings, and in view of the doubled sensitivity of 
the lakes to P inputs (mobility of P in the soil and iron-deficiency in the lakes), the 
municipalities and lake associations should adopt a prudent approach by applying 
exceptional measures aimed at minimizing human inputs.   These measure should 
include:

 Increased surveillance of the conformity of septic systems;
 Prohibition of the use of lawn and garden fertilizers;
 Prohibition of the use of phosphate-containing detergents;
 Establishment of bands of natural shoreline vegetation round all the 

lakes and streams (both permanent and intermittent) of the watershed.

Even though the lakeside inhabitants of Heney Lake seem particularly aware
of the need for these measures, several cases of the non-conformity of septic systems 
were noted during our visits to the area.   In addition to the inspections and basic 
repairs essential at Heney Lake, municipalities should consider additional measures 
such as frequent, compulsory emptying of septic systems (added to the local taxes)
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 and the requirement of sealed tanks on all lots where the nature of the terrain and the 
local hydrology favours the flow of P twards the lake.   However, the cost of the last 
measure could exceed several hundreds of thousands of dollars.

Although it is difficult to quantify the effects of these measures in terms of the 
reduction of the P input to Heney Lake, a reduction of the order of 100 kg/yr should 
be achievable.

7.1.3   Reduction in the inputs from farmland

The diffuse inputs of P to Heney Lake attributable to agricultural activities are 
estimated at about 100 kg/yr.   Study of the watershed shows that in the majority of 
cases, these farmlands border directly on the lake, streams feeding it, or on road 
ditches draining into the lake or streams.   For this reason, the bulk of the 100 kg 
coming from farmlands probably enter the lake.   This additional source of  P could 
clearly be reduced by establishing protective belts of plants along all the lakes, 
streams and ditches bordering on agricultural land.   Bands of bushes already border 
some streams, but their width (2 to 5 metres) is clearly inadequate and problems due 
to erosion have been noted on site.   The minimum depth of these vegetation belts 
should be from 5 to 20 metres, depending on the risk of erosion and the configuration 
of the land.

The adoption of adequate measures aimed at reducing the erosion associated 
with agricultural land and road ditches should permit the removal of another 50 kg 
from the annual total charge reaching Heney Lake.   However, this result would not 
be seen for several years because the development of the bands of bushes and trees 
would require some decades.

7.1.4   The sawmill

During the summer months, the sawmill situated between Lakes à la Barbue 
and Heney intermittantly draws between 400 and 800 m3/day of water from the Lake 
à la Barbue outlet stream in order to moisten its reserves of  logs.   This water then 
flows across land rich in forest debris, picks up P, and then gives rise to a little 
tributary (R-14) which rejoins the Lake à la Barbue stream.   The concentrations of PT 
observed at the R-14 station
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varies between 200 and 500 microg./l.   Even though it is difficult to establish exactly 
the P charge due to the sawmill in the absence of a continuous record of flow and 
concentration, this should be between 15 and 30 kg/yr.   This amount is small in 
comparison to the total charge entering Heney Lake.   It should, however, be easy to 
reduce it considerably by applying the existing regulations concerning the water 
quality of industrial effluents and the withdrawal of water from small watercourses.

7.1.5   Summary of the interventions in the watershed

Table 11 summarizes the results anticipated from the interventions described 
above and suggests that a systematic effort to reduce the diffuse inputs of P into 
Heney Lake would permit a reduction in its total charge of about 200 kg/yr.   These 
figures are for information only.   With the exception of the changes to water 
management by the sawmill, the introduction of the proposed measures should be the 
subject of preliminary feasibility studies accompanied by an estimate of the costs 
involved.

Table 11.   Summary of the reduction in P charge attainable in the watershed of 
Heney Lake.

Table

Even though the total reductions attainable represent a significant fraction 
(about 20%) of the annual P charge to Heney Lake, it is difficult to predict what the 
medium term effect of such a reduction would be on the water quality.   Section 5.4
shows, in fact, that Heney Lake has not responded to the massive reduction in input 
(around 700 kg/yr) that occurred after the closure of the fish farm in 1999.   
According to the conclusions in Section 5.4, the lack of response would be 
attributable to the low retention capacity of P by the
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sediments, itself arising from an iron deficiency, and to the long turnover time of the 
lake.

