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Summary

This report covers changes in the chemical (phosphorus, nitrogen, dissolved oxygen, and 
hypolimnetic oxygen demand) and biotic (chlorophyll, large groups of algae) properties between 
March 2007 and March 2014 in Lake Heney, before (eight months) and after (76 months) the 
application of 217 tons of iron in reactive form (FeCl3) in November 2007.

Although the iron treatment did cause a marked decrease in total phosphorus (TP) in 2008, a 
year when the weighted average concentration for the entire lake decreased from about 22 
micrograms/L (µg/L) before the treatment to about 11 µg/L after the treatment, the year 2009 was 
characterized by a rapid rise in TP early in the season that caused a deterioration in the general 
conditions of the lake during the summer that followed. The massive release of P from the sediments 
that occurred in 2009 can be explained by a loss of surface Fe(III) through bioturbation and its 
transformation into FeS in the 4-5 cm of the sediment surface. Conditions in the lake (phosphorus, 
chlorophyll) experienced a marked improvement in 2010, 2011, 2012 and 2013. However, a new 
increase in TP linked to the appearance of cyanobacterias was observed during the fall of 2010 and to
a lesser extent in 2011. All indications are that despite a general improvement between 2010 and 
2013, the distribution of Fe(III) at the surface of the sediment and its capacity for immobilizing P has 
not yet reached a steady state and that the stock of Fe(III) is being progressively used up over time.

Since phosphorus generally limits growth of plankton biomass and the primary production in 
freshwater, the unexpected behavior of TP in 2009 (and to a lesser extent in 2010 and 2011) caused
other significant changes in phytoplankton biomass and in the chemical quality of the water. The 
decrease in chlorophyll-α (an indicator of phytoplankton biomass) was accompanied by an 
improvement in water transparency and a decrease in the light attenuation coefficient in 2008. In 
2009, however, the optical properties of the water column approached those observed in 2007 and 
were again improved in 2010, 2011, 2012 and 2013. The massive release of TP from the sediments 
occurring in May 2009 and, to a lesser extent, in October 2010 and May 2011 resulted in unusual 
outbreaks of algae but these were only of short duration. Sedimentation of these algae had transient 
repercussions on the hypolimnetic concentrations of ammonium (NH4

+) and nitrate (NO3
-).

Despite a decrease of approximately 50% in TP and planktonic chlorophyll in 2008 followed by 
a significant rebound in 2009, the hypolimnetic oxygen demand was only reduced by 26% in 2008, 
14% in 2009, 20% in 2010, 21% in 2011 and  23% in 2012 as compared to 2007. IN 2013, the 
hypolimnetic oxygen demand reached a minimum corresponding to 37% of that measured in 2007, 
thus confirming a trend towards lower values in the long term.  Such a response is normal as, in lakes 
of intermediate depth such as Lake Heney, a large proportion of the current demand for oxygen is 
derived from organic matter accumulated over the years in the sediments. Although it may be some 
years before a more substantial improvement in the environmental quality of the water for cold 
water fish is observed, it would appear that the reintroduction of grey trout (touladi) in Lake Heney is 
now possible if potential spawning grounds for this species have not been damaged by the period of 
eutrophication of the lake.
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Context

According to Prairie (2002; 2005) and Carignan (2002; 2003a; 2003b), Lake Heney was suffering 
from an excess of phosphorus (P) whose cause was partly attributable to the operation of a 
commercial fish farm between 1994 and in 1999. However, since the closure of the fish farm in 1999, 
the average concentration of total P remained around 22-25 µg/L until 2007 and the lake showed
little sign of recovery because of a significant amount of internal P.

During these years, the release of P from the sediments of Lake Heney occurred for the most 
part in the presence of oxygen, unlike what is generally observed in other lakes. This strongly
suggested a lack of reactive iron (Fe) in surface sediments which normally plays a major role in P 
retention by lake sediments whose surface is oxygenated. The deficiency in Fe in Lake Heney was 
attributed to natural causes that would have been aggravated by the operation of the fish farm
(Carignan 2003a; Prairie 2005).

In 2006, the Comité paritaire of Lake Heney took the decision to proceed with the addition of 
reactive Fe in the fall of 2007 in order to immobilize some the P. Fe was preferred to aluminum
compounds by Comité paritaire despite the known instability of Fe(III) compared to aluminum such 
as aluminum sulphate (alum) and sodium aluminate. To our knowledge, such an intervention had 
never been attempted in a natural lake the size of Lake Heney. Some studies have compared the 
efficacy of certain compounds of Fe in different media (Smolders et al. 2001; Deppe and Benndorf 
2002). However, the type of environment and P levels were too different from the situation of Lake 
Heney for these results to be relevant to the needs of the Comité paritaire. Due to the nature and 
extent of the proposed procedure, it was deemed important to document the general chemical 
conditions of Lake Heney before and after the massive application of FeCl3 and also to document the 
effects on the zooplankton and benthic communities (Carignan 2008, 2010, 2011).

