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Abstract. Sediment phosphorus (P) release is one of the main reasons for eu-
trophication in many shallow lakes. This present study examines sediment sam-
ples collected from Lake Johanne, a shallow, meso-eutrophic lake in Canada for 
sediment P concentration and its speciation to understand the potential of sedi-
ment phosphorus for release into the lake water. Speciation of the sediment 
phosphorus was performed according to the SMT sequential extraction tech-
nique. Sediment analysis showed a relatively high P concentration (1186-1451 
mg/kg) across the lake. Speciation of P in the two core sediments (Stations 4 
and 7) was found to be significantly different. Inorganic phosphorus (IP) was 
the major form of P in both core sediment samples. Non-apatite inorganic phos-
phorus (NAIP) and organic phosphorus (OP) were the major phosphorus forms 
present in the St.4 core sediment. Heavy metal concentrations in the lake sedi-
ments were within the acceptable levels. Significant content of readily available 
P forms (NAIP and OP), and the high P concentration in the sediment core from 
St.4 pointed out to the outflow from its neighboring wetland that carries nutri-
ents and organic matter into the lake. 
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1 Introduction 

Eutrophication is a serious environmental issue in many freshwater systems around 
the world. Phosphorus (P) is a key growth-limiting nutrient that controls primary pro-
duction in freshwater systems [1]. Its excess concentration in freshwater through natu-
ral and anthropogenic activities causes eutrophication- a state of increased primary 
production and occurrence of floating algal blooms [1, 2]. Eutrophication can occur in 
any lakes, irrespective of how deep or shallow they are [3]. High turbidity, reduced 
aquatic biodiversity, low dissolved oxygen and the release of toxins from a certain 
type of cyanobacteria (blue-green algae) are some of the potential issues associated 
with lake eutrophication [2, 3]. 

Sediment P is one of the potential sources of P in the overlying water in many shal-
low lakes [3, 4]. Due to the sediment P release, many lake restoration projects have 
been delayed and failed to achieve desired surface water quality and to reduce eu-
trophication, even after eliminating the external P input into the lakes [3, 5, 6]. In 
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shallow lakes, due to the lower water column depth and very high dynamic condi-
tions, sediment nutrients are easily available to the photic zone of the shallow lake 
water and this provides favorable conditions for algae to grow [4]. Sediment P release 
into the overlying water occurs through different mechanisms such as desorption and 
dissolution of P-associated with fine particulate matter and inorganic materials (Fe, 
Al, Mn, and Ca), microbial mineralization of organic matter and dead algae in sedi-
ment and the diffusion of dissolved P from sediment pore water [7,8].  

Lake Johanne is a shallow lake located in the Sainte-Anne-des Lacs municipality in 
Quebec, Canada. The government of Quebec has been monitoring the lake water 
quality for many years as a part of the Quebec Volunteer Lake Monitoring Program 
(VLMP) to assess the changes in the lake’s water quality. However, very limited in-
formation is available about the lake sediment quality. Thus, the present study evalu-
ates the sediment quality of Lake Johanne, especially for phosphorus concentration 
and its speciation in the sediment. 

2 Materials and Methods 

2.1 Study Area 

Lake Johanne (45050’23’’N; 74008’19’’W) is a shallow lake with maximum and aver-
age depths are 3.1 and 1.7 m, respectively. The lake has a surface area of 44, 910 m2 

and the average water volume is about 76,300 m3 [9]. Though the lake is currently not 
included in the MDDEP (Ministère du Développement Durable de l’Environnement 
et des Parcs) list of lakes in Quebec having algal blooms, it was exposed to algal 
blooms in the past during 2004-10 [10]. The lake’s watershed is occupied with wild 
trees, and a few privately owned houses with lawns. The main sources of water in the 
lake include precipitation, snow, surface runoff and an outflow from its neighboring, 
small, wetland. Fig 1 shows the map of Lake Johanne with sampling stations. 
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Fig. 1. Lake Johanne with sampling stations. 

