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Executive Summary 

A nearshore nutrient study was carried out to assess the inputs of P from nine major 

contributing tributaries to the north shore of Lake St. Francis, a shallow fluvial lake of the St. 

Lawrence River. Monthly transects were carried out between June and September 2014. 

Sampling included high resolution and spatially referenced water quality measurements 

(temperature, pH, specific conductivity, turbidity, dissolved oxygen, chlorophyll a, phycocyanin, 

and nitrate, NO3-) and discrete sampling for total phosphorus (TP), total dissolved phosphorus 

(TDP), soluble reactive phosphorus (SRP), as well as quantification of soluble unreactive 

phosphorus (SUP) and particulate phosphorus (PP), and algal enumeration and identification.  

The TP concentrations in samples collected at tributary mouths ranged from a mean (and 

standard error, SE) of 14 ± 2 µg L-1 (n = 68) in Pattingale Creek to 43 ± 12 µg L-1 (n = 68) for the 

Raisin River. Overall mean TP concentrations exceeded the Remedial Action Plan Stage 3 

Eutrophication recommendations and delisting target of 20 µg L-1 in the nearshore zone of all 

tributaries except Pattingale Creek. Total phosphorus appeared to exhibit a temporal trend, with 

TP concentrations in June and July exceeding TP concentrations in August through September. 

The data also suggest that offshore points (1 km from shore on each transect) were not affected 

by tributary contributions with mean TP concentrations remaining below the interim PWQO 

guideline for the ice-free period of 20 µg L-1. 

The % of TP that is SRP was found to be higher in June and July relative to August and 

September. Specifically, the eastern tributaries continued to show consistent SRP in August and 

September. The % of TP was dominated by PP from June through September, although there was 

high variability among seasons and tributaries. Overall, a pattern of declining concentrations of 

SRP and PP was found in the western-most tributaries, from Gray’s Creek to Pattingale Creek, 

after which SRP and PP concentrations increased in the eastern tributaries, from Pattingale 

Creek until Wood Creek.  

Nitrate concentrations ranged from a mean (and SE) of 4 ± 1 mg L-1 (n = 66) in Pattingale Creek 

to 47 ± 11 mg L-1 (n = 66) in Gray’s Creek. The majority of high (>30 mg/L) concentrations of 

NO3- were observed from Westley’s Creek to Wood Creek. 
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Diatoms (Bacillariophyceae) dominated the algal community structure in June but shifted to 

blue-green algae (i.e., Cyanobacteria) in September. The same shift to Cyanobacteria in late 

summer was found in previous sampling in 2013; however, the potential toxin producing 

Microcystis was the dominant species in 2014 compared to Aphanocapsa. This was the first 

incidence of Microcystis recorded since algal sampling of Lake St. Francis began in 2012. In both 

2013 and 2014, the shift to dominance by Cyanobacteria was associated with increasing N:P 

ratios as concentrations of NO3- increase and TP decrease in the fall.  In P limited situations, 

more specifically high N:P ratio, some cyanobacteria are able to assimilate trace metals such as 

ferrous iron which enables them to fix minute amounts of available P and outcompete other 

present groups. 

Spatial analyses using Getis-Ord Gi* hotspot analysis revealed that the highest nutrient 

concentrations were generally associated with tributaries that had more agriculturally 

developed watersheds (>75%). An exception was Gray’s Creek, the only tributary with hotspots 

for TP, SRP, and NO3-. This was unexpected as Gray’s Creek has the lowest watershed % 

agricultural land use (37%) compared to the average (68%) for all tributaries investigated. 

Similarly, Raisin River was found to have a high concentration of SRP, despite also having a 

relatively low % agricultural land use (52%). The large hydrological basin of Raisin River may 

explain these high SRP concentrations despite Raisin River’s lower than average agricultural 

land use. Other hotspots were in the agriculturally dominated watersheds (> 75%) and included 

Wood Creek (TP hotspot), and Pattingale Creek and Westley’s Creek (NO3- hotspots). 
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Given the significance of Microcystis blooms to water quality, and its potential health effects to 

human consumers with shoreline wells, we recommend the following: 

1. Continued monitoring of nutrient loadings in the nearshore (up to the 2m contour) with 

special attention placed on nitrate. 

2. Additional monitoring of trace metal availability to assess their effects on cyanobacteria 

communities in times of high N:P ratios. 

3. Perform a detailed hydrological flow modelling of the nearshore area of Lake St Francis to 

enable better prediction of transport of P fractions. 

4. Investigate possible sources of nutrient input at Gray’s Creek, the area from Pattingale to 

Westley’s Creek and the area between Craig Quay Marina and Bainsville Bay. 

5. Identify the magnitude and location of land alteration that is occurring within each 

watersheds in partnership with the RRCA.  Forest removal is occurring in this region and 

could be directly affecting levels of P and NO3- quantified (C. Critoph, pers. comm).
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Introduction 

Since the identification of excessive growth of nuisance aquatic plants in the Stage 1 Report of 

the Remedial Action Plan (RAP) of the St. Lawrence River (Cornwall) Area of Concern (AOC), 

there have been numerous efforts to improve water quality in the tributaries to Lake St Francis 

(LSF, RAP Stage 1 Report). However, the nearshore zone, from the shoreline up to the 2 m 

contour, still does not meet the delisting criterion for total phosphorus (TP) of 20 µg L-1 as set by 

the RAP Stage 3 report (RAP Stage 3 Report). 

As a shallow lake (mean depth of 3 m) with slow moving currents, the nearshore zone of LSF 

(second fluvial lake occurring in the St. Lawrence River system) is influenced by inputs from its 

tributaries that are in turn heavily dependent on seasonally and annually changing discharge 

conditions (Marty et al. 2010). Nine primary contributing tributaries flow into the north shore of 

LSF in Ontario. During high precipitation years, tributaries release large quantities of water, 

suspended solids, and nutrients (such as phosphorus, P) into LSF and impact nearshore water 

quality. During low flow conditions, tributary mouths can be submerged by the lake water that 

can penetrate approximately up to 100 m into tributaries (J. Marty pers. comm.). 