Between November 20 and December 6, 2007, during the autumn turnover and just before 
freeze-up in the bays, 217 metric tons of iron (1576 tons of FeCl3 solution at 13.75% Fe, Envir-Eau
2008) were distributed on the surface of the lake along 11 transects established to distribute the 
product evenly over the entire lake while ensuring a dilution deemed safe for fauna and flora. When
diluted with lake water, FeCl3 was instantly hydrolyzed to FeOOH or insoluble Fe(OH)3 which has a 
very high adsorption capacity for PO4-P [about 2% by weight of Fe in lake pH (Carignan 2005a)]. The 
amount of iron applied corresponds to about 94% of the dose recommended by Carignan (2003b, 
2005a). Assuming an application and uniform sedimentation, this amount equaled about 1.76 
mgFe/cm 2. This quantity also corresponded to about 132% of the total amount of iron present in the 
first centimeter of sediment of the whole lake and roughly estimated by Prairie (2005).

The evolution of chemical and biological properties of the lake during a period that extended 
between 8 months before and 42 months after the intervention was described in five reports 
submitted to the Comité paritaire (Carignan 2009, 2010, 2011, 2012, 2103). Briefly, these reports 
show that during the first year after treatment with iron, a marked decrease in total phosphorus (TP) 
was observed, with a weighted average concentration for the entire lake decreasing from about    
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22 µg/L before treatment to about 11 µg/L after treatment. The concentration of total dissolved 
phosphorus (TDP) was much lower in the hypolimnion in 2008 (maximum: 18 µg/L) than in 2007 
(maximum: 85 µg/L). However the increase in the trend of average concentration of TP from 8 µg/L 
to 13 µg/L in 2008 was of concern.

The behavior of phosphorus in 2009 was very different from what was observed in 2008. 
Indeed, the shape of the curve illustrating the average weighted concentration (0-32 m) was chaotic, 
with a sudden and dramatic increase in average concentration in May 2009 followed by an equally 
dramatic decline in June 2009. The sudden loss of P from the sediments occurring in May 2009 was 
associated with the transformation (by reduction) of Fe(III) to FeS. Indeed, an inventory of residual 
Fe(III) on the surface sediments at 49 sites conducted in October and November 2009 showed a total 
depletion of Fe(III) at multiple sites with a considerable average loss (50%) of the Fe(III) initially
added.  The years 2010 and 2011 were also characterized by transitory episodes of P liberation by the 
sediments at intermediate depths between the months of May and July.  However, these episodes 
were less marked in comparison to 2009.

Overall, the concentrations of TP observed in 2009 were nevertheless much lower than those 
measured before treatment. These observations indicate that the cycle of P in the lake had not yet 
reached equilibrium following the addition of Fe in 2007. As in 2008, the concentrations of total 
dissolved phosphorus (TDP) remained much lower in the hypolimnion in 2009 (maximum: 30 µg/L) 
than in 2007 (maximum: 85 µg/L), but that higher in 2008 (maximum: 18 µg/L).

Despite a decrease of approximately 50% in PT and planktonic chlorophyll in 2008, the 
hypolimnetic oxygen demand was reduced by only 26% from what it was before treatment. This 
demand for oxygen increased slightly in 2009 due to the increased production of plankton 
(chlorophyll) observed in 2009. Such a response is normal because in lakes of intermediate depth
such as Lake Heney, a large proportion of the oxygen demand comes from organic matter 
accumulated over the years in sediments. The decrease in chlorophyll-α (indicator of phytoplankton 
biomass) was accompanied by an improvement in water transparency and a reduction of the light 
attenuation coefficient. The decrease of phytoplankton was also accompanied by a corresponding
and normal decrease in zooplankton abundance. However, the abundance of benthic invertebrates 
(the primary food source for most fish and their prey) did not change significantly between 2007 and
2009.

This report extends the set of physicochemical and biological (chlorophyll) observations up to 
March 2014, i.e. 76 months after the addition of iron chloride.
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Methodology

Water samples for the determination of total phosphorus (TP), total nitrogen (TN), nitrate + nitrite 
(NO2-+ NO3

-), ammonium (NH4
+) dissolved organic carbon (DOC) and chlorophyll-α were taken in 

triplicate on fourteen dates between March 2007 and June 2012 at two stations (Central and North,
Carignan 2010) using a Van Dorn bottle. Samples were generally made at 10 depths in the Central 
Station (1, 4, 7, 10, 13, 16, 19, 23, 27 and 31 meters) and four depths (1, 5, 10 and 15 meters) at the
North station. Because of the historical similarity in the water quality variables observed at both 
stations, it was decided to terminate monitoring atthe North Station in May 2011.

