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Coastal embayments are susceptible to eutrophication because of anthropogenic
factors in their watersheds. Nottawasaga Bay provides a model system to study the
effect of nutrient loading because it is oligotrophic. I investigated the effect of nutrients
provided by the Nottawasaga River on the nearshore phytoplankton composition of
Nottawasaga Bay over two field seasons in 2015 and 2016. I used imaging flow
cytometry to enumerate algal taxa and multivariate statistics (RDA, perMANOVA,
hierarchical clustering) to examine how nutrients and the transport of algal taxa affect
community composition. Sampling stations with different proportions of river water had
significantly different phytoplankton communities. Eutrophy indicator taxa were
positively associated with phosphorus concentrations in the bay, whereas oligotrophy
indicators were opposite. Diversity and evenness were not different between stations,
but exhibited patterns consistent with seasonal succession of the phytoplankton
community. The Nottawasaga River has pronounced effects on the nearshore
phytoplankton community by transporting its algal taxa and by providing nutrients, but
these effects were nearly indistinguishable.
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INTRODUCTION
Eutrophication is the process of increasing nutrient concentrations, principally
phosphorus (P) and nitrogen (N), and productivity in aquatic systems (Dodds et al.
2009). Most sources of nutrients in freshwater systems are anthropogenic in nature (i.e.,
cultural) from both point- and non-point (diffuse) sources (Carpenter et al. 1998). Cultural
eutrophication has been apparent globally (Smith 2003) as has cultural oligotrophication,
which occurred following improvements in sewage treatment in the 1970s and 1980s
(Gaedke and Schweizer 1993; Dolan and Chapra 2012). More recently, eutrophication
has increased in parts of the Laurentian Great Lakes (Reavie et al. 2014) principally due
to diffuse agricultural sources (Kane et al. 2014). Excessive P loading can disrupt
phytoplankton communities (Järvinen et al. 2013; Segura et al. 2013), which are
composed of ecologically important primary producers (Gaedke et al. 2002) that facilitate
nutrient cycling (Arrigo 2005). Specifically, diverse phytoplankton communities can
become dominated by individual species (i.e., blooms), often toxic or harmful species
(HAB, harmful algal bloom; Conley et al. 2009), as a consequence of high nutrient
loading (Bridgeman et al. 2012; Perri et al. 2015). Phytoplankton communities have also
been affected by oligotrophication (Evans et al. 2011). Discerning the environmental
conditions that affect these algal communities would be valuable ecologically and in a
regulatory sense for government agencies concerned with nutrient loading.
Coastal embayments within lakes are particularly informative about eutrophication
because they are sheltered regions with longer residence times (Aberhire et al. 2016),
which are sensitive to nutrient loading from rivers (Klump et al. 2009). Consequently,
they can serve as early warning systems for the larger lake system and lakes in
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general (Aberhire et al. 2016). Despite this realization, relatively little is known about
the effects of riverine inputs in coastal embayments (Aberhire et al. 2016) or the
nearshores of river-mouth ecosystems in a more general sense (Larson et al. 2013).
Coastal embayments and river-mouth ecosystems are economically and ecologically
important, provide numerous ecosystem services, and serve as a desirable location for
residence and recreation (Larson et al. 2013). The examination of the effects of
nutrient loading on coastal embayments should be a priority as a consequence of their
susceptibility to habitat degradation as well as the loss of value for the public (Larson et
al. 2013).
Rivers may affect embayments directly by transporting algal species from the river to
the embayment (i.e., providing seed algal populations) and/or indirectly by fertilizing the
embayment through nutrient loading (i.e., increasing nutrient concentrations), which
may in turn lead to excessive algae growth in the embayment (Bridgeman et al. 2012;
Larson et al. 2016). For example, total phosphorus (TP) loading from the Maumee
River extended approximately 15 km into the Western Basin of Lake Erie. This included
P loading associated with suspended sediment (i.e., particulate organic phosphorus,
POP) from agricultural sources in the watershed, which likely increased the biologically
available, soluble reactive phosphorus (SRP). Increases in SRP lead to annual blooms
of cyanobacteria (Lyngbya and Microcystis) that occur in the lake in late summer. The
Maumee River may have also been a ‘seed source’ of cyanobacteria because
potentially toxic Microcystis appeared in the river samples before it appeared in the lake
(Bridgeman et al. 2012). To assess whether the river serves as a source of algal taxa
requires that their enumeration be undertaken in both the river and the lake on the same
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sampling dates, which can be challenging, especially when using light microscopy
because it is time intensive.
Different forms of P (e.g., SRP and dissolved organic phosphorus, DOP) may have
different effects on phytoplankton community dynamics because they differ in their
bioavailability and algae may utilize different P compounds with varying uptake kinetics
(Boström et al. 1988). For example, elevated TP concentrations in the Maumee River
plume were associated with chlorophyte dominance in addition to the aforementioned
association between SRP and cyanobacteria. DOP and SRP released from the
sediment are major contributors to the TP pool in lakes (Ni et al. 2016). SRP provides
the larger of the two contributions and is directly available to phytoplankton (Hatch et al.
1999; Nürnberg 2009). DOP may be an effective indicator of eutrophication, but
analytical techniques for its quantification are limited, and its contributions to productivity
are poorly understood relative to SRP or TP (Nürnberg 2009; Ni et al. 2016). Additional
research on the effect of DOP loading would be valuable to understand eutrophication
processes in embayments.
Rivers can also create thermal fronts in embayments, which can trap warmer, nutrientrich river water in the nearshore and lead to a gradient in productivity with offshore
waters (Pavlac et al. 2012). This process was examined in three Lake Ontario rivers
using continuous flow-through fluorometry (Pavlac et al. 2012). Simultaneous
measurement of conductivity provided an indication of the coherence of river water and
hence an estimate of the position of the river plume (Pavlac et al. 2012). The
concentration of Chlorophyll-ɑ, an aggregate measure of phytoplankton biomass, was
associated with TP and SRP in the plume of each of the rivers. Chlorophyll-ɑ
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concentrations were also associated with TP in the discharge of the Moon River
(indicated by conductivity) in Georgian Bay (Lake Huron), although in this case, minimal
thermal differences were detected because of water column mixing (Bocaniov et al.
2013). TP enrichments from rivers can have demonstrable effects on phytoplankton
biomass at small spatial scales (Pavlac et al. 2012; Bocaniov et al. 2013), but the
effects on phytoplankton communities are poorly understood.
An approach to understanding the effect of nutrient loading on phytoplankton
communities in embayments is through the use of ecological indices of biodiversity. This
requires more detailed information than can be provided by aggregate measures such
as Chlorophyll-ɑ concentration, the use of broad taxonomic categories, and/or indicator
species (e.g., Watson et al. 1997). The identification of phytoplankton taxa is
traditionally achieved via light microscopy, but more recent automated techniques
including flow cytometry are more rapid and facilitate the examination of spatial and
temporal patterns (Álvarez et al. 2013). For example, Gao and Song (2005) identified
individual taxa using light microscopy to determine ecological indices associated with
riverine P concentrations in the Changjiang estuary in China. They found that
phytoplankton species diversity and evenness were lower during harmful dinoflagellate
blooms (i.e., red tides, HAB). The relatively high load of riverine P entering the estuary
was the main factor controlling phytoplankton growth, but the spatial distribution of
nutrients and algae were not coherent (Gao and Song 2005). Jaccard’s index of
community similarity may have provided a measure of the spatial coherence between
nutrients and algae if the river provided the seed source for the bloom (Nogueira 2000;
Frame and Lessard 2009).
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The Nottawasaga River, which has a relatively small watershed (3361 km2 drainage
area) in central Ontario, provides an excellent model system to study the effects of
eutrophication in coastal embayments (Charlton and Mayne 2014). The Nottawasaga
River (annual mean discharge, 2.0 x 106 m3 d-1; Ji et al. 2017) receives agricultural and
municipally treated sewage inputs, which contribute a 47-tonne annual P discharge into
Nottawasaga Bay, Georgian Bay, Lake Huron (Charlton and Mayne 2014). It would be
interesting to examine whether this fertilization (i.e., increased P loading) affects the
algal community in Nottawasaga Bay (i.e., supports taxa that do well under high P
concentrations – high P affinities) and whether transport of riverine algal taxa also
occurs. Georgian Bay is not well studied given that the last reports of algal community
composition are ~30 years old and focused on offshore regions (Munawar and Munawar
1986; Munawar and Munawar 1988). Georgian Bay is oligotrophic, which means
nutrients from rivers should be detectable and have a demonstrable effect on the
phytoplankton community as they flow in a coherent plume, which has a higher
conductivity than the lake. The distribution of riverine nutrients and their effect on
community composition is not well studied at fine spatial scales in embayments.
Simultaneous sampling of phytoplankton communities using imaging flow cytometry and
physico-chemical parameters in the river-mouth and lake should contribute to the
understanding of the dynamics of nutrient loading and phytoplankton communities in
Nottawasaga Bay and other coastal embayments.
Research Question: Does river-borne nutrient loading affect the nearshore
phytoplankton community composition through fertilization by nutrients and/or the
transport of riverine algal taxa?
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Hypothesis: River-borne nutrient loads lead to differences in nearshore phytoplankton
communities with different river water influence in coastal embayments of oligotrophic
lakes because of competition for resources (i.e., nutrient loading from the river) and the
potential transport of algal taxa from the river.
Predictions: The abundances of taxa with high phosphorus affinities will be positively
correlated with phosphorus concentrations after controlling for the potential effect of
algal taxa being transported from the river. Taxa with low phosphorus affinities are
predicted to follow the opposite pattern. Consequently, species diversity and evenness
should be lower at sites more influenced by phosphorus loading if taxa transported from
the river have a negligible effect on diversity.
METHODS
This study was conducted in the nearshore waters of Nottawasaga Bay, Georgian Bay,
Lake Huron in Ontario, Canada near the mouth of the Nottawasaga River over two field
seasons in 2015 and 2016. Precipitation data (http://climate.weather.gc.ca/) were
obtained from the nearest land-based Environment and Climate Change Canada
(ECCC) weather station, which is in Collingwood. Discharge data (Water Office 2017)
for the Nottawasaga River was obtained from the ECCC monitoring station near
Edenvale, which is closest to the river mouth. In 2015, seven ECCC sampling cruises
took place from July 8th to October 27th. In 2016, twelve cruises took place from May
11th to November 3rd. The cruises were used to collect samples along a 10 km transect
in Nottawasaga Bay with stations located ~400 m from shore (Figure 1). Stations were
located by ECCC to capture the river plume, which shifts depending on the prevailing
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winds and hydrological conditions on a given day. To estimate the position of the river
plume, vertical profiles of conductivity were measured at each station using an EXO2
sonde [YSI Inc.]. The conductivity measurements from 1 m depth were used to
calculate the proportion of river water (S%) at each sampling station using the
relationship from Abell and Hamilton (2014),
S% = 100((SpCi - SpCL)/(SpCs - SpCL))