Since 2008, total phosphorus (TP) concentration and inputs into the nearshore of LSF have been 

quantified. In 2013, the relative contributions of different phosphorus fractions, namely, total 

dissolved phosphorus (TDP), soluble reactive phosphorus (SRP), soluble unreactive phosphorus 

(SUP), and particulate phosphorus (PP) were assessed because individual fractions, that is, SRP 

as the readily available fraction and PP as part of the legacy fraction, may be better indicators 

than TP of potential eutrophication as well as algal community structure. Furthermore, 

phosphorus fractions in the nearshore zone were examined to identify trends in uptake and 

seasonal fate within the nearshore environment. The results of the 2013 study showed that 

under average temperature and rainfall conditions shifts in P fractions measured in the 

nearshore did correlate with changes to the algal communities. In particular, the algal 

community shifted from chlorophytes to cyanobacteria as nutrient composition in the nearshore 

waters shifted to higher NO3- and lower SRP. However, the 2013 study was limited to the months 

of August, September, and October and composite water column samples were limited to 2 
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points, inshore (0 m) and offshore (1 km). The present study also included June and July to 

quantify the potential effect of higher runoff volumes and also took a third composite water 

column sample (at ~500m) to each transect to more accurately assess the tributary 

contributions to LSF. 

In this study, we quantified the different phosphorus fractions throughout the nine major 

contributing tributaries to Lake St Francis in Ontario. We also spatially analyzed the fate and 

transport of these phosphorus fractions as done in 2013 but started the sampling in June to 

better characterize summer conditions.  We also augmented the sampling with more frequent 

analysis of dissolved NO3- concentrations together with sampling to identify algal community 

composition and structure. Based on the location of the tributaries, their discharge and 

watershed differences as well as the hydrological and physical differences for each tributary 

mouth/nearshore mixing zone, we anticipate seeing differences in P fraction contributions to the 

nearshore environment for each watershed. Taking into account the bathymetry of the 

nearshore zone of LSF, as well as areas of aquatic vegetation, we predicted differences in the 

transport and fates of the P fractions in the nearshore areas associated with each tributary. 

Methods 

Field sampling 

Field sampling took place between June and September 2014. We identified 17 transects along 

the North shore of Lake St Francis (Figure 1) from Gray’s Creek (western edge) to Wood Creek 

(eastern edge) based on the 2013 sampling efforts. These were approximately two kilometers 

apart unless tributaries were closer; in which case they corresponded with the tributary mouth. 

Each transect was perpendicular to shore and extended for a distance of one kilometer. Sampling 

was performed in consecutive days to ensure proper representation of the effort. 

Water quality analysis 

At each transect continuous water quality data (temperature, pH, specific conductivity, turbidity, 

dissolved oxygen, chlorophyll a and phycocyanin) was logged with a YSI-6600V2 multi-
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parameter sonde. All data was kept in a YSI 650MDS data logger and retrieved using the 

EcoWatch Lite software package. 

Nutrient analysis 

Each transect contained three discrete points: at the beginning of a transect (at the tributary 

mouth), at ~500 m from the first point, and at the end of a transect (Figure 1). At each of these 

points a composite sample was taken using a Van Dorn water sampler and transferred to 1:1 

H2SO4 preserved 110 mL amber bottles for TP and TDP analysis. The remainder was transferred 

to a 1 L cleaned and triple sample rinsed Nalgene bottle for SRP and algae analysis. All samples 

were kept in a cooler throughout the sampling day. The SRP samples were filtered upon return 

to the lab and frozen prior to analysis. The SUP and PP fractions were obtained by calculation 

(SUP = TDP – SRP, PP = TP – TDP). Nitrate (NO3-) data was collected using a YSI-PRO water 

quality probe by continuously logging throughout the transects.  NO3- readings at each discrete 

points were recorded.  These readings were used in the statistical analysis.  All P fraction 

analyses were performed in the CALA accredited lab at the St. Lawrence River Institute of 

Environmental Sciences. The TDP and SRP fractions were adjusted to zero if the value was less 

than half the reporting limit of 5 µg L-1. The SUP and PP fractions were adjusted to zero if the 

calculated value was negative.  It is important to note that values reported as zero for SRP and 

TDP does not necessarily mean there is no TDP or SRP but rather that it is below a threshold that 

we feel methods would reflect accurately.  The same rationale applies to SUP and PP. 

Algae identification 

A 500 mL composite sample was concentrated and fixed with Lugol’s solution prior to analysis 

for each of the discrete points along the 17 transects. A 2 mL subsample was taken from a 

homogenized concentrated sample, placed in a Uthermöl slide and examined with a Nikon 

Diaphot inverted phase contrast compound microscope. The sample was examined until the 

200th natural unit (individual cell count) of a dominant individual, 5 transects were completed or 

2 hours spent, whichever came first. Algae were identified to genus level (Appendix Table A1). 

Only the nearshore points of each transects were analyzed as they were determined to be more 

representative of the potential influence of available nutrients on algal community structure.  
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Statistical analysis 

All data was subjected to normality testing using a Shapiro-Wilk Goodness-of-Fit test to 

determine whether parametric analyses were appropriate. 

Phosphorus fractions were subjected to Kruskal-Wallis rank sum test (non-parametric one-way 

analysis of variance, ANOVA) to detect differences among transects (n = 17), among tributaries 

(n = 9), and among sampling events (n = 4). These comparisons were done to assess spatial 

(transect and tributary differences) and temporal trends (seasonal differences). A Wilcoxon 

signed rank test was used to detect differences between nearshore and offshore points within 

each transect (n = 68). A Steel-Dwass All Pairs (non-parameteric Tukey HSD) or Wilcoxon Each 

Pair (non-parametric Student’s t) was performed post-hoc to assess differences if a significant 

value was returned by the Kruskal-Wallis test. 

Analysis of Similarities (ANOSIM) is a distribution-free method of multivariate data analysis. 

ANOSIM is primarily used to compare variations in species abundance and composition among 

samples. We used ANOSIM to compare variations between each site analyzed as well as among 

each sampling months in terms of water quality and algal community composition. 

Non-metric multidimensional scaling (NMDS) is widely used to represent, in two or three 

dimensions, multiple dimensions (e.g, sites, species, water quality data) for ease of visualization 

and interpretation. We used NMDS to investigate the relationship between nutrient parameters 

and algal structure and composition. In order to deal with denuded assemblages (sites with 0 

species found) a dummy species was added with a value of 1 to the whole matrix of algae counts 

per Clarke et al. (2005). 