7.2    Interventions on the lake

Several observations made during the present study suggest that a condition of 
iron deficiency exists in Heney Lake.   In theory, this deficiency could be satisfied by 
a single addition of reactive iron to the whole lake.   The objectives of an addition of 
iron would be to reduce the concentration of PT from 25 to 15 microg./l, i.e., to 
remove 1,800 kg of P from the lake, and to stop the seasonal exchange of PT between 
the sediments (epilimnetic and hyplimnetic) and the water column, which total about 
1500 kg, according to Figure 5.

In the conditions of pH and chemical composition of the water that prevail in 
Heney Lake, iron can sequester about 2.5% of its weight in phophorus when present 
in the form of amorphous oxihydroxides.   The addition of about 72 tonnes of reactive 
iron should, in theory, suffice to immobilize the desired amount of P.   In practice, 
however, the efficiency of such an addition would not be total, since it might probably 
be difficult to apply the iron in a perfectly homogeneous manner over the whole lake.   
In addition, oxihydroxides of iron crystallise slowly over time and the capacity of the 
iron to adsorb P tends to diminish.  Finally, the presence of phosphate weakly 
adsorbed on the surface of the sediments would contribute to the saturation by P of 
the newly added iron.   For these reasons, it would be prudent to double, or even triple 
the amount theoretically needed.

These considerations imply that an addition of about 200 tonnes of iron would 
probably be necessary.   The reactive iron used for the treatment of  drinking water 
and the tertiary treatment of waste water is available in industrial amounts in different 
chemical forms of which the price and required quantities are summarized in Table 
12.

Table 12.   Iron compounds available industrially for immobilisation of phosphorus in 
Heney Lake and their estimated costs.

Table
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The estimated costs in Table 12 do not include the costs of delivery, the installation 
of  a temporary storage tank near the lake, or the costs of application of the product.   
In addition, such an intervention should be preceded by a feasibility study inorder to 
establish the exact relative efficiency of the different products, followed by another to 
quantify the response of the lake.   Consequently, the total cost of such an intervention 
could be of the order of $400,000 to 600,000.   As explained in Section 5.1, this 
intervention should be done rapidly during the autumn turnover, i.e., two or three 
weeks before ice formation, when the surface temperature is about 6ºC.   Although 
other compounds, such as aluminium sulphate, could be used, the oxihydroxides of 
iron would have the advantage of an absence of the risk of toxicity.   Further, the 
oxihydroxides of iron are naturally present in massive quantities in most lakes.
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8   Conclusions

The studies reported in this document have made it possible to clarify the 
dynamics of P in Heney Lake and the other lakes of its watershed, to establish the 
present state of Heney Lake relative to the other lakes of its watershed and of 
comparable lakes in the refion, to identify the current sources of phosphorus in the 
lake and to propose approaches for its restoration.

1. In the autumn of 2002 and the spring of 2003, the total mass of P present in 
the whole lake was about 500 kg lower than it had been at the same dates in the 
previous year.   The hypolimnetic oxygen demand (623 mgO2/m

2/d) was slightly less 
than those of 2001 (654 mgO2/m

2/d) and 2002 (656 mgO2/m
2/d).   These falls could 

be due to lower external P and organic carbon inputs owing to a low run-off in 2002-
2003.

2. Changes in the total P mass since 1995 show no clear tendency between 1995 
and 2003, except perhaps for a slight decrease during operation of the fish farm from 
1995 to 1999, followed by a paradoxical increase after its closure.   The lack of 
increase in P concentration between 1995 and 1999, as well as the absence of a fall 
after 1999 suggest a biological, geochemical or physical control of the mass (or 
concentration) of phosphorus in the lake.

3. Contrary to previous assumptions, P release from the sediments starts well 
before the appearance of anoxia in Heney Lake.   These characteristics strongly 
suggest that the phase of rapid P release by the sediments is caused by aerobic 
decomposition of the organic layer deposited in the spring.   Hypolimnetic anoxia 
only occurs in summer and very probably arises from decomposition of the spring 
algal bloom.   These results show that artificial oxygenation of the hypolimnion with 
the aim of reducing P release from the sediments would be ineffective in this lake.

4. In the absence of ice, P only persists in reactive form (PTD) in the whole 
water column during the autumn turnover.   Therefore, measures aimed at 
sequestering P by addition of chemicals such as alum, FeCl2 or FeOOH will be most 
effective during the autumn turnover, i.e., two or three
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weeks before ice formation, when the temperature at the surface reaches about 6ºC.

