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Introduction 
 

Ever since the 1999 closing of the fish farm located on the shores of L. Heney, 
residents and authorities alike expected a slow but significant recovery to pre-fish farm 
nutrient status. Because the closing of the operations of the fishfarm decreased the 
external loading of phosphorus (the primary nutrient limiting algal growth) by as much as 
40%, L. Heney was expected to reach a new equilibrium proportional to the reduction in 
nutrient loading, although slowly because of its long water residence time (6-7 years). 
Instead, our previous work (e.g. Prairie 2000, 2001, 2002) and that of other researchers 
(Carignan 2003) have shown that the lake displays no signs of recovery neither in its 
trophic status, nor in terms of oxygen deficit in the cold and deep water layers.  

 
Various preliminary studies are underway with the aim of evaluating the 

feasibility, design and efficiency of proposed restoration procedures, such as a possible 
lakewide iron additions. 

 
The present study was conducted to continue evaluating the recovery (or lack 

thereof) of L. Heney using a suite of chemical and biological indicators and this reports 
follows the format used in previous years in reporting the main results of our basic 
limnological sampling. Background information on the rationale of this study as well 
historical data can be found in Prairie (2004) and Carignan (2003). 

 
Briefly, the main objectives of the study were to continue documenting whether 

L. Heney is showing a recovery in its phosphorus levels and in other biogeochemical 
indicators. Secondly, we paid particular attention to examine the timing of sediment 
phosphorus release in relation to the onset of anoxia and its relationship with iron release. 
This was deemed important to ascertain the main mechanism by which sediment 
phosphorus is released to the hypolimnion. 
 
 
 
 



 
 

Temperature profiles and vertical turbulent diffusion   
 
Fig. 1 illustrates the 12 temperature 

profiles taken from the deepest central station 
taken from late April (shortly after ice-out) to 
late September. As would be expected for a lake 
this large and from past years, the thermocline 
is located at about 10 meters in depth, with an 
expected deepening in early Fall. Although the 
maximum change in density accours at about 10 
m, there remains a considerable density gradient 
to a depth of about 14m and for the purpose of 
hypolimnetic budget calculations either in terms 
of either nutrients or oxygen, the top of the 
hypolimnion will be defined at 14m. 

The small temperature warming that 
occurs in hypolimnetic waters during the 
summer months is due to the vertical turbulent 
transport of surface heat. Sequential 
temperature profiles such as those obtained for 
L. Heney can be used, in conjunction with 
detailed hypsometric data (the amount of water 
at each depth stratum),  to derive a quantitative 
estimate of the average vertical diffusion 
coefficient for that lake. For the summer period 
of 2004, the average coefficient for the 
hypolimnion of L. Heney was 0.03 cm2 s-1 (or 
0.26 m2 d-1). This value is nearly identical to 
that found in L. Alpnach (Switzerland, Wuest et 
al. 2000), a lake comparable to L. Heney in 
maximum depth (34 m) although slightly 
smaller (4.8 km2). This value is also within the 
range of those observed by Cornett (1987) in 
several southeastern Quebec lakes but is larger 
than those found in small lakes of the Canadian 
shield (e.g. Quay et al. 1980).  

Vertical diffusion is typically several orders of magnitude smaller than horizontal 
diffusion in lakes. In other words, dissolved substances disperse themselves much more 
rapidly horizontally than they do vertically (Livingstone and Imboden 1998). This 
phenomenon explains why, for example, one can take oxygen profiles at any point on the 
lake and obtain more or less the same profiles. It will also be useful in calculating the 
portion of the hypolimnetic consumption that is attributable to the sediments and to the 
water column (see below).  
 

Figure 1 Temperature profiles from late 
April to late September 2004 



 
Oxygen profiles and hypolimnetic consumption 
 
 Because of the thermal stratification that is initiated shortly after ice-out, the deep 
waters (>14 m) remain essentially isolated from the upper warmer layers for the duration 
of the summer (until mid- to late November) and therefore the oxygen is not replenished  
through exchanges with the atmosphere. Thus, biological processes than consume oxygen 
(largely organic matter decomposition) 
gradually deplete the oxygen from the 
hypolimnion. The overall rate of this depletion 
is the sum of the decomposition occurring in 
the water column of the hypolimnion and that 
occuring in the sediments. Both are known to 
be influenced by temperature and by the 
amount of organic matter produced within the 
lake, itself related to the amount of nutrients 
present (Pace and Prairie 2004). Because the 
sediments have a progressively larger impact 
on the deepest layers of water, oxygen profiles 
typically show the fastest consumption rates 
(and thus the lowest oxygen concentrations) 
near the sediments. Figure 2 illustrates the 
oxygen profiles in the deepest station of L. 
Heney at the various sampling dates. By early 
September, the hypolimnion was essentially 
anoxic from 23m down. However, it was not 
until late July that the 30m stratum become 
anoxic. 
 