All statistical analyses were performed with JMP v9.0, NMDS ordination plots were performed 

with R using the vegan 2.2-1 package within the R Studio environment (www.r-project.org, 

www.rstudio.com). Graphics were created with SigmaPlot v12.0. 
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Spatial analysis 

Spatial analysis was performed on each phosphorus fraction as well as TP. The Inverse Distance 

Weighing (IDW) interpolation method in ArcGIS 10.2.2 was used as it does not rely on spatial 

dependency of the data to interpolate between points. To be as representative as possible in 

terms of flow direction regime, the IDW analysis was limited to 2.5 km or 6 points in its search 

radius for interpolation to ensure each point had its upstream counterpart included. 

Testing for the presence of significant clusters of individual phosphorus fractions was completed 

using the Getis-Ord Gi* statistic. This spatial statistic identifies “hotspot” or “coldspots” areas by 

testing whether the observed spatial clustering of high or low values are significantly different 

than what would be expected in a random distribution of those same values. A default distance 

threshold was used to ensure that a minimum of one neighbouring site was used for each 

calculation. The results can indicate areas where unexpectedly high or low concentrations of 

phosphorus or nitrate have been observed. A significance level of α = 0.05 was used in the 

analysis and search distance of 3 km. 

Results 

Water Quality 

Water quality as recorded with the YSI 6600 v2 sonde followed similar trends as the 2013 

sampling effort (Bramburger, 2014) in terms of specific conductivity, turbidity, dissolved oxygen 

and temperature (Table A2). 

Nearshore P fractions concentrations 

From June to September TP concentrations in the nearshore area (2 m isopleth) ranged from 1 

µg L-1 to 94 µg L-1 (Table 1). Lowest mean and standard error (SE) across all tributary mouths for 

the whole sampling effort was found at Pattingale Creek (14 ± 2 µg L-1) and the highest mean and 

SE were found at Raisin River (43 ± 12 µg L-1) and Gunn Creek (43 ± 18 µg L-1). All tributary 

mouth TP data, with the exception of Pattingale Creek, were above the 20 µg L-1 RAP delisting 

criterion for nearshore areas of the St. Lawrence River (Figure 2, Table 2). 
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P fraction % contribution 

The % contribution to TP of SRP, SUP, and PP changed spatially and temporally over the 

sampling period (Figure 3). Particulate phosphorus was the dominant fraction in most 

tributaries, although this varied seasonally. Soluble reactive phosphorus was detected in all but 

one tributary in June and July, but was absent from 5/9 tributaries in August and 3/9 tributaries 

in September. Most of the SRP detected in the later summer months was in the eastern 

tributaries. Raisin River demonstrates these general trends, with variable PP concentrations 

found seasonally, and SRP detected in June through July but none to little in August through 

September (Figure 3). 

P fraction concentrations 

The SRP and PP concentrations generally follow a pattern of decline from Gray’s Creek to 

Pattingale Creek and then increase downstream of Pattingale Creek to Wood Creek. The SUP 

concentrations, however, remained relatively constant throughout each tributary’s respective 

nearshore area (Figure 4). All fractions demonstrated an increase in concentration from June to 

July with the exception of PP (Figure 5). July to August showed a decrease in P fraction 

concentrations followed by a gradual increase in SRP in September. The SUP concentrations 

decreased, while the PP fraction remained constant between August and September (Figure 5).  

Although these are not statistically significant results, these patterns could point to biological 

importance and aid in focusing future efforts. 

Nearshore NO3 - concentrations 

Spatially, when comparing all tributaries during the whole sampling effort, NO3-  concentrations 

ranged from 1 mg L-1 to 140 mg L-1 (Table 1) with a mean and SE of 4 ± 1 mg L-1 in Pattingale 

Creek up to a mean and SE of 47 ± 11 mg L-1 in Gray’s Creek. Overall, the eastern and more 

agricultural tributaries (Pattingale to Wood) revealed a higher concentration of NO3- than the 

western tributaries (Gray’s Creek to Finney Creek; Figure 6). This pattern proves to be not 

statistically significant but may however point to biological importance and aid in focusing 

future efforts. Mean NO3- in the Gray’s Creek nearshore area is high due to a spike in August (140 
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mg L-1) which is uncharacteristic of this tributary based on 2013 data where values ranged from 

0.4 to 1.0 mg L-1. Temporally, NO3- concentrations showed a gradual decrease between June and 

July followed by a large spike and decrease in August and September (Figure 7).  
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Algal community structure and relative abundances 

Algal community structure showed a clear shift from diatoms (Bacillariophyceae) in June to blue-

green algae (Cyanobacteria) in September (Figure 8). Green algae (Chlorophyceae) remained 

constant throughout the sampling efforts. Spatially, algal density was higher in the more 

upstream tributaries, with Gray’s Creek (1.71 x 106 natural units/L) and Fraser Creek (1.56 x 106 

natural units/L) having the highest algal densities (Figure 9). Temporally, the distribution of 

algal density shows a clear increase from June to September which was driven mostly by the 

proliferation of Cyanobacteria specifically Microcystis (Figure 10). 

The relative abundance of the algal groups Bacillariophyceae, Cyanobacteria, and Chlorophyceae 

correspond with the algal shift observed temporally. The mean relative abundance of 

Bacillariophyceae shifted from 0.251 to 0.060, Chlorophyceae shifted from 0.082 to 0.060 and 

Cyanobacteria shifted from 0.001 to 0.213 (Table 3). 

The highest average chlorophyll α concentrations are associated with Pattingale Creek (28.1 µg 

L-1) and Wood Creek (32.1 µg L-1, Appendix Figure A1). Temporally, overall mean chlorophyll a 

concentrations were found to be highest in July and September (33.1 µg L-1 and 19.1 µg L-1 

respectively, Appendix Figure A1). 

Statistical analyses 

The Shapiro-Wilk test indicated that all water quality parameters were non-normal (p < 0.001). 

Data was log transformed (log[y + 1]) and retested for normality. Results of this post-

transformed normality test showed that the data was still non-normal (p < 0.001). In light of this, 

the non-parametric Kruskal-Wallis Rank Sum Test was employed.  