(1)

where SpCi is the measured conductivity at a station, SpCL is the conductivity in the
open water, and SpCs is the conductivity upstream in the river. The proportion of river
water (S%) was used to classify the sampling stations into the following categories,
whenever possible: river station; bay station; and river-bay mixing station.
The conductivity upstream in the river (SpCs) was calculated using the median of the
specific conductivity values from the Provincial Water Quality Monitoring Network
(PWQMN 2017) data from Station 03005702502 (Latitude: 44°28'32"N;
Longitude: 80°0'26"W) for the months that corresponded to the ECCC phytoplankton
sampling. When conductivity measurements were not available, the median conductivity
of the available measurements from the particular field season were used. This applied
to August and September in 2015, when the June through October 2015 data were
used and to May and July 2016 when April through November 2016 data were used.
The conductivity in the open water (SpCL) was calculated using the median specific
conductivity values from data provided by ECCC from Station 700 (Latitude: 44°32'21"
N; Longitude: 080°01'08" W) for the months corresponding to the phytoplankton
sampling. When conductivity measurements were not available, the median conductivity
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of the available measurements for the particular field season were used. This applied to
September through October in 2015, when the May 26th through August 25th 2015 data
were used, and September to November in 2016, when the May 26th through August
20th 2016 data were used.

Figure 1. Station map for Nottawasaga Bay with sample site codes and respective
GPS coordinates. Stations were numbered by Environment and Climate Change
Canada (ECCC) and for simplicity, they will hereafter be referred to as stations 1
through 10. Starred sites are monitoring stations for water level (water_level),
temperature (temp), and acoustic Doppler current profile (ADCP).
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ECCC technicians used Niskin or Van Dorn bottles to obtain separate algal and water
chemistry samples from one meter depth at six of the ten stations (Station 1,3,5,6,8,
and 10). Nutrients were analyzed by The National Laboratory for Environmental
Testing (NLET; an ISO/IEC17025 accredited laboratory, located within the Canada
Centre for Inland Waters, Burlington, ON). These included SRP, TP, total dissolved
phosphorus, dissolved inorganic carbon, dissolved organic carbon, total Kjeldahl
nitrogen, particulate organic carbon, ammonia, and nitrate/nitrite-N. SRP and TP were
measured using standard methods from Rice et al. (2012). Chlorophyll-ɑ was
calculated using the UNESCO (1966) equation. Dissolved inorganic nitrogen (DIN) was
calculated as the sum of nitrate/nitrite-N and ammonia-N (Ptacnik et al. 2010). Full
analytical methods for all parameters are described in EOALRSD (2016).
Some of the nutrient data were unreliable and were excluded from analysis.
Specifically, TP (6 of 42 samples), TDP (6 of 42) and SRP (6 of 42) from the last
sampling date in 2015 and all the SRP data from 2016 (72 of 72) were unreliable
because of an unknown issue at the NLET lab (D. Depew, ECCC, pers. comm.). These
data, along with the following outliers identified in 2016 (J. Milne, ECCC, pers. comm.)
were excluded from analysis: TDP outliers (6 of 72) were excluded because they
exceeded the TP concentration measured in the same sample water (TDP samples
were filtered through a 0.45 µm cellulose acetate membrane filter); and ammonia and
DOC outliers (ammonia: 1 of 72; DOC: 1 of 72) were excluded because they were
roughly an order of magnitude greater than at proximal bay sampling stations and had
substantial leverage in the statistical analysis.
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Algal samples were transferred into opaque 250 mL HDPE amber-coloured bottles
[Fischer Scientific] and stored in a cooler with ice for transport to the University of
Guelph (Guelph, Ontario) for analysis within a day or two. The algal samples were
analyzed using the FlowCAM® VS-4 Series imaging flow cytometer [Fluid Imaging
Technologies, Inc.] equipped with a 488 nm (Chlorophyll ɑ) laser and fluorescence
detection. The FlowCAM combines the technologies of microscopy, fluorometry, and
flow cytometry. Sample water is run through the fluidics of the apparatus and then
exposed to the laser beam. If fluorescent particles are detected, the photomultiplier
tubes measure their fluorescence and simultaneously trigger the camera to image the
flow cell.
The FlowCAM manufacturer recommends preparing samples below a threshold
particle concentration (2 PPUI, particles per used image), both to prevent clogging of
the flow cell and over-saturating the fluorescence detection devices (Spaulding 2012),
which would allow fluorescent particles to pass undetected. I diluted samples when the
PPUI exceeded 2, to satisfy the manufacturers’ recommendations. FlowCAM accounts
for this dilution, so particle concentration measurements remain accurate.
After the appropriate dilution, I analyzed every sample using the 10× objective (~100×
magnification) at 0.2 mL min-1 and additionally about half of the 2016 samples using the
4× (~40× magnification) and 20× objectives (~200× magnification) at 0.75 mL min-1 and
0.05 mL min-1, respectively in trigger mode to sample the size spectrum from 3 to 300
μm (Álvarez et al. 2013). To prevent clogging of the flow cell, 10 mL samples were
prefiltered using 300 μm pore size Nitex mesh for the 4× objective, 100 μm pore size
for the 10× objective, and 50 μm pore size for the 20× objective. Between sample runs,
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Windex [S.C. Johnson] and deionized water were used to flush the fluidics and Nitex
mesh of residual particles, respectively.
Every particle that was imaged was measured for up to 26 morphometric traits by
VisualSpreadsheet software (version 3.4.5) [Fluid Imaging Technologies, Inc.], which
were then used to sort the particles by similarity in a process called statistical filtering.
Statistical filtering automatically sorts and selects images that resemble images
from a training set (i.e., libraries). To make sample analysis more rapid, I compiled
training sets of up to 30 library images for each phytoplankton taxon (genus or
species), which were identified using keys from Wehr and Sheath (2003) and Bellinger
and Sigee (2010). The libraries were used to statistically filter the samples (Appendix
1). It is possible for statistically-similar particles to be selected incorrectly (i.e., those
that do not belong to the taxon of the training set), which requires user input to ensure
proper classification. The corresponding correctly sorted images were added manually
to a classification window in the Visual Spreadsheet software for enumeration.
Incorrectly classified images were re-classified and assigned to the appropriate
classification tab. Due to time limitations, only the 10× images were analyzed in this
thesis.
The spatial distribution of algae and their abundances were compared to a
conservative mixing model, which assumes that the abundance of a taxon in the bay is
a function of the proportion of river water in the bay (e.g., Larson et al. 2016). The
prediction for a given taxon was based on the product of its abundance in the river
station (Station 5) and the average proportion of river water observed within the bay
(Stations 1, 3, 8, and 10). The observed abundances were compared to the predicted
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abundances to determine whether the taxa increased in abundance, decreased in
abundance or did not differ from the prediction (i.e., difference fell within 95%
confidence interval of the abundance at Station 5). The results were then tallied into
broad taxonomic groups and compared using a Chi-squared test to determine
whether the proportion of the algal responses differed by taxonomic groups.
Phytoplankton biovolume estimates were based on averages determined by applying
volume formulae for basic geometric shapes to the images in the training set libraries
(Olenina et al. 2006; Brierley et al. 2007). Library images were exported to ImageJ for
measurement because the visual spreadsheet software lacked measurement
capabilities. Proper scaling in ImageJ was achieved by recording the dimension of a
particle measured by the FlowCAM and verifying this against several other images of
known dimensions. It is not possible to measure all three-dimensions of an object like a
phytoplankton cell from a two-dimensional image, so hidden dimensions were
estimated from factors or ratios from other cell dimensions (Olenina et al. 2006;
Napiorkówska-Krzebietke and Kobos 2016).
Cell counts obtained from the FlowCAM images were used to calculate the ShannonWiener species diversity (H’) and evenness indexes (J) (Gao and Song 2005) given
by,
𝐻 ′ = − ∑𝑆𝑖=1 𝑃𝑖 log 2 𝑃𝑖
𝐽 = 𝐻 ′ / log 2 𝑆

(2a)
(2b)
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where Pi is the relative proportion of the abundance for taxa, Ni is the abundance of
an individual taxon, N is the total abundance of all taxa, and S is the number of taxa
in a sample. I calculated the Jaccard index (JS) for each station using,
𝐽𝑆 = 2𝐵/(1 + 𝐵)

(3)

where B is the Bray-Curtis dissimilarity.
Hierarchical clustering was used to examine whether community similarity was
higher at stations with more riverine influence. Similarity may scale with riverine
influence either because of the transport of riverine taxa or fertilization effects, which
could both affect the diversity at the bay sampling stations. Further statistical
analyses of the abundance data are outlined below.
Three of the colonial cyanobacteria (Aphanocapsa, Aphanothece, and Woronichinia
species #2) were difficult to enumerate accurately, which is why I used linear
regression to estimate the average cell density per colony. I adapted the regression
methods from Joung et al. (2006), which were based on colony area. I used the cell
counter plugin in ImageJ to count the cells in representative samples of colonies
from the image libraries and regressed the counts against area based diameter
(ABD) area.