In previous years, areal oxygen 
depletion rates have varied roughly between 
400 and 600 mg O2 m-2 d-1 (Bird and Mesnage 
1996, Prairie 2001, 2002, Carignan 2003), 
which, assuming that the top of the 
hypolimnion is defined at 14 m, corresponds to 
volumetric depletion rates of 58 and 94 µg O2 L-1 d-1, respectively. In 2004, the 
volumetric oxygen depletion rate averaged 106 µg O2 L-1 d-1over the period where most 
of the hypolimnion still had some oxygen (Fig. 3). This value is at the high end of those 
reported previously and may suggest an accelerating process. Given that fully oxygenated 
water at 7 C (the average hypolimnetic temperature) and at the elevation of L. Heney can 
hold about 12.2 mg O2 L-1, the observed depletion rate implies that the whole 
hypolimnion becomes anoxic in 116 days, or about 4 months.  

 
 
 

Figure 2 Dissolved oxygen profiles 
from April to September 2004 



 
 

 
 
 
 
 

 Without separate measurements of benthic respiration, it is usually difficult to 
tease apart the relative contribution of water column and sediment respiration to the 
overall rate of oxygen depletion.  However, because we have several oxygen profiles 
over time, we can estimate average oxygen consumption at every 1m stratum of the 
hypolimnion and these should be related to the particular hypsography of L. Heney 
(hypsography refers to the shape of the lake, more specifically how much water there is 
in each stratum). Livingstone and Imboden (1998) proposed a statistical method to 
estimate the relative rates of oxygen 
consumption due to water column and 
sediment respiration respectively. Fig. 4 
illustrates the average observed oxygen 
depletion rate for each 1m stratum as a 
function of the corresponding sediment 
surface area to volume ratio for that 
stratum. From this relationship (r2=0.64, 
p<0.01), we can infer a water column 
respiration rate of 109 µg O2 L-1 d-1 and a 
sediment respiration rate of 190 mg O2 m-2 
d-1. Applied to the hypolimnion as a whole, 
these calculations indicate that sediment 
respiration accounts for approximately 19% 
of the overall hypolimnetic oxygen 
consumption. The estimated water column 
and sediment respiration rates would 
suggest an overall hypolimnetic oxygen 
depletion rate of about 130 µg O2 L-1 d-1 , 
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Figure 3 Decline in volume-weighted hypolimnetic oxygen 
concentration during the summer of 2004. 

Figure 4 Relationship between stratum 
oxygen depletion rate and stratum sediment 
to volume ratio 



higher than the 105 µg O2 L-1 d-1 observed during 2004 (Fig. 3). This discrepancy is likely 
attributable to the inherent uncertainty of this statistical approach. Nevertheless, it 
provides valuable information to examine whether oxygen consumption in L. Heney 
(both water column and sediment respiration) is somehow “anomalous” compared to 
what would be expected from an “average” lake of the same trophic status. Pace and 
Prairie (2004) modeled water 
column and sediment respiration 
(oxygen consumption) both as a 
function of phosphorus 
concentration. Fig. XXa and b, 
modified from Pace and Prairie 
(2004),  illustrates the position 
of L. Heney on these scatter 
diagrams (as red dots). Because 
L. Heney falls nearly perfectly 
on the general trend lines, it 
suggests strongly that oxygen 
consumption in the deeper 
layers of L. Heney are very 
much in line with what one 
would expect for a lake with an 
average phosphorus 
concentration of 22 µg L-1 TP. 
This good correspondence 
further suggests that these 
models could be used to infer 
the likely effect of phosphorus 
reduction scenarios on 
hypolimnetic oxygen 
consumption.  
 
 
 
 
 
 
Water transparency 
 
Secchi transparency only averaged 2.8 m 
in 2004, a value comparable to those 
observed in recent years (Prairie 2001, 
2002) but much shallower than a decade 
ago (Bird and Mesnage, 1996). The 
temporal trend over the season shows a 
significant decline throughout the course 
of the season (Fig. 6), reaching less than 

Figure 5 Relationships between water column (upper panel) 
and sediment (lower panel) respiration rates as a function of 
total phosphorus concentration (modified from Pace and 
Prairie 2004). 

Figure 6 Temporal change in secchi tranparency 
(m) over the 2004 season. 



2 m in early September.  
 