Mean concentrations (Cav) in TP and TN weighted to the entire lake were estimated using the 
relationship:

=  ∑320  
            

where Cz is the interpolated concentration of each stratum of 1 meter, Vz is the volume of each 
stratum and Vtot is the total volume of the lake.

The sampling stations and the methods used for determining the amounts of the chemical 
properties, of chlorophyll (spectrophotometry, fluorometry in situ FluoroProbe) and of light 
attenuation were exactly the same as those used in 2007, 2008 and 2009 ( Carignan 2010) and will 
not be detailed here. From 2009 to 2011, dissolved oxygen was measured by a YSI 6150 fluorescence 
sensor calibrated the same day at constant temperature in air saturated with water, instead of the 
Hydrolab fluorescence sensor used in 2007-2008. From 2009 to 2012, the active chlorophyll was also 
estimated by fluorescence in situ using a YSI 6025 sensor. Finally, the algal signatures collected by 
FluoroProbe are corrected for the signature of the DOC Heney Lake.

Results and Discussion

Presentation of water quality data

In order to offer the most complete illustration of the evolution of the chemical quality of 
water before and after application of Fe, all the chemical data acquired since 2007 are shown in 
Figures (2 to 10). In this report, only the data compiled for the Central Station (32 m) of the lake are 
illustrated. Data from the North station can be found in previous reports (Carignan 2009, 2010 and 
2011).

Inventories and profiles of total phosphorus concentration

Changes in the weighted average concentration of the TP inventory since 1998 (before the 
closure of the fish farm) is shown for the entire lake and for the epilimnion in Figures 1a and 1b. The 
fragmentary data available between 2001 and 2008 show that before treatment with F (III), the 
average concentration of TP ranged from a high of about 25 µg/L in spring and autumn and
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a minimum of about 17 µg/L in summer, which corresponds to global amounts of 4,500 kg during 
isothermal periods and 3,000 kg in summer (Figure 1a).

The treatment of Lake Heney with Fe(III) was a success during the year following the 
treatment. Average concentrations and amounts went from around 10 µg/L (1740 kg) in early 
summer of 2008, to 13 µg/L (2250 kg) during the fall of 2008 and to 11.5 µg/L (2000 kg) in March 
2009, representing a decrease of approximately 55% during 2008 compared to previous years. 

In 2009, the change in the weighted average TP was radically different from what was 
observed in 2008 (Figure 1a). During the spring, a spectacular rise in PT was seen that for a brief 
period reached values comparable to those measured before treatment with Fe(III).  This increase in 
PT could not be explained by the sudden liberation of P associated with the sediment surfaces of the 
epilimnion.  In particular, a significant release of TP occurred in May 2009 (Figure 2) between depths 
of 7 m and 15 m and centered at 10 m where the TP concentration reached 32.3 µg/L. Such a sudden 
release of P from the sediments of intermediate depth had never before been observed in Lake 
Heney. This release of P was only transient and the following month, the maximum concentration 
was not more than 18 µg/L at a depth of 10 m (Figure 2). Remarkably, this phenomenon was not 
repeated in spring 2010, but a new peak of slightly lower importance (28.2 µg/L) appeared later (July 
2010) at the same depth, and another even less (20.1 µg/L) at the end of May 2011. In 2012, no 
episodes of significant release of P from the sediments had been observed but in July 2013, a slight
peak (20.8 µg/L) appeared at 10 m.

This data shows that the addition of 217 tonnes of Fe as Fe(III) in 2007 completely disrupted 
the internal dynamics of P in the lake. The massive and transitory release of P into the water column 
occurring between the depths of 7 m and 15 m in spring 2009 and to a lesser extent in 2010, 2011 
and 2913 requires an explanation. It is highly likely that the Fe(III) that was deposited and 
immobilized at the sediment surface down to 15 m during the winter of 2007-2008 was suddenly 
saturated in PO4-P or that part of the Fe(III) was reduced to FeS. The PO4-P thus liberated in the 
epilimnion would have caused an important growth of algae, the sedimentation of which would have 
caused a temporary accumulation of biomass at the level of the metalimnion.  The most probable 
mechanism for the reduction of Fe(III) to Fe(II) is the bioturbation of Fe(III) towards the anoxic zone 
of the sediment surfaces. The virtually total disappearance of oxidized Fe [Fe(III)] observed in fall 
2009 in the surface sediments of intermediate depths (Carignan 2010) confirms this hypothesis. Since 
the surficial sediments exposed to oxygen between 0 and 15 meters deep harbor important benthic 
fauna (Carignan 2009), the hypothesis of bioturbation of the stock of Fe(III) newly applied in 2007 
and its transformation into Fe(II) and thus no longer capable of retaining P, as shown in Figure 3, 
seems most likely.