Statistical analysis
Separate analysis of variance (ANOVA) tests were used to examine whether the
relative abundance of phytoplankton genera and Chlorophyll-ɑ differed among
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stations. ANOVA was also used to test for differences in nutrient concentrations
between stations and years. When the assumptions of ANOVA could not be met
after log-transforming the response variables, the Kruskal-Wallis test was applied to
test for differences among sampling stations. When significant differences were
detected in ANOVA, Tukey tests were used to make pairwise comparisons.
To address my hypothesis, a two-way multivariate analysis of variance with
permutations (PERMANOVA) was used to test whether the phytoplankton
abundances differed between the bay and river sampling stations and/or through
time as in Spatharis et al. (2007). Adjustments for multiple comparisons were made
using the Bonferroni-type False Discovery Rate controlling procedure described by
Benjamini and Hochberg (1995). Redundancy analysis (RDA) was used to ordinate
the phytoplankton abundances with the physicochemical (i.e., nutrient) variables and
to examine the associations between algal taxa and riverine nutrients. Significant
canonical axes were identified using the marginal method (Legendre et al. 2011). I
also used partial redundancy analysis (p-RDA) to examine the total and unique
variance explained by the dilution gradient (Legendre and Legendre 1998) of
conductivity (i.e., different S% values), which was observed. Turbidity behaved
similarly to conductivity in these analyses and was excluded. I also used repeated
measures ANOVA (rANOVA) to test whether species diversity and evenness differed
amongst sampling stations. Sampling dates were pooled into groups of three
consecutive samples for this analysis.
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RESULTS
Environmental conditions in Nottawasaga Bay
River discharge declined from a peak of ~ 40 m3 s-1 on day 121 to a base flow (8-10 m3
s-1) around day 200 in both years. Discharge was roughly 3- to 5-fold higher between
days 165 and 190 in 2015 than 2016 due to an extremely wet spring. Small peaks in
discharge (e.g., 16 m3 s-1 on day 231 in 2016) associated with storm events were
observed during the summer in both years. Closer investigation of the individual
sampling dates revealed that discharge was higher on the 2015 sampling dates than on
comparable dates in 2016. After excluding extreme flow events (> 20 m 3 s-1), discharge
was ~17% higher during the sample period in 2015 vs. 2016 (10.95 ± 0.65 m3 s-1 [mean
± standard error] vs. 9.39 ± 1.12 m3 s-1; Figure 2).

Total precipitation (mm)
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Figure 2. (A) Precipitation data from the ECCC Collingwood land-based weather station
in 2015 and 2016. Data obtained online (http://climate.weather.gc.ca/). (B) Discharge
data for the Nottawasaga River in 2015 and 2016 at the ECCC Edenvale station. Data
obtained online from the Water Office.
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The average proportion of river water (S%) varied consistently among stations in
both years (Figure 3). Specifically, Station 5 contained ~100% river water in both
years, Station 6 contained 33 ± 8.2% in 2015 vs. 19 ± 3.2% in 2016), whereas the
other stations contained less river water, on the order of 10 - 15% on any particular
day. Station 5 can be considered a river station, Station 6 can be considered a riverbay mixing station, whereas the remaining stations can be considered as bay
stations (Figure 3).
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Figure 3. Mean percent river water (S%) at each of the sampling stations in (A) 2015
and (B) 2016. Station 5 is the river station, Station 6 is the river-bay mixing station,
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and the remaining stations are bay stations (Bars are the mean ± standard error; A: n
= 7, B: n = 11; conductivity was not sampled on the first day in 2016).

The pattern in Chlorophyll-ɑ concentration among stations paralleled those reported
above for river water and conductivity (Figure 4), which was used to determine S%.
Chlorophyll-ɑ values differed significantly among sampling stations in both years (2015:
F5,30 = 8.25, p < 0.001; Figure 4A; 2016: Kruskal Wallis χ2 (5) = 20.5, p = 0.001; Figure
4B). Both Chlorophyll-ɑ concentrations and conductivity were high at the river station,
intermediate at the river-bay mixing station, and low at the bay stations in both years.
Conductivity and Chlorophyll-ɑ were strongly and positively correlated in 2015 (r = 0.76,
< 0.001), but less strongly in 2016 (r = 0.41, p < 0.001).

20

10

600

A

2015

C
500

8

400

300

-1

4

-1

Chlorophyll-(g L )

Specific conductivity (S cm )

6

2

0
10

B

2016
8

6

200

100

0
600

D
500

400

300
4
200
2

100

0

0
1

3

5

6

Station

8

10

1

3

5

6

8

10

Station

Figure 4. Average Chlorophyll-ɑ in (A) 2015 and (B) 2016 and average conductivity in
(C) 2015 and (D) 2016 (Bars are the mean ± standard error; A: n = 7, B: n = 12, C: n =
7, D: n = 11; conductivity was not sampled on the first day in 2016).
In general, nutrient levels were higher at Station 5 compared to the other stations. For
example, when averaged across both years, the TP concentration was approximately
12 µg L-1 higher at Station 5 than the bay stations (p < 0.0001) and 10 µg L-1 higher than
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Station 6 (p < 0.0001). There was also a relationship between discharge and nutrient
concentratons evident in 2015 and 2016. For example, all forms of phosphorus (P)
concentrations (TP, SRP, TDP) were elevated on day 189 in 2015 at peak discharge in
the spring before reduction to base values (Appendix 2). The 2016 nutrient
concentrations did not appear to follow a similar pattern, but the effect of discharge on
nutrients was observed on day 238 when peaks were observed in TP, turbidity, and
particulate nutrients in the river station. The TP peak coincided with lower DIN:TP ratios
(Figure 5). Nutrient concentrations were otherwise relatively constant in 2016, except
for TP, which increased over the summer at Station 5, and TKN, which decreased over
the summer (Appendix 2).
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Figure 5. Nutrient concentrations and turbidity measured at select bay (Station 10) and
river stations (Station 5) in 2016.
Algal taxa identified in Nottawasaga Bay
The number of fluorescent particles enumerated by the imaging flow cytometer ranged
from 2,144 to 76,326 per sample in 2015 (1,051 to 74,650 in 2016) and was on average
~ 1.3 × 104 (13,978 ± 2,856 and 12,695 ± 1,509 in 2015 and 2016, respectively). Most
of the imaged particles (i.e., 85% and 81% in 2015 and 2016 respectively) could not be
identified because they were either too small (i.e. ESD diameters less than 5 µm in both
years; ~80%), or in poor focus and detrital in nature (~20%), which prevented their
classification. On average, 1,826 ± 388 (15% of total) and 1,946 ± 202 (19% of total)
fluorescent particles per sample were classified taxonomically in 2015 and 2016,
respectively.
A total of 52 phytoplankton taxa were identified, and 46 were assigned at the genus
level (Appendix 1). In some cases, a higher taxonomic ranking was used as in the case
for unknown cryptophytes, dinoflagellates, and certain diatoms (chain forming centric,
large centric, and unknown pennate) usually because they were either too small,
imaged at poor focus, or their structural features were not sufficiently distinguishable for
proper identification (i.e., valve marking and rays of diatoms). Light microscopy (100×)
at the University of Waterloo (R.E.H. Smith pers. comm.) was used to identify commonly
occurring small centric diatoms (10-15 µm diameter) as Cyclotella. In a number of
cases, species could be resolved, e.g., Fragilaria crotonensis and Fragilaria capucina.
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Linear regression was used to estimate the number of cells for colonial cyanobacteria
(Aphanocapsa, Aphanothece, Woronichinia species 2) from the area-based diameter
(ABD) measurements. ABD was a strong predictor of Aphanocapsa cell density (F1,62 =
246.5, R2 = 0.80, p < 0.001) and to a lesser extent, ABD was also predictive of
Aphanothece (F1,28 = 20.6, R2 = 0.42, p < 0.001) and Woronichinia species #2 (F1,32 =
31.75, R2 = 0.50, p < 0.001) cell densities (Appendix 3).
Temporal and Spatial Patterns in Algal Taxa in Nottawasaga Bay
The data were classified to higher taxonomic ranks to facilitate the examination of
temporal changes in community structure (Figure 6 and 7). Chrysophytes and diatoms
were abundant in the bay throughout the early summer in each year when they were
replaced by cyanobacteria in late summer (i.e., August 6th) and remained dominant
through the early fall (October 27th in 2015; September 21st in 2016; Figure 6). Unlike
the bay stations, the algal community in the river (Station 5) was more consistent
through time. Chrysophytes and cyanobacteria were relatively low in abundance and
most samples contained similar proportions of diatoms, cryptophytes, and chlorophytes
(Figure 7).
The number of algal taxa within the major taxonomic groups whose abundance
increased, decreased or remained the same relative to the predictions of a
conservative mixing model was determined (i.e., river dilution; Larson et al. 2016).
There were 12 taxa absent from the river station in 2015, but all were found in 2016,
likely due to the more intense sampling effort (Table 1). The majority of algal taxa
(61.1% in 2015; 60.4% in 2016) did not differ from the predicted concentration based
on the percentage of river water at bay stations (Table 1). There were, however, 4 taxa
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in 2015 or 11.1% (6 taxa or 12.5% in 2016) that had higher concentration and 10 taxa
or 27.8% (13 taxa or 27.1% in 2016) that had lower concentrations than predicted.
Generally, the largest number of increases was associated with cyanobacteria vs.
chlorophytes, which showed the largest number of decreases. The observed
differences in algal responses in the bay differed significantly among taxonomic groups
in both years (2015: 𝜒82 = 26.8, p < 0.001; 2016: 𝜒82 = 25.1, p < 0.01).
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Figure 6. Relative abundances of major algal groups at a bay station (Station 1) in (A)
2015 and (B) 2016.
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Table 1. The number of algal taxa within the major taxonomic groups whose abundance
increased, decreased or remained the same compared to a conservative mixing model
(e.g., Larson et al. 2016).