The wetland is connected to the lake via a drainage pipe, through which some of the 
nutrients and organic matter enter into the wetland, from its surrounding forest area, is 
finally end up into the lake water. 

2.2 Sediment and Chemical Analysis 

Sediment sampling was performed at the different selected stations across the lake 
during the summer of 2017. Sampling locations (Stations 2, 3, 4, 7, and 11) were 
selected based on their proximity to the wetland and to the road as sediments from 
these stations might have affected by external activities. Surface sediments were col-
lected using a Birge-Ekman grab surface sediment sampler. A hand sediment corer of 
50.8 cm long and 5.08 cm diameter was used to collect sediment cores from St.2 and 
St.7. Both surface and core sediments were collected where the outflow from the wet-
land mixes with the lake water (St.4). The surface sediments were stored in closed 
plastic containers at 4oC, whereas the sediment cores were freeze-dried. Sediment 
organic matter (loss on ignition at 440 °C) was determined according to the ASTM 
D2974-87 method [11]. Sediment particle size analysis (PSA) was performed with a 
laser diffraction particle analyzer (LA-960 Horiba laser particle size analyzer). Ele-
mental analysis of sediment samples was performed by using ICP-MS (Inductively 
coupled plasma mass spectrometer, Agilent 7700 Series) after a partial acid-peroxide 
digestion (HNO3-H2O2) of powdered sediment sample [12]. The freeze-dried sedi-
ment core was sectioned every 4 cm in length for chemical analysis. 

2.3 Phosphorus Speciation 

Speciation of P in the surface sediments was determined by using the SMT extraction 
technique [13].  This method allows the quantification of P associated with different 
geochemical phases as follows: (i) P associated with Al, Mn, and Fe ox-
ides/hydroxides, called non-apatite inorganic phosphorus (NAIP), (ii) P associated 
with Ca, called apatite inorganic phosphorus, (AIP), (iii) inorganic P (sum of NAIP 
and AIP), (iv) organic phosphorus (OP), and total phosphorus (TP, sum of IP and 
OP). NAIP and AIP were extracted by 20 ml of 1M NaOH and 1M HCl, respectively. 
In a separate extraction step, IP was first extracted from the sediment using 1M HCl 
and the resulted residual sediment was dried at 450oC for a given time and then ex-
tracted for OP using 1M HCl. For TP, original sediment was dried at 450oC for a 
given period of time and then extracted with 3.5M HCl. [13]. The P extract obtained 
from each extraction step was centrifuged and filtered through 0.20 µm syringe filters 
for P analysis using ICP-MS. 
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3 Results and Discussion 

3.1 Sediment Characterization 

The organic matter (OM) content was found very high (28-47%) in sediments collect-
ed from all stations, especially from St.4 and St.11. The high organic matter in St.4 
(32%) sediment could be related to the outflow from the wetland and dead aquatic 
organisms that settled at the bottom of the lake. St.11 was located close to a small 
lake island with vegetation, debris and runoff from the island could be a reason for the 
very high sediment OM (47%) observed at this station. The sediment pH varied from 
6.9 to 7.4. Among the samples tested, sediment from St.3 contained more fine sedi-
ment particles than others. About 50% of the sediment from St.3 was under 51µm. 
The sediment samples were dominated with silt fraction (26-52%) followed by fine 
sand (19-31%) and very fine sand (18-28%). The content of clay fraction ranged be-
tween 0.5-1.1% of the total particle size. Among the major elements analyzed, Al and 
Fe concentrations were found to be relatively very high in all the sediments analyzed, 
in a range of 12287-19808 mg/kg and 17480-33932 mg/kg, respectively. Fe concen-
tration was found to be high for the samples from St.7 and St.11. The concentration of 
Ca was relatively low, ranging between 1249-1717 mg/kg, compared to Fe and Al 
concentrations in the sediment. Fig 2 shows the vertical distribution of Cu, Zn, and Pb 
in the sediment cores sampled from St.4 and St.7. 