Whatever the exact mechanism, the result was a massive release of PO4-P around 10 m deep 
(at the level of the metalimnion) followed by a capture of this P by algae and bacteria and a 
migration of the P associated with organic particles to other depths. This episode of massive release 
of P was concomitant with the formation of very pronounced peaks in chlorophyll and organic 
nitrogen in 2009, 2010, 2011 and 2013. It should be remembered that in Lake Heney, the release of P 
from the sediments into the water column occurs well 
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before the onset of anoxic conditions in the water column; thus in May 2009 and 2010, the dissolved 
oxygen concentration at a depth of 10 m was still very high (8-12 mg/L). These episodes of massive 
loading and rapid loss of P by the epilimnion towards the metalimnion were never reported in the 
literature where it is generally agreed that the loss of P by the epilimnion (by sedimentation of fecal 
pellets produced by zooplankton) does not exceed 1% to 2% per day.

The unexpected episode of massive release of P that occurred in May 2009 gives a chaotic 
appearance that year to the changes in the weighted average concentration (and the amounts of P) 
since 1998 shown in Figure 1a. The average concentration fell from about 11.5 µg/L in March 2009 to 
rise sharply to 20.5 µg/L in May 2009, then decline to 13.5 µg/L the following month. Then there 
followed a rise to 16.9 µg/L following the autumnal turnover(December) of 2009. During the
turnover the next spring (April 2010), the weighted average concentration reached 16.6 µg/L to 
decrease to about 13.6 µg/L between April and June 2010 and then to move up gradually to 17.1 
µg/L in November 2010 . Thus, the seasonal patterns are not repeated from one year to another and 
it can be concluded from Figure 1a that in 2009, the internal dynamics of P had not yet adjusted to 
the massive application of Fe(III) in November-December 2007. In 2010, a new seasonal pattern has
appeared with a maximum of about 17 to 20 µg/L during the isothermal periods and a minimum of 
around 10 to 13 µg/L during the summer (Figure 1a).  Since 2010, however, the strength of the TP 
signal seems to have increased: indeed, the maximums observed early in spring and late in autumn 
show a steady increase.  This increase suggests that the reserve of Fe(III) in the sediment surface is 
diminishing progressively.

The evolution of the weighted average concentration and amount of TP in the epilimnion only 
(0-7 m) is shown in Figure 1b. This layer represents the portion of the water column visible to 
residents and where the light never limits algal production. Again one notices that 2008 was 
characterized by very low concentrations of TP and that since 2010, a new cycle seems to have been 
established with a summer minimum of about 10 to 12 µg/L.

Changes in the TP weighted average concentrations during isothermal periods (spring and fall
turnovers) since 2002 (Figure 3a) shows a general pattern more clearly than Figure 1a. Before the 
treatment, mean concentrations were around 22-25 µg/L, decreasing to about 12 µg/L in 2008, then 
rising gradually to about 15-16 µg/L in 2009-2010. Since spring 2008, the fall and spring curves 
suggest that the goal of the treatment (15 µg/L) would have been attained in 2008-2009 but it now 
tends to be exceeded; indeed, since 2010 the fall TP has exceeded the 15 µg/L limit while the spring 
TP exceeded the 15 µg/L limit in 2012 and 2013. These trends suggest that autumn concentrations 
could rise to pretreatment levels in future years.

Figure 3b simplifies the temporal patterns of TP concentrations during the summer (July-
September) observed in the epilimnion (0-7 m) and hypolimnion (10-32 m) since 2001. These curves 
show a clear effect of the treatment on hypolimnetic TP due to the adsorption of PO4-P on the 
FeOOH. One shoud note, however, a general tendency towards an increase in concentrations.  This 
tendency suggests a general decrease in the reserve of Fe(III) present at the sediment surfaces.  
Remarkably, this tendency is the opposite in the epilimnion where one observes a decrease between 
2009 and 2011, followed by a slight increase in 2012-2013.  As will be explained below, this trend
probably results from a massive migration of reactive P from the epilimnetic zone to the
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hypolimnetic zone following the transformation of Fe(III) to Fe(II) at the surface of the epilimnetic 
sediments that occurred especially in 2009 and 2010.

Concentrations of total dissolved phosphorus

At Lake Heney, the TDP is mainly composed of unavailable P tied to dissolved organic matter 
(about 3-4 µg/L) and an amount of reactive orthophosphate (PO4-P) that varies with the season and 
depth. During the year after treatment (2008), the profiles of TDP showed significant differences 
compared to those of 2007, indicating a substantial immobilization of PO4-P by the new Fe(III) 
deposited at the sediment surface, even in the anoxic hypolimnion (Figure 5). While hypolimnetic 
TDP concentrations reached 85 µg/L in the 25-31 m stratum in autumn 2007, they did not exceed 18 
µg/L in 2008. From 2009 to 2013, hypolimnetic concentrations of TDP were still well below what they 
were before the Fe treatment of the lake. The hypolimnetic values observed at the end of summer 
2010 (30 µg/L), 2011 (35 µg/L), 2012 (50 µg/L) and 2013 (50 µg/L) were somewhat higher than in 
2009 (28 µg/L) and 2008 (20 µg/L). This behavior supports the hypothesis of the gradual loss of 
adsorption capacity of PO4-P by a progressive transformation of Fe(III) into Fe (II) after being 
transported by bioturbation of superficial Fe(III) in the anoxic layer of the sediments.