Taxonomic

Higher

Lower

group

No

Bay only

difference

taxa

Total

2015
Chlorophytes

0

5

10

3

18

Cryptophytes

0

2

1

0

3

Cyanobacteria

2

1

0

4

7

Diatoms

0

2

10

3

15

Other

2

0

1

2

5

Total

4

10

22

12

48

Chlorophytes

0

6

13

0

19

Cryptophytes

0

3

0

0

3

Cyanobacteria

4

2

2

0

8

Diatoms

1

1

11

0

13

Other

1

1

3

0

5

Total

6

13

29

0

48

2016
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A higher taxonomic resolution provided additional information on the association
between certain genera and the river versus bay stations. For example, cyanobacteria
(e.g., Chroococcus, Aphanocapsa, Woronichinia species #1 and #2) and chrysophytes
(e.g., Uroglena) were abundant in the bay, but were generally absent or only present at
low relative abundances at Station 5 (Figure 8). F. crotonensis followed a similar
pattern, but it was nearly as abundant in the river as it was at the bay stations (Figure
8F). Statistical analysis indicated that only the relative abundance of Chroococcus was
higher in the bay than in the river station in 2016 (Kruskal Wallis χ2 (5) = 14.5, p =
0.013). Conversely, cryptophytes (e.g., Cryptomonas), chlorophytes (e.g.,
Tetradesmus) and diatoms (e.g., Nitzschia and Cyclotella) were more abundant in the
river at Station 5 than at the bay stations (Figure 9). Statistical analysis indicated that
only the relative abundance of Cryptomonas was significantly higher in the river station
than the bay stations in both years (2015: F5,34 = 21.7, p < 0.001; 2016: F5,66 = 6.8, p <
0.001). All of the taxa representing more than 10% relative abundance at any station
followed one of these two patterns described above. None of these taxa had an equal
representation in the river and bay.
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Figure 8. Relative abundances of (A) Chroococcus, (B) Aphanocapsa, and (C)
Woronichinia species #1, (D) Woronichinia species #2, (E) Uroglena, and (F) Fragilaria
crotonensis in 2016.
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Figure 9. Relative abundances of (A) Cryptomonas, (B) Tetradesmus, (C) Nitzschia,
and (D) Cyclotella in 2016.
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Algal Community Composition in Nottawasaga Bay
The permutational multivariate analysis of variance (perMANOVA) revealed that the
phytoplankton community composition differed significantly among stations (2015: F5,28
= 3.92, p < 0.01; 2016: F5,47 = 4.14, p < 0.01) and sampling dates (2015: F6,28 = 6.74, p
< 0.01; 2016: F10,47 = 6.77, p < 0.01) in both years (Appendix 4). Pairwise comparisons
showed that the community composition at the river station (Station 5) differed from
every other station in 2015 (p < 0.01), and every station (p = 0.0075) except for Station
6 (a bay-river mixing station) in 2016. Pairwise comparisons of the 2015 sampling dates
revealed similar community composition for the first three sampling dates and significant
differences between these and all subsequent sampling dates (i.e., ≥ day 239).
Communities also differed between the sixth and seventh sampling date (i.e., day 259
vs. day 200) (p = 0.038). A similar pattern was observed in 2016 where days 223, 238,
and 251 had different community compositions than most of the other days (p < 0.05),
but were not different from each other.
The Redundancy Analysis (RDA) conducted using the environmental and phytoplankton
abundance data revealed that the first three axes were significant in 2015, whereas the
first four axes were significant in 2016. These axes explained a moderate proportion of
the variation (i.e., 47% in 2015 and 36% in 2016; note that SRP was excluded from
2015 to allow for a comparison of the same model between years). The pattern among
the stations, nutrient vectors, and algal taxa were consistent between years. There was
a strong association between nutrients and stations with high proportions of river water
(Station 5 and 6), which loaded on RDA 1 (30% of variation in 2015 and 20% in 2016)
(Figure 10). Specfically, RDA 1 was strongly associated with specific conductivity (r =
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0.96 in 2015 and r = 0.66 in 2016) and most nutrient variables (e.g., TP: r = 0.91 in
2015 and r = 0.80 in 2016). There were numerous phytoplankton taxa with positive
loadings on RDA 1 and these were mostly comprised of riverine taxa such as
chlorophytes, cryptophytes, and diatoms (Figure 10). In contrast, taxa with negative
loadings on RDA 1 were mostly comprised of bay taxa such as colonial cyanobacteria
and chrysophytes (Figure 10 & Table 2). The colonial cyanobacteria were moderately
correlated with RDA 2 (0.3 < r < 0.5) in both years.
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Figure 10. Distance biplots of full model RDA for (A) 2015 and (B) 2016. Major algal
groups are colour coded (red, diatoms; green, chlorophytes; black, cyanobacteria; dark
blue, cryptophytes; orange, dinoflagellates; light purple, chrysophytes; brown,
synurophytes; grey, Euglena). The center of each taxon’s name represents its position
on the biplot. Green and blue ovals indicate high (RDA 1: 1 to 2) versus low (RDA 1: -1
to 0) riverine influence. The percentages of variation explained on each axis are shown
in brackets.
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Figure 11. Distance biplots of p-RDA for 2015 (A) and 2016 (B). Major algal groups are
colour coded (red, diatoms; green, chlorophytes; black, cyanobacteria; dark blue,
cryptophytes; light blue, dinoflagellates; pink, chrysophytes; yellow, synurophytes; grey,
Euglena). Green and blue ovals indicate high (RDA 1: 1.5 to 2.5) versus low (RDA 1: 0.5 to 0.5) riverine influence. The percentages of variation explained on each axis are
shown in brackets.
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In order to remove the effect of conductivity (i.e., riverine influence), a partial RDA
analysis was conducted in both years (Figure 11). Different associations between
nutrients, algal taxa and RDA axes were revealed after partitioning out the variation
from conductivity (i.e., 28% in 2015 vs.12% in 2016). Specifically, RDA 1 (15%) was
only marginally significant in 2015 (p = 0.08) and was uncorrelated with or only
moderately correlated with most of the phytoplankton abundances. A different pattern
emerged in 2016, where the first three axes were significant and had stronger positive
correlations with most of the nutrient variables on RDA 1. RDA 1 was moderately
correlated with POC (r = 0.63) and PON (r = 0.56), while it was weakly correlated with
DOC (r = 0.27) and TP (r = 0.25). Several chlorophytes, Woronichinia species #1, and
diatoms (e.g., Fragilaria crotonensis) were positively correlated with RDA 1 (Figure 11 &
Table 2). Unlike the other diatoms, Cyclotella had a weak negative loading on RDA 1
(Figure 11 & Table 2). Correlations between the phytoplankton taxa and other axes
were weak in both years.
A separate analysis is presented using the SRP data for the first six sampling dates in
2015 (Figure 12). This analysis revealed a similar pattern to the model without SRP
(Figure 10A) where the first three axes (49%) were significant and RDA 1 (30%) was
strongly and positively correlated with most of the nutrient variables and conductivity
(Figure 12). All nutrient variables except for SRP were negatively correlated with RDA 2
(12%). Ammonia was strongly correlated with RDA 2 (r = -0.79), whereas SRP was
weakly correlated with RDA 2 (r = 0.18). Correlations between the phytoplankton
abundances and RDA axes were similar to the full model without SRP (Figure 10A).
When the variance from conductivity was partitioned out (28%), RDA 1 (16%) was the
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Table 2. 2015 and 2016 RDA and p-RDA factor loadings of relevant P indicator taxa: (A)
eutrophy (high P affinity), (B) oligotrophy (low P affinity), (C) eutrophy with SRP data
included. Ranges and means (± SE) are reported for Chlorophytes. Reference to the
original figures is provided beneath the factor loadings. Loadings shown in (C) are for
RDA 1 in the full model and RDA 2 in the p-RDA. Loadings greater than |0.6| are
bolded.