 

Fig. 2. Vertical concentration of heavy metals in Lake Johanne core sediments (St.4 and St.7) 

The Cu, Zn, and Pb concentrations were found to be slightly high for upper sediments 
(0-4 cm) and then declined with depth for both sediment cores. The high metal con-
centration in the upper sediment shows the possibility of recent contaminations that 
occurred through surface runoff and other human activities including road construc-
tions, transportation and use of de-icing salts on the lake shore road in the winter. In 
some areas, the lakeshore is very close to the road and there is more chance for de-
icing salts to runoff into the lake water. It was observed that a salt-like precipitate was 
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found when the surface sediments were dried at 105oC. Heavy metal concentrations in 
surface sediment samples across the lake were under the acceptable maximum levels. 
All sediments contain a relatively high concentration of zinc (Zn), in the range of 169-
271 mg/kg. The concentrations of chromium (Cr), copper (Cu) and arsenic (As) in the 
sediment samples were below the threshold effect level (TEL), whereas Zn and lead 
(Pb) concentrations were slightly above the TEL, norm set for freshwater sediment 
quality, for the protection of aquatic organisms, by MDDEP and Environment Cana-
da. TEL is the level below that adverse effects are rarely observed and above which 
adverse effects are occasionally observed [14].  

 

Fig. 3 Concentration of P in Lake Johanne (a) surface and (b) core sediments 

The sediment P concentration was high, in a range of 1186-1451 mg/kg, in all sedi-
ment samples collected across the lake (Fig. 4a) Concentrations of P in Lake Johanne 
sediments were slightly higher than those reported in a shallow, eutrophic lake, Lake 
Caron (769-1298 mg/kg), in the same location [15] The vertical concentrations of P in 
the two core sediments analyzed were different. The P concentration increased with 
sediment depth for St.4 core sediment. P concentrations in the top (0-4 cm) and bot-
tom of the sediment core (20-24 cm) were 1375±64 and 2962± 87 mg/kg, respective-
ly. The high vertical P concentration in St.4 sediment indicates the enrichment of P in 
the sediment in the past, possibly from surface runoff and discharge from the 
neighboring wetland located next to St.4. The upper sediment P concentration was the 
same for both cores. In the case of St.7 core sediment, the P concentration was con-
sistent at depths of 0-4 cm (1400± 25 mg/kg) and 4-8 cm (1396 ± 62 mg/kg) and then 
gradually reduced at depths of 8-12 cm (1181± 12 mg/kg).  In St.7, a similar P distri-
bution pattern was observed compared to St.4 core sediment at depths of 8-24 cm. 
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3.2 Phosphorus Speciation 

In soil and sediments, P is associated with different geochemical phases and release of 
P from these fractions is significantly controlled by different in-situ physical, chemi-
cal and microbiological conditions. The vertical distribution of different geochemical 
forms of P in St.4 and St.7 sediment core is given in Fig.4. Inorganic phosphorus (IP) 
was the major P form (65-84%) in all vertical sediment fractions (St.4) and found 
increased with increasing depth up to 0-12 cm and then decreased slightly at depths of 
12-20 and thereafter the concentration significantly increased at depths of 20-24 cm. 
About 84% of the TP at depths of 20-24 cm was accounted by IP, mainly by P associ-
ated with Ca (74%, AIP) (Fig. 4a). 

 

Fig. 4. Speciation of P in core sediments from Lake Johanne (St.4 (a) and St.7 (b)). 