 
Nutrients 
 
 
Phosphorus 
 
The overall average concentration of total 
phosphorus was about 22.8 µg/L for the 
summer of 2004. Data compilations from 
previous years suggest a steady increase 
since 1999 (fig. 7), ironically the year fish 
farming operations ceased on L. Heney. 
However, behind the summer mean values, 
there is a repeatable seasonal variability 
where concentrations are usually high at 
spring turnover (28 µg/L), followed by a 
rapid decline and a gradual increase from 
mid-July onwards (fig. 8). This pattern has 
been previously reported by Prairie (2001) 
and Carignan (2003).  
 
 
 
 

 
Figure 8 Temporal changes in volue-weighted average concentration in 2004 
 
 
 
 
This increase in phosphorus is, in part, associated with phosphorus released from the 
sediments. The vertical profiles in phosphorus concentrations throughout the summer 
(Fig. 9) clearly indicate that P is released from the sediments with concentrations 
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Figure 7 Temporal trend in the summer 
average total phosphorus oncentrations since 
1997 



reaching > 110 µg/L, about 5 times the average concentration of the water column. This 
release was already apparent on the 3rd week of June, nearly a month before the deepest 
layers of the hypolimnion became anoxic (see Fig. 2). This suggests that the process 
involved in this P release is not directly linked to the onset of hypolimnetic anoxia, as 
would be expected if the reduction of iron and its associated phosphorus were the 
dominant mechanism (see Prairie et al 2001).   
 
 

 
Figure 9 Phosphorus vertical profiles in L. Heney during the summer of 2004. 
 
 
Over the summer months, the net accumulation of phophorus within the hypolimnion 
corresponds to an average net apparent release rate of  about 0.9 mg m-2 d-1 over the 
hypolimnetic sediment surface. This rate is not particularly high among P releasing 
sediments (Nurnberg 1988). If we assume this rate to be constant over approximately 5 
months of thermal stratification, this P release amounts to a total mass of about 940 kg of 
phosphorus. This is similar to the amount of phosphorus the lake annually receives from 
its tributaries (Carignan 2003). 
 
Nitrogen 
 
Average water column concentration was 357 µg/L, for a molar ratio relative to 
phosphorus (TN:TP, moles:moles) of 35. This ratio being much larger than the usual 
Redfield ratio of 16:1, it indicates that phosphorus is the primary limiting nutrient in L. 
Heney. Contrary to phosphorus, there is very little seasonal pattern in the total nitrogen. 
Volume-weighted concentrations varied increased gradually from 325 in Spring to 390 
µg N/L in late Summer. The most striking feature in the seasonal evolution of total 



nitrogen was the progressive divergence between epilimnetic (increasing over the season) 
and hypolimnetic (remaining constant) nitrogen concentrations.  

 
 
  
 In many lakes where phosphorus accumulates in the hypolimnion as a result of 
organic matter decomposition, nitrogen (also a by-product of decomposition) usually 
accumulates in a similar fashion, usually keeping a relatively constant stoichiometry (e.g. 
Prairie et al. 2001). In L. Heney, nitrogen did not accumulate near the water/sediment 
boundary as did the phosphorus, suggesting a decoupling between the two nutrients. Part 
of this decoupling may involve denitrification, the biological process by which dissolved 
inorganic nitrogen (nitrates) is microbially denitrified to gaseous nitrogen (N2), a form 
not measured as dissolved nutrients.   
 
Iron 
 
 Although not considered a limiting nutrient in freshwaters, iron plays a role in 
many chemical reactions in lake waters. It mediates several photo-chemical reactions 
(e.g. photo-Fenton) and is generally associated with the color intensity of the dissolved 
organic carbon present. It is also known to adsord other chemicals, in particular 
phosphorus owing to the large surface area of amorphous iron oxyhydroxide particles. 
The average total iron concentration was 22 µg Fe/L, among the lowest of Quebec lakes. 
Initial concentrations just after ice-out reached about 26 µg Fe/L and dropped to about 14 
µg Fe/L within about 2 weeks, presumably after the rapidly setting-out of insoluble iron 
particles. It probably entrained some phosphorus in this initial period, carrying a sort of 
natural ‘cleansing’ of the water column.  
 

Figure 10 Temporal changes in total nitrogen concentrations over the summer of 
2004. Blue, purple and yellow lines correspond to whole-lake, epilimnetic and 
hypolimnetic concentrations, respectively. 



As the summer progressed, total iron concentrations gradually increased and we observed 
a small, albeit significant, accumulation in the hypolimnion. Fig. 11 shows the temporal 
changes in total iron in the hypolimnion. Integrated from the beginning of June to the end 
of the season, this accumulation corresponds to an average release rate of about 2 mg Fe 
m-2 d-1, a value extremely small in comparison to other lakes where iron has been 
observed. For example, the average rate observed in a study of 10 southern Quebec lakes 
was 75 mg Fe m-2 d-1 . Even such a modest increase is surprising given that even the 
deepest waters had not become anoxic yet, a condition normally necessary for iron-
reducing bacteria to grow and metabolize organic matter.  
 