Taxon

Axis —
Nutrient

2015 Taxon Loading
RDA

p-RDA

2016 Taxon Loading
RDA

p-RDA

A: Eutrophy
Chlorophyte
spp.

RDA 1 —
TP

(n = 20)
F. crotonensis

Woronichinia Sp
#1

0 – 0.9

-0.6 – 0.5

0 – 0.9

0 – 0.9

(0.38±0.09) (0.13±0.07) (0.53±0.06) (0.38±0.07)
Figure 10A

Figure 11A

Figure 10B

Figure 11C

RDA 1 —
TP

0.12

0.49

0.90

0.79

Figure 10A

Figure 11A

Figure 10B

Figure 11C

RDA 1 —
TP

-0.14

-0.12

0.72

0.82

Figure 10A

Figure 11A

Figure 10B

Figure 11C

RDA 1 —
TP

0, 0.2

0, 0.2

0, 0.4

0, 0.4

Figure 10A

Figure 11A

Figure 10B

Figure 11C

RDA 1 —
TP

0.72

-0.62

0.18

-0.18

Figure 10A

Figure 11A

Figure 10B

Figure 11C

-0.48

0.38

N/A

N/A

Figure 12A

Figure 12B

B: Oligotrophy
Chrysophyte
spp.
(n = 2)
Cyclotella

C: Eutrophy using 2015 SRP analysis
Aphanocapsa

RDA 1(2) —
SRP
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Aphanothece

Woronichinia Sp
#2

RDA 1(2) —
SRP

-0.31

0.35

Figure 12A

Figure 12B

RDA 1(2) —
SRP

-0.32

0.34

Figure 12A

Figure 12B

N/A

N/A

N/A

N/A

only significant axis and was negatively correlated with all nutrients, except SRP.
Ammonia was strongly correlated with RDA 1 (r = -0.79), while SRP was weakly
correlated with RDA 1 (r = 0.19). Colonial cyanobacteria (Table 2) and most of the
chlorophytes, diatoms, and cryptophytes were positively correlated with RDA 1 (r ~ 0.3
and r < 0.5, respectively), whereas about half of the diatoms and remaining
chlorophytes had negative correlations with RDA 1 (- 0.6 < r < - 0.3). Given the
consistent pattern in the ordinations, it is likely that SRP may have had a similar effect in
2016.

41

42

Figure 12. Distance biplots of (A) full model RDA and (B) pRDA for the 2015 dataset
with SRP included. Major algal groups are colour coded (red, diatoms; green,
chlorophytes; black, cyanobacteria; dark blue, cryptophytes; orange, dinoflagellates;
light purple, chrysophytes; brown, synurophytes; grey, Euglena). Green and blue ovals
indicate high (RDA 1: 1 to 2) versus low (RDA 1: -0.5 to 0.5) riverine influence. The
percentages of variation explained on each axis are shown in brackets.
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Cluster analysis of the phytoplankton abundance data using Jaccard’s similarity index
revealed that the community at the river station (Station 5) clustered separately from the
bay stations (Stations 1, 3, 8, and 10) 89% of the time (i.e., 16 of 18 sampling dates
across both years; several bay stations were not sampled on day 189; Figure 13).
Adjacent stations on the same side of the river mouth clustered together 33% of the
time (6 of 18 samples). Closer inspection revealed that separate clusters were
observed 47% of the time (i.e., 7 of 15 dates; three sampling dates lacked conductivity
data from at least one station) when the proportions of river water differed by > 3%.
Moreover, there was a strong association of river discharge with these dates given that
4 of the 7 samples were collected when discharge was above the base flow for the year.
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Figure 13. Example cluster dendrogram of Jaccard’s similarity index from day 147 in
2016. Sample codes refer to the station and sample number (e.g., S5D9 = Station 5 on
the 9th sampling date).
Community Diversity Indices
Species Diversity (H’) and Species Evenness (J) were calculated from the
phytoplankton abundances at each station and sampling date. Both indices followed
similar trends within a given year (Figure 14). In 2015, H’ and J decreased and
remained low after August 6th (day 218) at the bay stations but were relatively higher
and more consistent at the river station (Station 5). The pattern was more complex in
2016 where two brief periods of low H’ and J occurred at most bay stations (day 194
and day 251) and at the river station (Station 5), which had lower values on the last
three sample dates. Significant differences between sampling stations were not
observed in either 2015 or 2016 (rANOVA; p > 0.05) likely because of the high variation
noted above.
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Figure 14. Diversity in (A) 2015 and (B) 2016 and evenness in (C) 2015 and (D) 2016.
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DISCUSSION
It was hypothesized that river-borne nutrient loads lead to differences in nearshore
phytoplankton communities with different river water influence in coastal embayments of
oligotrophic lakes because of competition for resources (i.e., nutrient loading from the
river) and the potential transport of algal taxa from the river. The results from this study
show that the hypothesis is valid because the Nottawasaga River affects the
phytoplankton community composition in Nottawasaga Bay in two ways that were
almost indistinguishable. Firstly, it provides a source of nutrients, which leads to high
abundances of cyanobacteria and other phytoplankton taxa (e.g., F. crotonensis; see
Appendix 5) in the bay that are associated with higher TP. Secondly, it transports
phytoplankton taxa to the bay, which leads to similar community composition at stations
that share high proportions of river water. The former result provides evidence that
anthropogenic nutrient loading can lead to dominance of algal communities by a small
number of taxa with high nutrient affinities, which is consistent with other studies from
eutrophic lakes (Bridgeman et al. 2012; Perri et al. 2015). The second result indicates
that anthropogenic nutrient loading in rivers can also facilitate the delivery of
phytoplankton to embayments, which is consistent with recent research elsewhere in
the Laurentian Great Lakes (Larson et al. 2016). These results indicate that processes
in oligotrophic lakes are similar, and maybe more pronounced, to those in eutrophic
systems. This information is relevant to the studies of phytoplankton competition (e.g.,
Brauer et al. 2012; Müller and Mitrovic 2014) and dispersal (Larson et al. 2016), primary
production and nutrient cycling (Arrigo 2005) as well as the management of oligotrophic
lakes (Charlton and Mayne 2014).
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Eutrophy indicators
Several phytoplankton genera differed in their association with nutrient concentrations,
as revealed independently from a confounding gradient of conductivity (e.g., Sebastiá
and Rodilla 2012). In this case, most taxa showed little to no association with riverine
nutrients, except for select eutrophy indicator taxa (i.e., taxa with high P affinity).
Specifically, the pennate diatom, F. crotonensis, was associated with a gradient of
nutrients and conductivity as indicated by its correlation with RDA 1 in 2016. TP was
correlated with RDA 1, but to a lesser extent after partitioning out the variation from
conductivity. The association between F. crotonensis and remaining variation in riverine
nutrients are suggestive of either a moderate fertilization effect at the bay stations or its
transport to stations receiving more riverine inputs. Similar findings were reported for
diatom abundances and inferred nutrient concentrations in sediment cores from the
Great Lakes (Reavie et al. 2014). TP was an important driver of species turnover,
overall, and the biovolume of F. crotonensis had a significant linear relationship along a
TP gradient in the Great Lakes apart from Lake Huron (Reavie et al. 2014). It is possible
that the association between TP and F. crotonensis in Nottawasaga Bay was evident
because of the strength of the TP signal from the river or transport to the bay.
Reynolds et al. (2002) placed F. crotonensis in a functional group of phytoplankton that
are sensitive to stratification and silica depletion, and that are tolerant to eutrophic
epilimnia. This is consistent with the nearshore transect in Nottawasaga Bay because it
was shallow, received nutrient inputs from the Nottawasaga River, and was usually wellmixed at the bay stations. Unfortunately, silica data were not available. The
inconsistency between the low indicator value for F. crotonensis in Lake Huron (Reavie
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et al. 2014) and association between TP and F. crotonensis in this study is most likely
due to local environmental conditions. Specifically, Reavie et al. (2014) collected algal
samples from the pelagic regions in Lake Huron, which are oligotrophic (Nicholls et al.