Spatially, over the whole sampling effort (June-September), no P fractions returned significant 

differences among tributary nearshore zones (n = 9).  Contrastingly, when comparing among all 

transects, TP and PP were both found to have significant differences (n=17, p = 0.0002 and p = 

0.0006, respectively). Post-hoc analysis showed that eastern transects were generally higher in 

concentrations than western transects at the exception of Gray’s Creek (Figure 11).  At tributary 

mouths, TP and PP showed significant differences by months (n=4, p=0.016 and p = 0.049, 
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respectively).  TP and PP were significantly higher in June and July compared to August and 

September (Figure 12 & 13).  Using all transects, PP was the only fraction returning significant 

differences by month (n = 4, p = 0.024).  PP was significantly higher in June compared to August 

and September (Figure 14). 

Within each transect, the same pattern arose when comparing between discrete sampling points.  

That is, the point inshore was always higher than the points 500 m and 1 km perpendicular to it 

for all fractions when subjected to Wilcoxon-Test for matched pairs (In:500 m = TP(p<0.001), SRP 

(p=0.019), SUP (p=0.001), PP (p<0.001) and In:1km = TP(p<0.001), SRP(p=0.093), SUP(p=0.002), 

PP(p<0.001)).  There were no statistical differences between the points at 500 m and 1 km in each 

of the transects. 

Nitrate showed no statistically significant spatial pattern either between transects or between 

tributary mouths (p=0.116 in both cases).  Temporally, NO3- concentrations at tributary mouths 

showed significant differences (p=0.026).  Post-hoc test shows this difference to be between June-

July (p=0.008), June-August (p=0.092) and July-September (p=0.024).  Similarly, NO3- showed 

significant differences between transects (p<0.001) with the same post-hoc results of June-July 

(p<0.001), June-August (p=0.003) and July-September (p< 0.001).  Nitrate showed a similar 

pattern of higher concentrations at the nearshore than the 500 m and 1 km points of each 

transects (n=66, p < 0.001 in both cases). 

The ANOSIM returned no significant dissimilarities for water quality or algal composition among 

points analysed (p = 0.768, Global-R = -0.04 and p = 0.685, Global-R = -0.02 respectively) but did 

return significant dissimilarities among sampling months (p = 0.001, Global-R = 0.32 and p = 

0.001, Global-R = 0.20, respectively). Generally, we observed a shift from Bacillariophyceae to 

Cyanobacteria from June to September. 

In line with the ANOSIM results, the NMDS analysis also showed a discernible shift from 

Bacillariophyceae to Cyanobacteria in the later sampling months. When water quality vectors are 

applied to the NMDS plot, we can see this shift being driven by a response to the water quality 

gradient of SRP, TP, and PP to NO3- (Figures 15 & 16).  This algal community shift is driven 

mostly by the high relative abundance of the blue-green algae Aphanocapsa and Microcystis. The 
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NO3- – P fraction gradient did not correlate strongly with the blue-green algae Aphanocapsa as it 

did in 2013 but rather to the blue-green algae Microcystis (Figure 16). 

Spatial results 

Spatial distributions of TP showed highest concentrations in June and July in the eastern portion 

of LSF (Figure 17). 

The spatial distribution of P fractions showed that the highest SRP values were found close to 

tributary mouths in June and July (Figure 18).  Contrastingly, in August, we see SRP 

concentrations highest amongst all samples in the Gray’s Creek area with the high SRP values 

extending roughly 5 km downstream (Figure 18).  Furthermore, August also shows SRP in high 

concentrations approximately 1km south of Hamilton’s Island (Figure 18). In September, the 

area of highest concentrations was found at sampling points immediately west of Bainsville Bay. 

The highest PP concentrations also remained closely associated with tributary mouths 

throughout the sampling effort with the exception of September where PP decreased drastically 

across the whole sampling area (Figure 19).  The SUP fraction consistently increased in 

concentration throughout the whole sampling area during the sampling season and as PP had a 

drop in September (Figure 20). 

NO3- concentration were highest immediately prior to Westley’s Creek (Westley’s Point) in both 

June and July.  August revealed high concentration amounts at Gray’s Creek, Hamilton’s Island 

and Sutherland Creek extending to Bainsville Bay.  Finally, September showed higher 

concentrations at Wood Creek and again, as June and July, the area prior to Westley’s Creek 

(Figure 21). 

To address these differences in water quality in a quantitative manner, hotspot analysis (Getis-

Ord Gi*) was undertaken.  Hotspots were found for TP in Wood Creek in July and Gray’s Creek in 

August (Figure 22). The SRP fraction showed hotspots for Finney Creek in June, Gray’s Creek and 

the 2 transects east of it in August and the point preceeding Bainsville Bay in September (Figure 

23) correlating with the IDW interpolation.  The PP fraction only showed a hotspot for Wood 

Creek in July whereas the SUP fraction returned hotspots for the transect between Raisin River 
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and Fraser Creek in June as well the two transects immediately to East of Gray’s Creek in 

September (Figure 24).  Interestingly, coldspots were also detected; these were found in 

September at Finney Creek for SRP (Figure 23) and in June at all transects east of Westley’s 

Creek and the transects located at Hamilton’s Island and 2 km upstream for SUP (Figure 24). 

Finally, hotspot analysis revealed NO3-  hotspots for Westley’s in June and July, Pattingale in July 
and Gray’s Creek in August (Figure 25). 

Discussion 

Patterns of P fractions and NO3 concentrations 

Many eutrophication-monitoring programs use TP concentrations as a delisting measure. In the 

St. Lawrence River, Cornwall AOC, this delisting criterion is set to 20 µg L-1 for the nearshore 

zone up to the 2 m isopleth per the RAP Stage 3 report.  Between 2008-2012, TP concentrations 

have fluctuated but overall have not decreased below this criterion (Table 4). In 2013, only one 

tributary showed a mean TP concentration below the delisting criterion (Fraser Creek).  

However, these concentrations represented measurements primarily taken in August - October 

2013, and did not include the spring and summer months (May – July) when tributary outflows 

are typically greater. This year, sampling was carried out monthly between June-September 

2014. As in 2013, only one tributary was found to have mean TP concentrations below the 

delisting criterion (Pattingale Creek). Furthermore, Gray’s Creek exhibited uncharacteristically 

high (Figure 2B) TP concentration in both July and August, which coincided with a very large 

NO3- input. Potential sources of nutrients in this watershed should be examined further. 