 

 
Figure 11 Temporal change in total iron concentration (µg/L) in the hypolimnion of 
L. Heney in 2004. 
 
 
 
 
 
 
Even more surprising was the good correlation 
between hypolimnetic iron and concomitant 
phosphorus concentrations (r2=0.60, p<0.005, 
Fig. 12). This relationship suggests a tight 
functional linkage between them and may be 
considered evidence of a redox control release 
of iron-bound phosphorus. Indeed, fig. 13 
illustrates the temporal changes in 
hypolimnetic phosphorus and iron, and oxygen 
at 30m, again suggesting a concomitant release 
of both iron and phosphorus. However, it is 
highly unusual to observe such iron 
accumulation  prior to the depletion of oxygen 
even in the deepest layers (30m). Second, the 
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Figure 12 Relationship between 
hypolimnetic phosphorus and iron 
concentrations in L. Heney. 



stoichiometry between the hypolimnetic iron and phosphorus concentrations shown in 
Fg. 12 is inconsistent with that expected if the source of the liberated phosphorus were 
the iron hydroxides. The slope of the relationship suggests that for every gram of iron 
returned to solution, about 0.5 g of phosphorus is released. If iron hydroxides was the 
source of the phosphorus, one would expect the release ratio to be 0.02, and not 0.5 . Our 
general interpretation is thus that the iron release is much too small to account for the 
phosphorus release. 

 
Figure 13 Temporal trend in hypolimnetic iron and phosphorus concentrations (left 
scale, µg/L) and dissolved oxygen concentration at 30 m ((right scale, mg/L). 
 
 
 
 
Conclusions 
 
 During the summer of 2004, L. Heney showed no signs of recovery but instead 
showed continuing deterioration in comparison to previous years:  
 

1) average total phosphorus concentrations went up slightly (to 23 µg/L),   
2) transparency was low (2.8 m) and  
3) hypolimnetic oxygen consumption rate was correspondingly high (105 

µg L-1 d-1). 
 
In addition, the following conclusions were reached 
  

4) Sediment phosphorus release begins the onset of hypolimnetic anoxia 
5) Iron concentration are unusually low 
6) Some iron is released from the sediments but not in quantities sufficient 

to account for the concomitant phosphorus release  
 



 
Literature cited 
 
Carignan, R. 2003. Suivi limnologique 2002-2003 du lac Heney et des lacs de son bassin versant 
 et Étude du bassin versant du lac Heney. 154 pages. 
Cornett, J. 1982. The prediction and interpretation of hypolimnetic oxygen deficits in lakes. Ph.D. 

Thesis. McGill University. 
de Montigny, C. and Y.T. Prairie. 1993. The relative importance of biological and chemical 

processes in the release of phosphorus from a highly organic sediment. Hydrobiologia 
253: 141-150. 

Livingstone, D. M. and Imboden, D. M. 1996. The prediction of hypolimnetic oxygen profiles: a 
plea for a deductive approach. Can. J. Fish. Aquat. Sci., 53: 924–932. 

Nürnberg, G., 1988. Prediction of phosphorus release rates from total and reductant-soluble 
phosphorus in anoxic lake sediments.  Can. J. Fish. Aquat. Sci. 45: 453–462. 

Pace ML and YT Prairie. 2004. Respiration in lakes. In: del Giorgio PA and P. J. LeB. Williams. 
Respiration in aquatic systems. Oxford University Press. 

Prairie, Y.T., C. de Montigny, and P.A. del Giorgio. 2001. Anaerobic phosphorus release from 
sediments: a paradigm revisited. Verh. Internat. Verein. Limnol. 27: 4013-4020. 

Prairie, Y.T. 2001. Compte-rendu sur l’état du Lac Heney à l’été 2001. 
Prairie, Y.T. 2002. Compte-rendu sur l’état du Lac Heney à l’été 2002. 
Prairie, Y.T. 2004. Devis ‘Étude du lac Heney 2004’. 
Quay P.D., Broecker W.S., Hesslein R.H. and Schindler D.W. 1980. Vertical diffusion rates 

determined by tritium tracer experiments in the thermocline and hypolimnion of two 
lakes. Limnol. Oceanogr.25: 201–218. 

Wüest A., G. Piepke, and D.C. Van Senden. 2000. Turbulent kinetic energy balance as a tool for 
estimating vertical diffusivity in wind-forced stratified waters. Limnol. Oceanogr. 45: 
1388-1400. 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 