Figure 5 gives the autumnal and winter values of TDP observed in the top 7 metres of the 
water column since 2003.  The winter values are particularly important here because they represent 
(less than 3 µg/L) the quantity of PO4-P that could support the spring bloom that year.  The treatment 
with Fe effectively reduced the winter TDP from around 16 µg/L in 2003 to around 3 µg/L in 2008, 
2009 and 2010.  Since 2011, however, the winter TDP has increased to around 8-10 µg/L.  This winter 
excess of PO4-P with respect to the previous years seems to be the cause of the peaks in planktonic 
biomass observed shortly after ice out in 2011, 2012 and 2013 (figure 12).

Concentrations and inventories and of total nitrogen and organic

The total nitrogen (TN) here includes all particulate and dissolved organic forms (Norg) and the 
reduced inorganic N (ammonium, NH4

+) and oxidized inorganic N (NO2
- + NO3

-). The NT does not 
include gaseous forms (N2, N2O) dissolved in the water column. Since the (NO2

- + NO3
-) is composed 

mainly of nitrate (NO3
-), this fraction will be called " NO3

- " here. At Lake Heney, the Norg linked to 
dissolved organic carbon is the main fraction of the NT, but particular N associated with plankton and 
inorganic forms (NH4 + and NO3-) can be quantitatively important according to date and depth; it is 
advisable to separate them.
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Since 2007, the overall inventory of NT (Fig. 7) experienced a maximum of about 77,000 kg 
(weighted average concentration of 445 µg/L) in October 2010 and a minimum of about 55,000 kg 
(weighted average concentration of 320 µg/L) during the subsequent summers. The sudden increase 
of 15 000 kg in the autumn of 2010 comes from a significant increase (120 µg/L) in which NT was 
confined to the epilimnion (Figure 6, October 2010). According to data recorded by the FluoroProbe 
in September 2010 and October 2010 (Carignan 2011), the sudden rise of NT coincides with the 
appearance of possibly nitrogen-fixing cyanobacteria.  The same phenomenon was repeated, on a 
smaller scale, during the following summers.

In 2008, the concentration of epilimnetic (0-7 m) maximum NT was significantly lower (370 
µg/L) than in 2007 (470 µg/L), reflecting a decrease in plankton biomass during the summer following 
treatment the iron (Figure 6). In 2009, this concentration rose to 440 µg/L as did an increase in TP
and plankton biomass. Note in particular the maximum NT (500 µg/L) occurred at a depth of 7 m in 
May 2009 and the associated high plankton biomass on that date (see below). The temporal 
evolution of the mass ratio N/P since 2007 (Figure 7) indicates that the latter has remained slightly 
above the value of 15 considered favorable to the development of nitrogen-fixing cyanobacteria. A
weight ratio of N/P below 15 generally indicates a deficiency of N and promotes the development of 
molecular nitrogen fixers. However, since 2012, this ratio appears to decreased, which favours the 
appearance of a dominance by cyanobacteria.

In 2008, profiles of organic N (Norg, Figure 8) showed a marked decrease compared to 2007, 
especially in the epilimnion and metalimnion. This decrease was concomitant with the decline of 
phytoplankton observed in 2008. Norg values observed in 2009 are intermediate between those 
measured in 2007 and 2008 with the exception of pronounced metalimnetic peaks observed in 
August 2009 and in July-August 2010 arising from the release of P and the development of 
phytoplankton, and also from the episode of epilimnetic growth of cyanobacteria occurring in 
September-October 2010.  Note that since 2011, the summer metalimnetic peaks of Norg have tended 
to diminish.

Concentrations of ammonium and nitrate

Changes in concentrations of ammonium (NH4-N) and nitrate (NO3-N) in the Central Basin is 
illustrated in Figures 9 and 10. The speciation of inorganic nitrogen into NH4

+ and NO3
- is highly 

dependent on the redox potential of the medium, itself largely determined by the absence or 
presence of dissolved oxygen. Thus, the persistence of oxygen in the hypolimnion will determine to 
what extent inorganic nitrogen accumulates in an oxidized form (NO3

-, NO2
-) or reduced (NH4+) and if 

there will be loss of inorganic nitrogen by reduction of NO3
- and NO2

- to gaseous N2.