Previous studies have shown certain P fractions, in particular SRP, to be correlated to algal 

community shifts to dominance by cyanobacteria (Bramburger 2014, Dalton et al. 2014).  In the 

St. Lawrence River (Cornwall) AOC, the dominant contributor of P and NO3- to most tributaries 

remains agricultural activities (Table 5). In general, SRP and NO3- are accepted as indicators of 

agricultural runoff and fertilizer contribution to water bodies. In this study, we generally 

observed higher NO3- concentrations associated with the more agriculturally developed 

watersheds (Table 5). However, sampling in August in the vicinity of Gray’s Creek, which has the 

lowest agricultural land use at 37% (Table 5), showed the highest TP and NO3- concentrations. 
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The plume of high nutrient concentrations extended 1 km downstream suggesting that the P 

input was significant. Several potential sources within this sub-watershed include a golf course, a 

snow transfer and storage facility, a stormwater retention pond, and agricultural operations. 

Temporally, PP showed a decreasing trend throughout the study period. Contrastingly, from 

August through October 2013, PP concentrations had remained constant (Bramburger 2014). 

The rainfall amounts and events were not different compared to the historical averages based on 

Environment Canada data (Environment Canada, weather.gc.ca), suggesting that meteorological 

effects on re-suspension and deposition were minimal from summer to fall 2014. 

The data also suggest that offshore points (1 km from shore on each transect) were not affected 

by tributary contributions with mean concentrations remaining below 20 µg L-1 with a maximum 

concentration of 14 µg L-1. 

Algal community responses 

There was a clear shift in the algal community composition over the 2014 sampling season. 

Diatoms (e.g., Fragillaria, Table 3 and Appendix Table A1) dominated the algal community from 

June to August, while green algae, typically associated with slow flowing rivers that contain 

emergent vegetation (Padisák et al. 2009) did not show changes in abundance over the sampling 

season. However, there was a dramatic increase in the presence of blue-green algae (i.e., 

Cyanobacteria) in September. The dominance of the potentially toxic blue-green algae 

Microcystis has not been previously observed in LSF. In a 2012 study of these sites, the 

appearance of Microcystis occurred only once, and in small quantities, in Sutherland Creek 

(Savard et al. 2013). Sampling in 2013 documented the same trend of a shift to Cyanobacteria in 

early fall, but not of Microcystis (Bramburger 2014). The present study suggests the conditions in 

the nearshore of LSF were amenable to the proliferation of Microcystis. 

The data suggest the shift to Microcystis was driven by increased concentrations of NO3- 

measured in September. Although contentious, N:P ratios can potentially explain the presence of 

Microcystis, with N:P ratios of 70:1 generally thought to promote Microcystis growth under 

natural conditions (Šejnohová and Maršálek 2012). However, optimal ratios may differ locally, 
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for example, in Lake Biwa (Japan) a ratio of 100:1 was found to be optimal for the proliferation 

of Microcystis, with declining growth rates at lower ratios (under nitrogen (N) limitation) and 

higher ratios (under P limitation).  In this study, the mean NO3--TP ratio varied from 163:1 to 

1151:1 suggesting P as the limiting nutrient. The high availability of N in the nearshore of LSF 

may explain the growth of Microcystis found here. Since the growth of Microcystis strain with the 

capacity to produce the neurotoxin microcystin can be NO3- limited (Yoshida et al. 2007), this 

suggests NO3- loading into LSF should be carefully monitored. 

Previous studies have also linked trace metal availability and cyanobacteria growth and 

production of microcystin (Lukac and Aegerter 1992). Under stress conditions, the availability of 

ferrous iron can have a profound effect on the growth and toxin yield of Microcystis. The lower 

availability of SRP and resulting higher NO3--TP ratio may promote conditions of stress, however, 

cyanobacteria are still able to proliferate in these conditions by assimilating specific trace metals 

enabling them to use these minute concentrations of SRP.  This suggests that as well as P 

fractions and NO3- concentrations, trace metals such as iron and zinc should also be quantified to 

properly assess if conditions are prone to cyanophyte blooms, especially toxin producing 

Microcystis. 

Other factors can also affect the dominance of blue-green algae. Previous work on the 

determinants of algal community structure in LSF showed water temperature (>24.8C) was the 

most important factor determining cyanophyte presence, followed by dissolved oxygen 

concentrations (<76%, Savard et al. 2013). In the present study, despite maximum temperatures 

of 26.2C and similar dissolved oxygen concentrations (75.7%), these factors did not explain 

cyanophyte presence. Instead, Cyanobacteria were predicted by very high pH in the present 

study. 

Tributaries with the highest algal densities were found at the most upstream sites (i.e., Gray’s 

Creek and Fraser Creek). Gray’s Creek had among the highest mean TP and PP concentrations, 

but Fraser Creek had mean nutrient concentrations that were low relative to the mean for all 

tributaries combined. This suggests algal density trends are not limited by nutrients in the 

upstream of LSF. Rather, some feature of the upstream area could promote algal growth such as 

light availability or hydrological conditions. 
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Comparison with previous years 

The 2014 sampling presented here is an extension of the sampling conducted in 2013 

(Bramburger 2014). Several of the trends found for August through October 2013 were also 

observed in June through September 2014. Notably, mean TP concentrations in 2013 exceeded 

the delisting criteria in all tributaries; similarly, all tributaries except one (Pattingale Creek) 

exceeded the delisting criteria in 2014. While in 2013, there was an increasing trend in TP 

concentrations in tributaries in the downstream direction (west to east), this was not evident in 

2014. Rather, a trend was visible in TP, SRP, and PP concentrations before and after Pattingale 

Creek (Figure 4). 

Finally, in both years, the NO3--P gradient was a strong predictor of cyanobacterial presence, i.e., 

the growth of blue-green algae was observed to increase with increasing concentrations of NO3-. 

However, this gradient predicted higher abundance of Aphanocapsa in 2013, while it predicted 

Microcystis in 2014. 