5. Iron never plays an important role in the P cycle in Heney Lake.   The low P 
retention capacity of the Heney Lake sediments suggests a deficiency in reactive Fe.   
This deficiency might have natural causes, such as a low geochemical abundance of 
Fe in the rocks and friable deposits of the watershed, or the presence of headwater 
lakes acting as traps for iron exported by the watershed.   The lack of Fe could also 
have been induced by the additional input from the fish farm, estimated at about 3,500 
kg between 1992 and 1999.   These considerations suggest that an addition to the lake 
of a sufficient amount of iron (about 200 tonnes) could be considered as a partial 
solution to the problem of excess P in Heney Lake.   The cost of such a treatment 
would be between $400,000 and 600,000.

6. Taken together, the measurements PT and chlorophyll concentration made at 
the surface of the lakes of the Outaouais between July 2001 and July 2003 show that
Heney Lake is more fertile than the other big lakes in the region (Bernard, Blue Sea, 
du Bois-Franc and des Cèdres) situated on a carbonaceous geological stratum similar 
to that of Heney Lake.   On the other hand, all the lakes close to Heney Lake have 
significantly higher PT and chlorophyll concentrations than the latter, particularly in 
spring and autumn.   Contrary to what is normally observed elsewhere, the PT 
concentration is not related to the drainage ratio of the lakes.   No significant 
correlation was found between the PT concentration and the number of dwellings, or 
the extent of wetlands or agricultural land in the watershed of these lakes.   The 
absence of correlation does not mean that the agricultural land and wetlands are not 
sources of P for the lakes, but rather that their importance is too low, relative to other 
factors, to explain the very pronounced differences between these lakes.

7. The P cycle in the little lakes (à la Barbue, Désormeaux, Long, Noir, St. 
Laurent and Vert) differs fundamentally from that governing the larger lakes for 
reasons related to their morphometry.   Significant correlations are observed between 
the P concentration and the size of the lakes and degree of development of 
hyperlimnetic anoxia.   These results suggest that Heney Lake should resemble the 
other big lakes in the region and that its mesotrophic condition can be attributed to 
causes peculiar to Heney Lake, including the previous operations of the fish farm and 
a deficiency in 
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iron due to the special hydrological configuration of its watershed and the low 
geochemical abundance of this element in the watershed.

8. Measurements of the flow at the Heney Lake outlet, show that its watershed is 
not leak proof.   In 2002-2003, the flow measured for Heney Lake (185 mm) was 76 
mm lower than the expected value of 261 mm.   this considerable difference can only 
be explained by the existance of undergrounds leaks.   The likely permeability of the 
watershed of Heney Lake introduces an element of uncertainty, of the order of 30% 
for the 2002-2003 year, into the calculations of its P retention coefficient.   This 
uncertainty can only be resolved by installation of a local meteorological station and a 
flowmeter at the outlet.

9. Significant relationships were observed between the annual P charge from the 
streams and the percentage of their watersheds occuppied by agricultural land and 
wetlands.   According to these relationships, the P export coefficients for the forests, 
the agricultural land and the wetlands are 7, 30 and 140 mg/m2/yr, respectively.   The 
total P charge to Heney Lake in 2002-2003 therefore reaches 801 kg.   Since the 
2002-2003 year was abnormally dry, the average annual charge received by this lake 
is estimated at about 980 kg.

10. The apparent average sedimentation rates (Vs) of P in Heney Lake and the 
other lakes of its watershed are between 2.7 and 3.9 m/yr.   These values are lower
that those generally reported and used in the literature and suggest a very low 
retention of P.

11. Heney Lake and the other lakes of its watershed do not obey models of the 
simplistic type [TP] = L/Qs (1-Rp), at least when [TP] is defined as the average
concentration in the lake, or as the concentration in the water column at the time of 
spring turnover.   There is no significant correlation between the the values predicted 
by the model and the values of concentration observed during spring turnover.   
Consequently, this model can not be used to estimate, within a few micrograms, the 
average probable concentration of P in Heney Lake before the operation of the fish 
farm, or to establish the target value for possible restoration measures.

12. In 2002-2003, the principal diffuse sources of P in the Heney Lake watershed 
were, in order of descending importance:  1- forests (266 kg/yr), 2- wetlands
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(213 kg/yr), 3- dwellings (163 kg/yr), 4- farmland (103 kg/yr).   Drainage of some 
wetlands, the adoption of stricter requirements concerning septic systems and the use 
of phosphate-containing products, and the establishment of bands of vegetation 
bordering agricultural land, streams and road ditches would probably permit a 
reduction in the total input of P to Heney Lake of about 200kg/yr.   However, in our 
present state of knowledge about the lake, the effects of such a reduction on the 
quality of its water still remain uncertain.   