1988). In contrast, Nicholls et al. (1977) found that F. crotonensis was prevalent during
the springs and early summers of 1973 and 1974 throughout inshore Georgian Bay
prior to phosphorus load reductions. F. crotonensis was never a dominant member of
the phytoplankton community in this study, but its association with RDA 1 supported the
prediction that eutrophy indicators will be more abundant at stations with higher P
loading.
The colonial cyanobacteria from this study (e.g., Woronichinia species #1 and species
#2, Aphanocapsa, and Aphanothece) were likely reliable indicators of local nutrient
enrichment and were usually absent or present in only small proportions at the river
station (Station 5) relative to the other taxa. Transport from the river is not likely the
primary factor affecting their abundance, which was supported by the results from the
pRDA (Figure 11). Older studies have shown that Cyanobacteria represent a small
portion of the relative biomass through the summer (~17%) and fall (~15%) at offshore
stations in Georgian Bay (Munawar and Munawar 1986). In the present study, the
relative biomass of cyanobacteria averaged over the summer (August through
September) was ~1.7× higher (29 ± 5%) than the percentage reported by Munawar and
Munawar (1986) and was ~1.4× higher (21 ± 1%) during the fall (October through
November). Importantly, the cyanobacteria exhibited similar seasonal patterns to that
study, but the relative biomass peaked at ~90% at the bay stations in the summer. The
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more pronounced effect of nutrients from the Nottawasaga River likely explains these
differences between the offshore and nearshore.
The cyanobacteria identified in this study have a tolerance for segregated (patchy)
nutrients and are common in shallow, nutrient-rich water columns (e.g., Aphanocapsa,
Aphanothece) and summer epilimnia of mesotrophic lakes (e.g., Woronichinia)
(Reynolds et al. 2002). Compared to the other cyanobacteria, Woronichinia species #1
had a relatively strong correlation with RDA 1 in the 2016 RDA and pRDA, indicating
that it may have been fertilized by the river. P loading has been associated with blooms
of Woronichinia in other systems (Orihel et al. 2015; Vidal et al. 2012). For example,
localized blooms of Woronichinia due to SRP ‘injections’ from the Ter River were
observed in the Sau Reservoir in northeast Spain (Vidal et al. 2012). Vidal et al. (2012)
proposed that nutrients, which had been previously limiting in the reservoir, caused the
existing colonies of Woronichinia to achieve bloom status. Bridgeman et al. (2012) also
observed that elevated SRP was associated with Microcystis blooms in Lake Erie.
Interestingly, Vidal et al. (2012) report SRP concentrations that are orders of magnitude
greater (172 µg L-1) than in this study (< 1 µg L-1) and others (Bridgeman et al. 2012: 14
µg L-1; Orihel et al. 2015: 2 µg L-1). Given the difference in magnitudes of SRP
concentrations reported above, it is possible that even low SRP concentrations can lead
to dominance by cyanobacteria. Importantly, Orihel et al. (2015) observed
cyanobacteria blooms consisting of Woronichinia naegelianum and other potentially
toxic species at relatively low SRP concentrations in Nakamun Lake, which is a shallow
polymictic lake in Alberta, Canada. Even though SRP represented a small portion of the
dissolved P pool, TDP from the sediment porewater was mixed upward from the bottom
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and rapidly assimilated into the particulate P pool, which is a proxy for P within algal
cells (Orihel et al. 2015). The Orihel et al. (2015) study shows that small concentrations
of SRP, which is mostly released from the sediment (Nürnberg 2009), can lead to
blooms of cyanobacteria. This can occur in well-mixed lakes with internal loading (Orihel
et al. 2015) and river plumes (i.e., external loading) (Bridgeman et al. 2012; Vidal et al.
2012).
External loading is likely more important along the studied transect because the
consistent counter-clockwise along-shore current (Sheng and Rao 2006) probably
makes residence times too short to facilitate substantial internal loading. The
associations between Woronichinia species #1 abundances and RDA 1 in RDA and
pRDA suggest that this species is more abundant at stations receiving more riverine
nutrient inputs, including TP (particulate and dissolved P). The available SRP data from
2015 and similar ordinations between years provide an indication that relatively low
SRP concentrations may have contributed to the dominance by other cyanobacteria
(Woronichinia species #2, Aphanocapsa, and Aphanothece) in Nottawasaga Bay.
Results from another study suggest that N:P ratios have a stronger effect than absolute
P concentrations on phytoplankton communities of oligotrophic lakes (Brauer et al.
2012). Brauer et al. (2012) found that nutrient ratios predict phytoplankton composition
in oligotrophic environments better than absolute concentrations. Based on this, N:P
throughout this study were far above the Redfield ratio (16:1) and observed thresholds
for possible co-limitation or N-limitation (i.e., DIN:TP > 5.1; Ptacnik et al. 2010),
supporting the idea that P and other nutrients were more important predictors of
composition than N in this study. Similarly, Müller and Mitrovic (2014) investigated the
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effects of N and P on phytoplankton composition in mesocosms at low initial
concentrations of bioavailable N and P (i.e., nitrate/nitrite and SRP, respectively). Low
levels of nutrients could have made responses to single nutrient additions difficult to
detect because of the N:P. Despite this, they found that some species responded to
individual nutrient amendments whereas many taxa were co-limited by N and P.
Chlorophytes, diatoms, and a few other taxa including the cyanobacterium Aphanothece
responded to P+N and P treatments, indicating P limitation. Conversely, another
cyanobacterium, Aphanocapsa, responded only to the combined nutrient additions
(Müller and Mitrovic 2014). In the present study, when P was elevated by increased
river discharge, DIN:TP decreased and this coincided with increased abundances of
Aphanocapsa and Aphanothece, which may be stronger competitors for N like other
Cyanobacteria (Brauer et al. 2012). The association between cyanobacteria
abundances and P provided by the Nottawasaga River is consistent with the predicted
response.
Interestingly, harmful bloom-forming cyanobacteria such as Microcystis and
Dolichospermum have been identified in other embayments along the east coast of
Georgian Bay (e.g., Sturgeon Bay and North Bay, Honey Harbor) (Verschoor et al.
2017) but were absent in the present study. A likely reason for this difference is that
those embayments are more enclosed and less energetic than Nottawasaga Bay. High
TP is one of the major factors contributing to the large blooms of harmful cyanobacteria
observed in Sturgeon Bay (Verschoor et al. 2017). It is possible that higher nutrient
concentrations could lead to a more substantial contribution from harmful cyanobacteria
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in Nottawasaga Bay, similar to observations made in Saginaw Bay, Lake Huron
(Fahnenstiel et al. 2008).
Some taxa were more abundant in the river (Figure 9), which makes distinguishing the
effect of nutrient loading from the transport of riverine taxa into the bay more difficult.
Nicholls et al. (1985) reported associations between chlorophytes and nutrient
enrichment in Lake Simcoe. Chlorophytes were also associated with RDA 1 in the
present study, but this may not represent a response to fertilization, rather it is likely due
to the combined effects of nutrients and transport from the river (i.e., due to the lower
amount of explained variance and lower correlations of TP with RDA 1 in pRDA).
Chlorophytes have previously represented a small proportion of the summer biomass
(5%) in Nottawasaga Bay (Nicholls et al. 1988), which is consistent with the relative
biomass at the bay stations (9 ± 6%) and observations made by Munawar and Munawar
(1986) at their offshore stations (~10%). The difficulty in disentangling the effects of
fertilization and transport may be due to the strong coherence of the river plume, which
is due to the strong negative gradient in specific conductivity (e.g., ~450 and 150 µS cm1,