Spatial analysis 

Results from the spatial analysis (IDW interpolations) revealed that SRP and PP behaved in 

slightly different ways. Tributaries in the most eastern sampling locations and most highly 

agricultural watersheds, specifically the point West of Bainsville Bay to Wood Creek, show the 

highest SRP values from July to September. This suggests that agriculturally developed 

watershed (> 75%) are a good indicator of potential SRP contribution to the nearshore area of 

LSF (Table 5). Particulate phosphorus was shown to increase in concentration temporally as well 

as spatially with tributaries downstream of Pattingale Creek showing increases from June 

through August.  

In general, higher NO3- values were found east of Finney Creek with three distinct points of 

accumulation (the point West of Bainsville Bay, Westley’s Point and Hamilton’s Island, Figure 

25).  This suggests that there are additional sources of NO3- input to LSF other than the 

contributing tributaries monitored in this study and a closer look at these areas should be 

investigated in future studies.  Additionally, with the more agriculturally developed watersheds 

also found East of Finney Creek, we could infer that NO3- contribution to the nearshore area of 
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LSF is largely attributed to the agriculturally developed watersheds. Similarly to SRP, Gray’s 

Creek showed a large increase in NO3- in August making it the exception (agricultural land use 

37%). It is important to note that the interpolation used (IDW) should be considered cautiously. 

The variable flow conditions of the nearshore areas of LSF along with the distance between 

transects may not give a truly dependable interpolated surface but rather suggests further 

investigation is required. For this reason, a Getis-Ord Gi* analysis was performed to identify 

potential hotspots for fractions of interest. 

Hotspot analysis for all fractions generally showed tributaries east of Finney Creek as more 

prone to P and NO3- hotspots (Figures 22-25).  Both TP and PP showed a hotspot in July for Wood 

Creek.  Local resident accounts as well as communication with the Rasin River Conservation 

Authority indicate deforestation occurring upstream in Wood Creek (L. Savard, pers. comm., C. 

Critoph, pers. comm.).  This could be a direct cause of the higher TP and PP concentrations 

observed, as the buffering capacity of land runoff is essentially removed. The area immediately 

West of Bainsville Bay showed a hotspot for SRP in September. This area should be further 

investigated as there is no direct tributary contribution or significant agricultural land use 

surrounding it. A possible cause could be the transport of nutrients and their accumulation 

within this area. This particular area is also prone to large macrophyte beds throughout the 

summer/fall season. Nitrate followed similar results as IDW interpolation. That is, hotspots were 

found at Westley’s Creek in both June and July providing evidence of this location being 

important for sources of NO3-. The bay between Pattingale Creek and Westley’s Creek is also 

home to numerous cottages which could contribute to NO3- input through failing septic beds. 

Gray’s Creek returned hostpots for TP, SRP, and NO3- in August which correlated directly with 

both the water quality results and spatial interpolation. Further investigation in potential causes 

of this high contribution of nutrients is recommended. 
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Conclusions and recommendations 

The results of this study showed that tributary P inputs are generally higher in concentration in 

the eastern tributaries than their western counterparts (Pattingale Creek as the dividing 

tributary).  Furthermore, NO3- contributions were also strongly associated with the more 

agriculturally developed watershed similarly located in the eastern portion of the study area.  

Algae community composition was found to be highly correlated to the NO3- : TP gradient.  The 

N:P ratio (NO3- : TP) remained over 100:1 throughout the study period suggesting P as the 

limiting factor during the 2014 sampling effort.  Interestingly, Microcystis was able to thrive in 

these conditions in the later months, particularly in September.  It is thought that another 

mechanism could be the cause of this proliferation.  In times of P starvation, some cyanobacteria 

such as Microcystis are able to assimilate available trace metals such as iron and zinc which 

enables them to fix minute amounts of P and outcompete any other group.  The presence of 

Microcystis could potentially lead to detrimental effects in the nearshore area of Lake St Francis 

in the St. Lawrence River (Cornwall) Area of Concern.  Based on the results of this study, we 

recommend the following: 

1. Continued monitoring of nutrient loadings in the nearshore (up to the 2m contour) with 

special attention placed on NO3-. 

2. Additional monitoring of trace metal availability to assess their effects on cyanobacteria 

communities. 

3. Perform a detailed hydrological flow modelling of the nearshore area of Lake St Francis to 

enable better prediction of transport of phosphorus fractions. 

4. Investigate possible sources of nutrient input to Gray’s Creek, the area from Pattingale to 

Westley’s Creek and the area between Craig Quay Marina and Bainsville Bay. 

5. Identify the magnitude and location of land alteration that is occurring within each 

watersheds in partnership with the RRCA.  For example, forest removal is occurring in 

this region and could be directly affecting concentrations of P and NO3- quantified (C. 

Critoph, pers. comm).  
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Table 1: Nutrient concentrations during the Lake St. Francis 2014 sampling effort. Concentrations of total phosphorus (TP), soluble 
reactive phosphorus (SRP), soluble unreactive phosphorus (SUP), particulate phosphorus (PP), and total dissolved phosphorus (TDP) 
are expressed in µg L-1. Concentrations of nitrate (NO3-) expressed as mg L-1 (n=68 in all cases). 

 TP  SRP  SUP  PP  TDP  NO3 

 Min Max Mean  Min Max Mean  Min Max Mean  Min Max Mean  Min Max Mean  Min Max Mean 

Gray's 13 92 41  BDL 14 7  BDL 11 4  8 67 30  5 25 11  6 140 47 
 8 9 9  1 3 2  BDL 8 4  BDL 7 4  1 9 5  2 11 6 
 5 10 8  BDL 4 2  4 6 5  BDL 4 2  5 8 7  1 8 4 
 9 16 11  1 7 4  BDL 6 3  2 11 5  5 7 6  1 7 4 
 3 8 6  1 5 2  BDL 3 2  BDL 7 2  1 8 4  1 8 5 
 6 9 8  BDL 2 1  1 5 3  1 8 4  1 7 4  1 68 52 
 6 10 8  BDL 1 BDL  BDL 4 2  3 10 5  BDL 4 3  1 13 8 
Fraser 5 61 21  BDL 19 5  BDL 13 4  5 29 12  BDL 32 10  1 10 4 
 7 14 10  BDL 1 BDL  BDL 5 3  6 9 7  BDL 5 3  1 17 7 
Raisin 8 66 43  BDL 35 14  5 17 11  3 37 19  5 52 24  2 15 7 
Finney 10 59 30  BDL 28 9  4 10 6  6 27 15  4 32 15  1 14 5 
Pattingale 10 21 14  BDL 3 1  2 8 5  5 16 8  3 9 6  2 6 4 
Westley's 23 57 34  BDL 12 4  2 9 5  18 36 25  5 21 9  2 33 20 
 7 13 11  BDL 1 BDL  1 5 3  4 11 8  1 5 3  1 12 6 
Sutherland 12 43 32  2 14 6  1 12 7  9 30 20  3 22 13  6 57 24 
Gunn 12 94 43  1 27 10  1 21 10  8 46 23  4 48 19  1 21 7 
Wood 18 76 37  BDL 26 10  5 19 10  5 31 18  10 45 20  4 40 18 
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Table 2: Mean total phosphorus concentrations for 2014 sampling season in the nearshore 
area of tributaries to Lake St Francis compared against delisting criterion. 