In the hypolimnion of Lake Heney, the accumulation of NH4-N only occurs under two conditions: 1 -
there is sometimes an accumulation in late spring or early summer when a bout of plankton biomass 
is produced in the clear water column, drops to the bottom and decomposes in oxygenated 
hypolimnion (Figure 9, May 2008 and 2011 and June 2009 and 2012). This accumulation is only 
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transient because the NH4-N is rapidly converted to NO3-N. 2 - The NH4-N also accumulates in a few 
weeks in the deep hypolimnion became anoxic (Fig. 9, September and October). The fall 
accumulation of NH4-N in the hypolimnion was less important after 2007, reflecting a lower settling 
and decomposition of plankton in the hypolimnion and a hypolimnetic oxygen deficit less 
pronounced after 2007 (Figure 23).

The presence of nitrate (NO3-N) plays two important roles in Heney Lake. Thermodynamically, 
under anoxic conditions, the reduction of Fe(III) to Fe (II) cannot be operate in the presence of NO3-N 
as the NO3-N is an oxidizing agent for Fe (II). NO3-N thus prevents the reduction of Fe(III) to insoluble 
Fe++ in soluble or insoluble FeS and prevents the release of the PO4-P adsorbed to Fe (III). In other 
words, the depletion of oxygen in the deep hypolimnion of Lake Heney does not cause a significant 
release of PO4-P from sediments into the water column as long as significant concentrations of NO3-N 
remain in the water column or as long as superficial Fe(III) does not become saturated in PO4-P. 
Secondly, the presence of NO3-N in the water column tends to restrain the excessive growth of
nitrogen-fixing cyanobacteria that normally are inhibited by elevated concentrations of inorganic 
nitrogen.

For reasons that are explained below, the seasonal patterns of NO3-N are sometimes quite 
different from year to year (Figure 10). However, there are common trends in all years. In the 
epilimnion, NO3-N is consistently undetectable (<0.2 µg/L) from mid-May until the autumn turnover. 
Further, there is a gradual increase in hypolimnetic NO3-N during the summer due to the oxidation of 
NH4-N (in the presence of oxygen) from the decomposition of suspended organic matter and 
sediment (Figure 10, May to August). From late summer into autumn, there is a partial loss of deep 
NO3-N due to the absence of oxygen and to the reduction of NO3-N to N2 (denitrification).

After the departure of the ice in April 2008 (Figure 10) the high concentrations observed in the 
deeper parts can be explained by a still incomplete mixing of the water column revealing the 
accumulation of NO3-N in the winter hypolimnion. The particularly high concentrations of 
hypolimnetic NO3-N observed  during the summers of 2008 and 2011 probably resulted from several 
factors such as the annual variation in plankton production in the eplimnion and the decomposition 
of this production in the hypolimnion, the surprising algae bloom observed in autumn 2010 (figure 
12), the oxygen concentration in the hypolimnion, and the date of the establishment of stratification 
in the water column.  In particular, the ammonification followed by nitrification of the nitrogen 
contained in the biomass observed in autumn 2010 seems to be the origin of the elevated values in 
NO3-N observed in the hypolimnion during the summer of 2011.

Of final note, in 2012, 2013 and 2014, the concentrations of NO3-N appeared to be
substantially lower than previous years (figure 10), probably due to the relatively low bouts of 
plankton observed in the spring and fall of 2012. The data for 2012, 2013 and 2014 suggests that the 
production and concentration of NO3-N tends to diminish in Lake Heney following the start of a 
decrease in the growth of algae in the lake.
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Transparency and light penetration

Figure 11 shows that transparency (depth of Secchi disk disappearance) was greater during the year 
that followed the treatment with FeCl3 (May-December 2008 average = 5.66 m) than during 2007 
(average May -December = 4.21 m). The differences are even more pronounced during the summer 
(6.26 m in 2008 against 4.36 m in 2007) corresponding to a 44% increase in transparency. Due to 
increased inputs of P from the sediments in 2009, this good transparency in 2008 deteriorated 
significantly in 2009, to values sometimes lower than in 2007 (May-December average = 3.87). In 
2010, the attenuation of the phenomenon of P release from the sediments at intermediate depths 
caused a decrease of phytoplankton biomass and a general improvement in transparency during the 
summer which almost reached the record highs of 2008 (6,25 m in August 2010). In 2011, 2012 and 
2013, the transparency of the water column was better than in 2007 and 2009, but lower than that 
observed in 2008 and 2010.  It should be noted that in 2011, 2012 and 2013, the minimum 
transparencies observed in the spring and fall showed an improvement with respect to the values of 
2009 and 2010.

At the same time, the light attenuation coefficient was lower during the ice-free season in 
2008 (0.41) than in 2007 (0.48), with larger differences during the summer (0.35 in 2008 and 0.44 in 
2007). In 2009, the average attenuation coefficient exceeded the values of 2007 and reached 0.52 for 
the ice-free period and 0.49 during the summer. In summary, the water column was less transparent
in 2009 than before the treatment in 2007, but the situation was again reversed in 2010 following 
the reduction in sediment inputs of P. The deterioration of the average transparency and the 
increase in attenuation coefficient of light in the epilimnion in 2009 is connected to the dramatic 
increase of phytoplankton that occurred in April-May 2009 following the phenomenon of massive 
release of P from sediments as illustrated in Figures 1 and 2.