respectively in the river and Georgian Bay). It is interesting to note that strong

coherence of river plumes was also found in rivers elsewhere in Georgian Bay where
positive gradients in specific conductivity were found (Bocaniov et al. 2013). Additional
analysis using algal biomass may provide additional insight into disentangling the
effects of fertilization vs. transport.
Oligotrophy indicators
Oligotrophy indicators (i.e., taxa with low P affinities) generally had weak, but negative
associations with P loading from the Nottawasaga River. Cyclotella is one example of a
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potential oligotrophy indicator in Nottawasaga Bay. Although Cyclotella was abundant at
the river station (Station 5), it represented up to 22% of the relative abundance at bay
sampling stations in the more frequently sampled spring of 2016. Before removing the
effect of conductivity, Cyclotella was weakly, but positively associated with river
nutrients. The opposite responses between analyses may suggest that their
abundances decreased along the conductivity gradient, but at least some of the
variation in abundance could be explained by the dilution of nutrients from the river.
Negative relationships between the abundances of several Cyclotella species and TP
have also been found by Reavie et al. (2014) in Lake Huron and throughout the Great
Lakes following reductions in P loading in their unpublished data (Reavie et al. 2014).
The weak association between Cyclotella and P observed in this study could be due to
some of the reasons outlined below. First, Cyclotella may not have been adequately
resolved using the FlowCAM. For example, Stephanodiscus is probably
undistinguishable from Cyclotella under the selected objective, which would effectively
pool two genera with opposing indicator associations with P (Winter et al. 2011). I took
precautions to avoid this issue by aiding their identification with light microscopy. It is
still possible that some Stephanodiscus were present in the FlowCAM samples and
overlapped the size range of Cyclotella, which could add noise to its relationship with P
variables. Secondly, it is likely that the cells resembling Cyclotella belonged to several
species, which have a range of low TP optima (Reavie et al. 2014). Where the optima of
the studied species fall within that range is unknown. It is also possible that the gradient
of nutrients in this study was too short and was not comparable with those observed in
the literature. Recent literature suggests that Cyclotella can respond to a multitude of
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environmental conditions, which makes their use as an indicator troubling in the
absence of strong gradients (Saros and Anderson 2015).
Chrysophyte abundances were unrelated to the riverine nutrient gradient identified in
RDA. This finding comes despite other studies showing that Chrysophytes dominate at
the low end of TP gradients (Phillips et al. 2013; Ptacnik et al. 2008). Chrysophytes are
known to be mixotrophic, which may explain their seemingly absent relationship with P
(Ptacnik et al. 2008). Overall, the oligotrophy indicators showed weak responses to P
provided by the Nottawasaga River and provided weak support for the prediction that
they would be more abundant at stations with low P concentrations.
The River as a Source of Phytoplankton Taxa
Larson et al. (2016) presented evidence that many Great Lakes rivermouths are net
sources of phytoplankton and chlorophyll-ɑ to downstream water bodies. The
correlations between conductivity and chlorophyll-ɑ concentrations in this study and
others (Pavlac et al. 2012; Bocaniov et al. 2013) are consistent with this pattern. As
noted above, with the exception of 6 cyanobacteria and 2 chrysophyte taxa, the majority
of taxa (i.e., 44 of 52) identified in Nottawasaga Bay were also present in the
Nottawasaga River. This pattern was examined more closely in terms of the
composition of taxa that were transported to the bay using perMANOVA, hierarchical
clustering, and pRDA for information on specific genera. The fact that the river-bay
mixing station (Station 6) had similar composition to Station 5 strongly suggests that
taxa were transported from the river.
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The cluster analyses revealed similar patterns to perMANOVA. Higher Jaccard’s
similarity between adjacent stations on either side of the mouth and at stations sharing
elevated proportions of river water is consistent with river-lake transition zones identified
in other studies (Nogueira 2000; Frame and Lessard 2009). This was most pronounced
when discharge was above its mean value, suggesting that the transport of river taxa to
the bay depends on the hydraulic conditions in the river. A study of the Jurumirim
Reservoir in Brazil identified a river-lake transition zone with higher community similarity
(Nogueira 2000), which was also observed by Frame and Lessard (2009) in an
estuarine embayment. Together, these findings suggest that rivers are a source of algal
taxa to embayments.
Community Diversity Indices
Trends in species diversity and species evenness were observed during each summer,
which appeared to coincide with seasonal changes in the phytoplankton community.
First, the decrease in diversity and evenness at the bay stations in 2015 during the midlate summer suggests that the community was dominated by cyanobacteria. This was
also observed in 2016, but more frequent sampling also revealed that chrysophytes
dominated at the bay stations in the early summer. Dominance by cyanobacteria was
concurrent with low evenness and diversity and a period of increased TP at the river
station (Station 5) following a storm. Lehtinen et al. (2017) have found similar
relationships between nutrient concentrations, bloom-like species compositions, and low
diversity index values in Finnish coast of the Baltic Sea (i.e., evenness was lowest when
a relatively small number of taxa were dominant). This is consistent with Cottingham
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and Carpenter (1998) who found that species diversity and species evenness can
provide indications of nutrient enrichment in experimentally manipulated lakes.
Nutrient Loading and Processing Mechanisms
Mechanisms of P mobilization in shallow lakes were reviewed by Søndergaard et al.
(2003). Sediment resuspension, bioturbation, or bacterial release (Table 3) may be
potentially important sources of biologically available P for the nearshore waters of
Nottawasaga Bay (Søndergaard et al. 2003; Orihel et al. 2017).
Table 3. Possible P release mechanisms for Nottawasaga Bay, based on reviews by
Søndergaard et al. (2003) and Orihel et al. (2017).
P release mechanism
Bacterial release

Description/Characteristics
- Accompanies external sediment load with high organic content
- Extracellular phosphatases on bacteria cleave phosphate from organic compounds
- Accelerated in oxic conditions

Bioturbation

- Enhancement of upward diffusion of P from below the sediment surface
- Involves organisms such as benthic macroinvertebrates

Sediment resuspension

- Shallow systems with high sediment surface area to water ratio
- Requires strong nearshore mixing or release from a river

Sediment resuspension is likely an important source of bioavailable P to Nottawasaga
Bay because most of the P in sediments exists as SRP (Nürnberg 2009). The
Nottawasaga River frequently has suspended sediments in its lower reaches that can
carry downstream into the bay as a sediment plume, usually following significant rainfall
(Charlton and Mayne 2014). Rainfall events generally led to increased discharge,
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turbidity, and TP concentrations. Though SRP concentrations were usually low at
station 5 (excluding the first sample in 2015), it is possible that it was quickly utilized by
the phytoplankton or adsorbed onto silt particles and entrained in the plume before its
measurement, hence the elevated TP on dates following rainfall (Nürnberg 2009).
Externally-loaded sediments, like those from the Nottawasaga, contain organic matter
and P from its assimilation into algal cells. In P-limited systems, extracellular
phosphatases on bacteria readily cleave phosphate from these organic P compounds in
the sediment (Orihel et al. 2017). Furthermore, oxygen catalyzes the breakdown of
organic compounds, so it is unnecessary for this process to take place in anoxic
conditions (Orihel et al. 2017). Shinohara et al. (2012) provided empirical evidence for
this mechanism by finding higher orthophosphate diester:monoester ratios in
sedimentary P, which was associated with the transformation by bacteria before or after
particle sedimentation (Shinohara et al. 2012). It is possible that the particulate nutrients
from the Nottawasaga were mobilized by bacteria in the bay and contributed to the
observed colonial cyanobacteria dominance. This is supported by a separate analysis of
particulate P fractions in Nottawasaga Bay, which has shown that over half of the
particulate P at Station 1 and 10 can exist in labile forms (R.E.H. Smith, pers. comm.).
Another possible source of nutrients to the bay sampling stations is surficial aquifers (Ji
et al. 2017). Agricultural fertilizers are capable of leaching into ground and surface
waters (Carpenter et al. 1998), which may be facilitated by the well-drained soil in the
region (Ji et al. 2017). Surficial aquifers are also susceptible to underground sources of
pollutants such as septic systems and leaky sewers (Ji et al. 2017). Ji et al. (2017) have
estimated the lacustrine groundwater discharge (LGD) into Nottawasaga Bay to be
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approximately between 5-6 and 7-13% of the Nottawasaga River’s discharge,
depending on the measurement technique used. P plumes emanating from the
decommissioned septic systems of cottages in the town of Wasaga Beach have yet to
reach Nottawasaga Bay and are only estimated to contribute up to a few percent of the
Nottawasaga River’s P-load when they do (Roy et al. 2017). Higher concentrations of
SRP in the beach groundwater (30-50 µg L-1) and in groundwater plumes from point
sources (> 800 µg L-1) relative to the offshore water (< 1 µg L-1) suggest that
groundwater is a source of SRP to the bay, which may be important for bloom forming
cyanobacteria (Roy et al. 2017). Groundwater contributes a minor proportion of the
overall P load relative to the Nottawasaga River and therefore, continued monitoring
and management efforts should focus on P loading from the Nottawasaga River.
Conclusions
It was hypothesized that river-borne nutrient loads lead to differences in phytoplankton
community composition in coastal embayments of oligotrophic lakes among sites with
different river water influence because of competition for resources (i.e., nutrients) and
the transport of algal taxa from the river. The hypothesis was shown some support
because of the associations between eutrophy indicator taxa and nutrients provided by
the Nottawasaga River and the observation that 44 of 52 algal taxa were found both in
the river and bay. Results were consistent with the prediction that eutrophy indicator
taxa would be more abundant at stations receiving higher P loads, but the relative
importance of nutrient loading and transport from the river was not fully distinguished in
the present study. The river transported taxa to the bay, which likely elevated diversity
at the bay stations. For this reason, the predicted effect of nutrients provided by the
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river on diversity and evenness may have been confounded by the transport of riverine
taxa to the bay.
The effect of rivers on the algal composition of oligotrophic embayments is not well
studied and, in a more general sense, rivermouth ecosystems are not well understood.
This research contributes to that understanding by showing that nearshore
phytoplankton community composition can be affected by nutrient loading and the
transport of algal taxa from rivers. More research is needed to differentiate the effects
of transport from fertilization and to better understand their relative importance to the
nearshore phytoplankton community. If nutrient loading from the Nottawasaga River
were to increase, it could have detrimental effects on the nearshore habitat of
Nottawasaga Bay, similar to those observed in more eutrophic systems. If
Cyanobacteria dominance becomes a more frequent phenomenon in response to
nutrient loading, it is possible that the nearshore environment in Nottawasaga Bay
could be impaired, losing value to the public. Gaining the ability to predict
cyanobacteria blooms in coastal embayments would be advantageous. This study has
shown that Nottawasaga Bay is an effective model system to study the effect of
nutrient loading on coastal embayments. Additional research on the bioavailability and
uptake of nutrients released from rivers may be helpful to better understand
eutrophication in coastal embayments.
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Appendix 1
FlowCAM library images
Table A1- Example library images used to statistically filter samples and their average
particle lengths and cell biovolumes.
Taxonomic
identity

Library images

Length
(µm)

Cyanobacteria
Aphanocapsa

Cell
biovolume
(µm3)
17.6

52.1 ±
17.6
Aphanothece

3.0

48.9 ±
9.1
Chroococcus

205.8

37.0 ±
5.0
Merismopedia

28.0

71.9 ±
13.2

72
Oscillatoria*

1790.0

64.7 ±
45.5
Spirulina*

1022.8

61.0 ±
28.5
Woronichinia
species #1

43.0

55.4 ±
25.5
Woronichinia
species #2

9.5

43.7 ±
6.8
Bacillariophyceae
(Diatoms)

73
Asterionella

1143.4

77.9 ±
26.6
Aulacoseira

1091.6
154.3 ±
79.4

Cyclotella

588.3
12.0 ±
0.6

Chain-forming
diatoms

244.8

34.4 ±
8.6
Cymbella

3272.7

45.6 ±
12.8
F. capucina
colonies

581.3

56.2 ±
21.0

74
F. crotonensis
colonies

1156.1

102.6 ±
27.8
F. crotonensis
single cells

2081.7

149.7 ±
6.2
Gyrosigma

7344.3

103.2 ±
2.9

75
Large centrics

5927.1

24.4 ±
5.0
Melosira

5751.0

67.0 ±
27.5
Navicula

2943.5

41.3 ±
12.0
Nitzschia

880.6

61.4 ±
9.6
Tabellaria

5646.4

83.5 ±
20.0
Chlorophytes
(Green algae)