Organic phosphorus (OP) content was also high (32-35%) and consistent up to sed-
iment depths of 0-20 cm, and then decreased, accounting for only 16 % in the 20-24 
cm fraction. The low OP in the bottom sediment could be due to the conversion of OP 
to IP by anaerobic mineralization [16]. The high OP content in the surface sediments 
can be related to high OM (32%) found in the surface sediment at St.4. OP can be 
bioavailable to algae as mineralization of organic matter results in the release of P 
associated with it. In shallow lakes, due to the small water column depth, dead algae 
and other organic matter rapidly settle and incorporate in the bottom sediment where 
mineralization of this organic matter and dead algae leads to the release of P into the 
overlying water [4]. Rydin [17] reported that about 50-60% of the OP in sediments 
could be decomposed into bioavailable P. The vertical concentration of OP in the 
sediment core (St.4) was found to be high in all sediment fractions, except for the 
bottom sediments varying between 499-931 mg/kg.  
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Among the different forms of IP, NAIP was P-associated with Al, Fe, and Mn, the 
major inorganic P form (54-94%) in all sediment depths (0-20 cm), except for the 
lowest (20-24 cm) fraction in which P was mainly in AIP (74%) form. The vertical 
concentration of major elements showed high Al and Fe concentrations, compared to 
Ca (638-771 mg/kg), in the St.4 sediment core The high content of NAIP in the St.4 
core sediment can be related to the high Al (15530-26329 mg/kg) and Fe (8195-10953 
mg/kg) concentrations in sediments at the depths of (0-20 cm). A linear relationship 
found between the concentration of Al and P associated with NAIP fraction indicates 
the significant role of Al oxides and hydroxides on P binding in the NAIP fraction. 
NAIP is a redox-sensitive fraction and P associated with this fraction can be released 
into the overlying water through adsorption/desorption process and thus allows P 
available to algae and other microorganisms in the water column. Reduction of Fe3+ to 
Fe2+ in anoxic sediments can result in the release of P that adsorbed on Fe oxides and 
hydroxides into the overlying water [3, 4]. Since Fe oxides and hydroxides in the 
sediment can provide new adsorption sites for P, a strong relationship exists between 
the sediment Fe content and its capacity to bind P [4, 5]. Jensen et al. [5] reported a 
strong negative correlation between sediment Fe:P ratio and soluble reactive phospho-
rus concentration in the lake water, suggesting that sediment with a high Fe:P ratio 
(>15) could have strong sediment P retention capacity. However, the vertical Fe:P 
ratio for St.4 core sediment was low (3 to 9) and was found to decline towards the 
bottom of the core sediment. AIP is a stable form of P and is not bioavailable under 
normal environmental conditions. Though NAIP was the major inorganic P form in 
St.4 core sediment, AIP content was significant at the top and bottom of the core sed-
iment (St.4) (Fig. 4a). 

The vertical distribution of different P forms in St.7 core sediment is given in Fig. 
4b. IP was the major P form in the core sediment (67-87%), with a very low OP con-
tent (13-33%).  The IP content decreased with increasing depth.  Unlike the sediment 
core from St.4, the OP content in St.7 core sediment was very low and this can be 
related to the low sediment OM content at St.7 (22%). However, the OP concentration 
in the lower sediment fractions (20-24cm) was almost the same for both core sedi-
ments, unlike the upper fractions. P-associated with AIP was the major IP form in all 
core sediment fractions (0-20 cm), except for the lower fraction (20-24 cm) in which 
NAIP was the major IP form. Compared to the St.4 core sediment, the concentration 
of Ca and Fe in the St.7 core sediment was very high. A very high Fe:P ratio (16-19) 
in St.7 core sediment indicates the strong P retention capacity of the sediment. 

4 Conclusions 

The concentration of TP was found very high and ranged between 1186-1451 mg/kg, 
in all surface sediments, irrespective of sampling stations, collected across the lake. 
Sediment core analysis showed significantly very high P concentration in the lower 
layer of the sediment core from St.4. P speciation was found to be significantly differ-
ent in both core sediments tested. The IP fraction was the major P form in sediment 
cores from St.4 and St.11. While NAIP was the main IP form in St.4 core sediment, 
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AIP was the major IP form in St.7 core sediment. A direct correlation was found be-
tween OM content and OP fraction in both core sediments. St.4 sediment contained a 
significant amount of NAIP and OP fractions, which can be a potential source of P in 
the overlying water under specific redox conditions. 
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