The average summer values of the light attenuation coefficient enabled an estimation of the 
photosynthetic compensation depths (about 1% of incident light) beyond which light becomes 
insufficient to support a net photosynthesis. Using the Beer-Lambert law, one calculates that the 
average depth of photosynthetic compensation would have increased from about 10 m in 2007 to 
13.5 m in 2008 (Figure 11), which helps explain the presence of a chlorophyll-α maximum observed 
at a depth of 14 m in 2008 (Carignan 2009). In 2009, when the concentrations of phosphorus and 
chlorophyll were relatively large, the compensation depth and the depth of metalimnetic peaks of 
chlorophyll returned to the values of 2007, but a significant improvement was observed in 2010 and 
2011 with a dropping of metalimnetic peaks to depths of 11-12 meters.

Chlorophyll-α and phytoplankton composition

The mean epilimnetic concentrations (0-7 m) of chlorophyll-α (an indicator of phytoplankton 
biomass) measured by spectrophotometry after filtration and extraction in ethanol are shown in 
Figure 12 (top panel). Values were approximately 50% lower in 2008 than in 2007, confirming the 
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strong effect of "oligotrophication" by the treatment with Fe. In 2009 and 2010, however, the 
behavior of the phytoplankton community was noteworthy. Indeed, the unusual and very significant 
peaks were observed in spring 2009 and fall 2010. In April-May 2009, a spectacular increase in 
average concentrations of chlorophyll-α values were seen which reached a record 13 µg/L in May 
2009 to be followed by a sudden drop to 2.0 µg/L over the following months, illustrating the chaotic 
behavior of the lake caused by the massive release of phosphorus that occurred in spring 2009 and 
discussed above. During the summer of 2010, chlorophyll concentrations returned to the low levels 
seen in 2008 only to go up suddenly at high levels (13.5 µg/L) in October 2010. In 2011, 2012 and 
2013, the very marked peaks observed in spring 2009 and fall 2010 did not reappear and the years
2011 and wo12 resembled 2008.  In autumn 2013, the concentration in chlorophyll-α reached a 
maximum (6.6 µg/L) higher than what was observed in 2011 and 2012 thereby reflecting the 
tendency of an increase in the concentration of TP.

Concentrations of chlorophyll-α and total active chlorophyll were also estimated by 
fluorescence in situ using YSI and FluoroProbe sensors (2009-2013) and YSI (Figure 12, centre and 
lower panels).  Although the Fuoroprobe was not used during the episode of massive growth of 
phytoplankton in April-May 2009, this episode was confirmed by the YSI sensor (figure 12, bottom 
and Figure 13). These two sensors confirm the deteriorating conditions in 2009 compared to 2008 
and indicate a general improvement in the summers 2010 to 2013 compared to 2009.  Since 2011, 
the development of planktonic biomass in Lake Heney shows the classic spring and fall peaks 
observed in other lakes in the region.

Profiles of chlorophyll-α and the contribution of the major algal groups (cyanobacteria, 
diatoms, green algae and cryptophytes) estimated in 2013 using the submersible BBE FluoroProbe 
are shown in Figures 13 to 21. In 2013, the summer profiles (July – August) show pronounced 
metalimnetic peaks of chlorophyll-α close to those of 2012 and less pronounced than in previous 
years.  Thus while these peaks reached around 8 µg/L in 2011, the maximum values observed in July-
August 2013 did not surpass 6.5 µg/L at depths varying  from 9.5 to 11.5 meters. In 2013, as in 
previous years, these peaks were dominated by green algae and diatoms.  As in 2011 and 2012, 
cyanobacteria contributed a significant proportion of the chlorophyll between the months of July and 
September.

Dissolved oxygen, and hypolimnetic oxygen demand

The profiles of dissolved oxygen and temperature acquired at the Central station in 2013 are not very 
different from those observed previously (Figure 21). However, this figure suggests that anoxia in the 
hypolimnion was less than in 2012.  In comparison to 2012, the depth of the water column were the 
O2 concentration is greater than 6.5 mg/L seems to have increased. On September 24, 2013, this 
depth was approximately 11.5 m while it had been only 10.0 m on September 18, 2012.

The oxygen levels and the summer hypolimnetic oxygen demand (SHOD) observed in Lake 
Heney between 2001 and 2013 are represented in figures 22 to 24.  These figures show that the 
maximum deficit was observed in 2007 (0.758 gO2/m2/d) and that a much lower figure 
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(0.563 gO2/m2/d) was recorded during the summer following the treatment.  The algae blooms of 
2009 caused a rise in the SHOD during that year.  Since 2009, however, one notes a steady decrease 
in the SHOD, which reached 0.475 gO2/m2/d in 2013. According to figure 22, this latter value has 
become comparable to that observed in 2001 in Lac Blue Sea but is still higher than that of Lac des 
Cedres.