Tributary Mean Summer TP 

(µg L-1 - Nearshore) 

n Standard Error Compared to 20 µg L-1 

delisting criterion 

Gray’s Creek 41.0 68 ± 18.6 ABOVE 

Fraser Creek 21.3 68 ± 13.3 ABOVE 

Raisin River 43.3 68 ± 12.4 ABOVE 

Finney Creek 29.8 68 ± 10.8 ABOVE 

Pattingale Creek 14.3 68 ± 2.4 BELOW 

Westley’s Creek 33.5 68 ± 7.9 ABOVE 

Sutherland Creek 32.3 68 ± 6.9 ABOVE 

Gunn Creek 42.5 68 ± 17.8 ABOVE 

Wood Creek 37.0 68 ± 13.3 ABOVE 
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Table 3: Relative abundance of algal groups for 2014 sampling effort. 

Month Tributary Diatoms Green Blue-Green 

June Gray’s 1.000 0.000 0.000 

 Fraser 0.923 0.077 0.000 

 Raisin 0.111 0.889 0.000 

 Finney 1.000 0.000 0.000 

 Pattingale 0.474 0.526 0.000 

 Westley’s 1.000 0.000 0.000 

 Sutherland 0.886 0.114 0.000 

 Gunn 1 0.000 0.000 

 Wood 0.609 0.348 0.043 

     

July Gray’s 0.750 0.188 0.062 

 Fraser 0.556 0.444 0.000 

 Raisin 0.982 0.000 0.018 

 Finney 0.050 0.950 0.000 

 Pattingale 0.144 0.011 0.845 

 Westley’s 0.089 0.028 0.883 

 Sutherland 0.833 0.167 0.000 

 Gunn 0.725 0.236 0.039 

 Wood 0.057 0.361 0.582 

     

August Gray’s 0.008 0.000 0.992 

 Fraser 0.526 0.192 0.282 

 Raisin 0.162 0.135 0.702 

 Finney 0.975 0.025 0.000 

 Pattingale 0.545 0.455 0.000| 

 Westley’s 0.365 0.635 0.000 

 Sutherland 0.367 0.611 0.022 

 Gunn 0.000 0.000 0.000 

 Wood 0.000 1.000 0.000 

     

     

     

September Gray’s 0.017 0.046 0.937 

 Fraser 0.075 0.000 0.925 

 Raisin 0.543 0.457 0.000 

 Finney 0.000 0.008 0.992 

 Pattingale 0.025 0.004 0.971 

 Westley’s 0.002 0.012 0.986 

 Sutherland 0.000 0.004 0.996 

 Gunn 0.947 0.053 0.000 

 Wood 0.111 0.778 0.111 
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Table 4: Lake St Francis tributary nearshore mean summer total phosphorus (TP) in µg L-1 
for years 2008 – 2013.  

Year Grays Fraser Raisin Finney Pattingale Westleys Sutherland Gunn Wood 

2008 NA 28 NA NA NA NA 40 48 51 

2009 NA 63 89 89 124 86 88 91 105 

2010 NA 46 90 58 33 52 68 37 34 

2011 NA 68 54 195 71 88 96 136 113 

2012 NA 52 38 88 61 70 48 52 55 

2013 38 19 21 34 218 39 23 25 34 

 

 

Table 5: Watershed agricultural land use cover and mean NO3- and SRP concentrations for 9 
tributaries of the north shore of Lake St. Francis. Land use data from Canada Land Inventory. 
Note that totals above 100% are an artifact of rounding. 
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Gray’s Creek 44.5 37 17 21 0 2 0 0 1 23 47 7 

Fraser Creek 44.7 48 10 31 4 6 0 1 0 0 4 5 

Raisin River 578.7 52 10 34 1 0 1 0 0 2 7 14 

Finney Creek 31.8 74 4 20 0 0 0 0 0 2 5 9 

Pattingale Creek 9.4 74 1 21 0 3 2 0 0 0 4 1 

Westley’s Creek 31.3 82 0 16 1 1 0 0 0 0 20 4 

Sutherland Creek 79.1 72 5 22 0 0 0 0 0 1 24 6 

Gunn Creek 10.4 88 1 10 0 1 0 0 0 1 7 10 

Wood Creek 30.2 83 1 16 0 0 0 0 0 0 18 10 
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Figure 1: 2014 sampling transects and discrete points locations in Lake St Francis.
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Figure 2: (A) Total phosphorus (TP) means for tributary mouth samples (n=4 for each tributary). 
Error bars represent standard error. Horizontal line represents the 20 µg L-1 delisting criterion. (B) 
Monthly TP concentrations at the tributary mouths per month during 2014 sampling effort. 
Horizontal line represents the 20 µg L-1 delisting criterion.
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Figure 3: Percent total phosphorus composed of soluble reactive phosphorus (SRP), soluble unreactive phosphorus (SUP), and 
particulate phosphorus (PP) in Lake St. Francis nearshore (2 m isopleth) from June through September 2014.
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Figure 4: Mean phosphorus fraction concentrations for 2014 sampling efforts (n=12 for each 
fraction), including total dissolved phosphorus (TDP), soluble reactive phosphorus (SRP), 
soluble unreactive phosphorus (SUP), and particulate phosphorus (PP). Error bars represent 
standard error. 