According to the Criteria of water quality of the MDDEP (www.mddep.gouv.qc.ca /eau / 
criteres_eau) for the protection of cold water biota, the dissolved oxygen content should not be less 
than about 6.5 mg/L in the hypolimnion. Figure 21 shows that despite the treatment with Fe of the 
lake, the dissolved oxygen concentration in the hypolimnion remains well below the 6.5 mg/L for 
much of the summer. Thus, between the end of June and the end of September, the cold water fish 
gradually lose access to the hypolimnion between 12 and 32 meters. Note however that during this 
period, a small refuge remains where the waters are cool and oxygenated enough for cold water fish.  
If the current tendency continues, conditions in Lake Heney should not be adverse to the 
reintroduction or reinforcement of lake trout.  It will, however, be necessary to ascertain that the 
conditions of potential spawning grounds in the autumn meet the requirements of the species.

One can foresee that the habitat quality for salmonids will improve only gradually over the 
years, after the reservoir of organic matter deposited in excess at the bottom of the lake during the 
last decade has been decomposed.  The slow response of SHOD to changes in phytoplankton 
abundance from 2007 to 2013 is due to the consumption of oxygen in the hypolimnion of lakes of 
intermediate depth arising from both the decomposition of phytoplankton present in the column 
water and the slower decomposition of organic matter accumulated over the years in sediments 
(Carignan and Lean 1991). According to Cornett and Rigler (1987), the decomposition of organic 
matter buried in the sediments would be responsible for 40-80% of the hypolimnetic oxygen 
demand. Since Heney Lake suffered from an excess of plankton production over several years and 
only a fraction of this readily decomposable organic matter is now buried in the sediments, it is 
normal that the SHOD was still relatively high in 2008, was only slightly increased in 2009 despite the 
massive episode of algal production observed in spring 2009, and only slowly decreases since 2009.

Conclusions

As expected, the addition of 217 tons of Fe in the form of diluted FeCl3 to the surface of Lake Heney 
during the fall turnover of 2007 caused a significant reduction in the concentration of total 
phosphorus and planktonic chlorophyll throughout the Lake during 2008. However, this intervention 
has had unintended and chaotic effects on the P cycle in 2009, 2010 and 2011, strongly suggesting 
that the cycle of P in the lake is not yet adjusted to the intervention of 2007, probably due to changes 
in the distribution of the Fe(III) in the sediment surface. The years 2011 to 2013 were different from 
the years 2009 and 2010, with peaks of lower P and chlorophyll than those that occurred in 2009 and 
2010. General conditions observed during the summers of 2011 to 2013 were significantly better 
than those observed in 2009 and 2010 and approached what was recorded in 2008. It is still 
necessary to continue the monitoring of the behaviour of P and its effects on plankton biomass and 
other nutrients before a complete picture of the impact of the intervention can be obtained.



It should be recalled that the addition of Fe is not a recommended treatment for the vast 
majority of lakes that face a problem of excess phosphorus. This intervention was particularly 
appropriate in Heney Lake for four main reasons: 1 - The main source of pollution of the lake by 
phosphorus (the fish farm) had been eliminated; 2 - the high alkalinity of Lake Heney enabled it to 
withstand the acidity produced by the hydrolysis of FeCl3 to FeOOH; 3 - that it had been previously 
shown that in Lake Heney the release of P from the sediments occurred before the depletion of 
oxygen in the water column, thus indicating an impairment, natural or induced, by compounds of 
Fe(III) at the sediment surface; 4 - the persistence of nitrate (NO3

-) in the anoxic hypolimnion ensured 
the stability of the newly formed FeOOH. In most of the lakes in the Laurentians, NO3

- is totally 
consumed shortly after the disappearance of dissolved oxygen; under such conditions, the Fe(III) is 
rapidly reduced to soluble Fe++ or insoluble FeS and the P bound to FeOOH would be released into
the anoxic water column and redistributed throughout the water column during periods of mixing, 
thus mitigating the effect of the treatment on the internal recycling of P.

Despite the dramatic effects of treatment in 2008, the average concentration of total P has
increased significantly during 2008, passing from approximately 8 µg/L in March 2008 to around 11.5 
µg/L in March 2009, 14.2 µg/L in March 2010, 15.8 µg/L in March 2011 and 16.7 µg/L in March 2012. 
Based only on the observations from 2008 to 2013, it still remains difficult to draw conclusions about
the permanence of the effects of the treatment. However, the clear progression of an increase in the 
fall and winter concentrations of TP (figure 1a) indicates a progressive exhaustion of the reservoir of 
Fe(III) added in 2007.  Since the magnitude of the operation performed in November 2007 at Lake 
Heney is a world first, it would be appropriate to ensure that the response of the lake is well 
documented for years to come.
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