  

Figure 5: Phosphorus fraction monthly means during 2014 sampling effort (n=17 for each 
fraction). Error bars represent standard error. 
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Figure 6: Mean nitrate concentrations for 2014 sampling effort (n=4 per tributary). Error bars 
represent standard error. 

 

 

Figure 7: Nitrate concentration monthly means during 2014 sampling effort (n=17 for each 
month). Error bars represent standard error. 
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Figure 8: Density of dominant algal groups per sampling month during 2014 sampling effort. 

 

 
Figure 9: Mean algal density as determined by microscopic analysis throughout 2014 sampling 
effort (n=68 for each tributary). Error bars represent standard error. 
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Figure 10: Mean algal density by sampling month during 2014 sampling effort (n=17 for each 
month). Error bars represent standard error. 
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Figure 11: Post-hoc results of total phosphorus and particulate phosphorus as compared by 
transects.  Eastern transects show generally higher concentrations than western transects. 

 
 

 
Figure 12: Post-hoc results of total phosphorus concentrations for all tributaries per month. 
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Figure 13: Post-hoc results of particulate phosphorus concentrations for all tributaries per 
month. 

 

 
Figure 14: Post-hoc results of particulate phosphorus concentration for all transects per month. 
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Figure 15: Bi-dimensional NMDS plot of algal community structure. Overlay vectors represent 
influence of month on the relative abundance of algal groups. 

 

Figure 16: Bi-dimensional NMDS plot of algal community structure. Overlay vectors represent 
relative influence of nutrient parameters. Bubbles represent raw abundance of blue-green algae 
Microcystis natural units in samples.
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Figure 17: Spatial interpolation of total phosphorus concentrations for 2014 sampling effort.  
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Figure 18: Spatial interpolation of soluble reactive phosphorus concentrations for 2014 sampling effort.  
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Figure 19: Spatial interpolation of particulate phosphorus concentrations for 2014 sampling effort.  
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Figure 20: Spatial interpolation of soluble unreactive phosphorus concentrations for 2014 sampling effort. 
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Figure 21: Spatial interpolation of nitrate concentrations for 2014 sampling effort. 
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Figure 22: GetisORD Gi* hotspot analysis results for total phosphorus. Large red circle represents hotspot. 
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Figure 23: GetisORD Gi* hotspot analysis results for soluble reactive phosphorus. Large red circle represents hotspots. Blue 
circle represents coldspots.  
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Figure 24: Hotspot analysis results of interest for particulate and soluble unreactive phosphorus during 2014 sampling effort. 
Large red circles represent hotspots and blue circles represent coldspots.  
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Figure 25: GetisORD Gi* hotspot analysis results for nitrate. Large red circle represents hotspots.
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Table A1: Natural unit counts of all 3 algal groups of interest. Genus in bold are dominant. 

Diatoms  Blue-Green  Green/Brown 

Achnanthidium 70  Anabaena 619  Ankistrodesmus 1 

Amphora 49  Aphanocapsa 2831  Bulbochaete 28 

Asterionella 6  Microcystis 5243  Chlorella 9 

Cocconeis 93  Oscillatoria 52  Chroococcus 69 

Cyclotella 5  Phormidium 1  Closterium 2 

Cymatopleura 9  Spirulina 1  Coelastrum 176 

Cymbella 24     Cosmarium 5 

Denticula 1     Dinobryon 27 

Diatoma 42     Euastrum 2 

Diploneis 1     Euglena 11 

Epithemia 65     Merismopedia 22 

Eunotia 2     Microspora 32 

Fragilaria 2274     Monoraphidium 1 

Gomphonema 19     Mougeotia 238 

Gyrosigma 15     Oedogonium 43 

Melosira 337     Pediastrum 3 

Meridion 1     Scenedesmus 67 

Navicula 60     Spirogyra 279 

Nitzschia 121     Staurastrum 8 

Pinnularia 27     Synura 303 

Planothidium 2     Tetraedron 2 

Rhoicosphenia 10     Ulothrix 112 

Stauroneis 1       

Surirella 6       

Synedra 18       

Tabellaria 12       
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Table A2: Mean values for temperature, specific conductivity, turbidity and dissolved oxygen for 
all tributaries during 2014 sampling effort. 

Tributary Month 
Temperature 

°C 
Specific Conductivity 

µS/cm 
Turbidity 

NTU 

Dissolved 
Oxygen 

mg/L 

Grays June 15.48 348 1.7 10.0 

 July 19.48 371 8.4 8.3 

 August 20.90 411 0.3 8.6 

 September 17.87 320 0.0 9.7 

      

Fraser June 17.46 312 0.9 10.7 

 July 19.75 298 0.0 10.4 

 August 21.75 298 0.0 10.2 

 September 16.88 303 0.0 10.7 

      

Raisin June 18.26 359 1.2 9.3 

 July 19.90 317 1.5 10.3 

 August 22.22 298 207.8 9.7 

 September 15.98 327 0.0 9.6 

      

Finney June 17.58 362 0.9 10.2 

 July 20.33 333 2.5 10.0 

 August 23.12 337 0.0 11.1 

 September 18.71 304 3.0 11.8 

      

Pattingale June 17.54 302 0.4 10.2 

 July 20.09 313 16.5 10.1 

 August 22.77 307 0.0 9.9 

 September 15.98 327 0.0 9.6 

      

Wesltey's June 18.96 351 0.0 10.0 

 July 20.15 312 6.6 9.9 

 August 22.66 304 0.3 9.9 

 September 17.44 306 0.3 10.2 

      

Sutherland June 18.54 384 3.6 11.6 

 July 19.97 380 4.6 10.2 

 August 22.50 305 141.8 9.5 

 September 16.65 335 0.5 10.7 

      

Gunn June 18.32 379 2.4 11.2 

 July 20.01 303 0.0 10.9 

 August 22.54 328 0.0 9.3 

 September 16.58 309 0.0 10.8 

      

Wood June 17.16 302 0.0 11.8 

 July 20.67 318 0.0 10.2 

 August 22.43 312 0.0 9.8 

 September 16.15 332 0.0 9.7 
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Figure A1: (A) Mean monthly chlorophyll α concentrations per tributary over the 2014 sampling 
effort (B) Mean overall chlorophyll α concentrations per tributary during 2014 sampling effort 
(n=12 for each tributary). Error bars represent standard error. 