76
Actinastrum

45.0

35.5 ±
5.5
Ankistrodesmus

74.0

35.5 ±
23.4
Carteria

569.2
18.6 ±
2.6

Chlamydomonas

1117.5
17.9 ±
3.1

Coelastrum

197.0
19.0 ±
1.9

Cosmarium

648.4
19.3 ±
10.0

Crucigenia

544.7

48.7 ±
16.2
Desmodesmus

131.8

28.6 ±
10.0

77
Dictyosphaerium

352.6

74.8 ±
13.2
Golenkinia

2505.9

27.9 ±
17.6
Kirchneriella

284.9

61.4 ±
28.8
Micractinium

129.0

30.5 ±
9.8
Pediastrum*

4640.8

38.8 ±
6.6
Scenedesmus

165.3
19.8 ±
4.2

78
Sphaerocystis

149.3

53.0 ±
14.7
Tetradesmus

69.4

31.2 ±
10.5
Cryptophytes
Chroomonas

132.6
13.2 ±
3.65

Cryptomonas

895.9

26.8 ±
1.6
Dinoflagellates
Peridinium,
Glenodinium, and
Ceratium

5990.7

29.3 ±
2.8
Chrysophytes
Dinobryon

198.3

78.6 ±
13.1

79
Uroglena

173.8

64.4 ±
13.5
Synurophytes
Mallomonas

1983.7

24.3 ±
3.7
Synura

578.5

74.5 ±
15.1
Euglenophytes
Euglena

4194.9

54.1 ±
21.2

(*) - Biovolumes calculated based on the entire colony or filament.

80

Appendix 2
Physicochemical data
Table A2- Mean ± standard error nutrient concentrations at each of the sampling
stations in 2015.
Nutrient parameter

Station
1

3

5

6

8

10

SRP (µg·L-1)

0.42 ±
0.15

0.53 ±
0.19

2.03 ±
0.99

0.67 ±
0.28

0.66 ±
0.31

0.49 ±
0.27

TP (µg·L-1)

3.44 ±
0.67

3.35 ±
0.81

19.35 ±
2.75

7.52 ±
1.83

6.27 ±
2.15

3.07 ±
0.68

TDP (µg·L-1)

1.82 ±
0.47

1.57 ±
0.39

6.77 ±
1.44

3.05 ±
0.56

2.28 ±
0.66

1.10 ±
0.23

DIC (mg·L-1)

18.84 ±
2.19

18.55 ±
1.52

48.67 ±
2.32

22.30 ±
2.66

21.24 ±
3.64

17.20 ±
0.56

DOC (mg·L-1)

2.33 ±
0.36

2.18 ±
0.24

5.02 ±
0.86

2.67 ±
0.51

2.63 ±
0.67

1.87 ±
0.07

POC (mg·L-1)

0.21 ±
0.03

0.18 ±
0.03

0.54 ±
0.05

0.37 ±
0.07

0.37 ±
0.11

0.21 ±
0.02

Ammonia-N (mg·L-1)

0.012 ±
0.002

0.012 ±
0.002

0.010 ±
0.004

0.007 ±
0.002

0.003 ±
0.002

0.005 ±
0.002

Nitrate/Nitrite-N (mg·L-1)

0.27 ±
0.05

0.27 ±
0.03

1.14 ±
0.11

0.36 ±
0.05

0.31 ±
0.05

0.24 ±
0.02

PON (mg·L-1)

0.023 ±
0.004

0.024 ±
0.005

0.081 ±
0.008

0.054 ±
0.012

0.050 ±
0.013

0.03 ±
0.004

TKN (mg·L-1)

0.15 ±
0.01

0.15 ±
0.012

0.32 ±
0.018

0.16 ±
0.010

0.14 ±
0.007

0.13 ±
0.004
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Table A3- Mean ± standard error nutrient concentrations at each of the sampling
stations in 2016.
Station

Nutrient
1

3

5

6

8

10

TP (µg·L-1)

2.04 ±
0.28

3.13 ±
0.42

11.68 ±
0.77

4.55 ±
0.82

2.52 ±
0.39

2.37 ±
0.20

TDP (µg·L-1)

1.23 ±
0.20

3.13 ±
0.42

4.07 ±
0.60

2.27 ±
0.70

1.21 ±
0.29

0.99 ±
0.12

DIC (mg·L-1)

16.73 ±
0.65

18.31 ±
0.95

44.61 ±
1.28

21.50 ±
1.93

18.06 ±
1.24

17.43 ±
0.70

DOC (mg·L-1)

1.95 ±
0.10

1.92 ±
0.07

3.58 ±
0.27

2.05 ±
0.13

2.73 ±
0.84

1.82 ±
0.06

POC (mg·L-1)

0.16 ±
0.02

0.18 ±
0.02

0.59 ±
0.09

0.27 ±
0.02

0.20 ±
0.02

0.19 ±
0.02

Ammonia-N (mg·L )

0.015 ±
0.003

0.014 ±
0.002

0.011 ±
0.002

0.0062
±
0.0009

0.012 ±
0.007

0.0060
± 0.001

Nitrate/Nitrite-N (mg·L-1)

0.24 ±
0.02

0.27 ±
0.03

1.23 ±
0.07

0.38 ±
0.07

0.27 ±
0.04

0.25 ±
0.02

PON (mg·L-1)

0.039 ±
0.009

0.037 ±
0.005

0.097 ±
0.014

0.056 ±
0.01

0.043 ±
0.007

0.036 ±
0.004

TKN (mg·L-1)

0.17 ±
0.01

0.16 ±
0.01

0.31 ±
0.02

0.17 ±
0.02

0.14 ±
0.02

0.15 ±
0.02
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Figure A1- Temporal nutrient data collected in 2015 (A: TP, B: TDP, C: SRP, D: POC,
E: DOC, F: DIC, G: Ammonia-N, H: Nitrate/Nitrite-N, I: PON, J: TKN). Missing values
are indicated by the gaps between data points.

84
Station 1

Station 3

Station 5

Station 6

18

Station 10

10

B

A

16

8

14
12

TDP (g L-1)

TP (g L-1)

Station 8

10
8
6
4

6

4

2

2
0

0

1.6

6

D

C

1.4

5

DOC (mg L-1)

POC (mg L-1)

1.2
1.0
0.8
0.6

4
3
2

0.4
1

0.2
0.0

0

60

0.035

E
Ammonia-N (mg L-1)

DIC (mg L-1)

F

0.030

50
40
30
20
10

0.025
0.020
0.015
0.010
0.005

0

0.000
120 140 160 180 200 220 240 260 280 300 320

120 140 160 180 200 220 240 260 280 300 320

Day

Day

85
Station 1

Station 3

Station 5

Station 6

1.8

Station 10

0.25

H

G

1.6

0.20

1.4
1.2

PON (mg L-1)

Nitrate/Nitrite-N (mg L-1)

Station 8

1.0
0.8
0.6
0.4

0.15

0.10

0.05

0.2
0.0

0.00
120 140 160 180 200 220 240 260 280 300 320

0.5

I

Day

TKN (mg L-1)

0.4

0.3

0.2

0.1

0.0
120 140 160 180 200 220 240 260 280 300 320

Day

Figure A2- Temporal nutrient data collected in 2016 (A: TP, B: TDP, C: POC, D: DOC,
E: DIC, F: Ammonia-N, G: Nitrate/Nitrite-N, H: PON, J: TKN).
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Appendix 3
Colonial cyanobacteria regressions
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Figure A3- Regressions to estimate colonial cyanobacteria cell densities from ABD
area.
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Appendix 4
perMANOVA results
Table A4- perMANOVA results for 2015 and 2016. Significant terms (p < 0.05) are

2016

2015

bolded.
Df

SS

MS

Fmodel

R2

Pr (>F)

Station

5

2.87

0.57

3.92

0.22

< 0.01

Day

6

5.92

0.99

6.74

0.46

<0.01

Residuals

28

4.10

0.15

Total

39

12.89

Station

5

3.09

0.62

4.12

0.14

< 0.01

Day

11

11.17

1.02

6.77

0.50

< 0.01

Residuals

47

8.25

0.15

Total

71

22.51

0.32
1

0.37
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Appendix 5
Potential indicator taxa in Nottawasaga Bay
Table A5- Strongest relationships between TP and Georgian Bay taxa, collected from
the literature. Explicit mentions of TP optima being high or low were recorded. TP
optima values from tables or figures were given the arbitrary distinction of being high or
low when the values were within 30% of the maximum/minimum provided values,
respectively.
Class

Genus/Species

TP

Source(s)

optimum

and
Information
Type(s)

(high/low)
Bacillariophyceae (Bac)

Fragilaria capucina Desm.

High

4†

Bac

F. capucina var. mesolepta (Rabh.) Grun.

High

4†

Bac

F. capucina var. mesolepta (Rabenhorst)

High

5§‡

Bac

Rabenhorst
F. construens (Ehr.) Grun.*

High

4†

Bac

F. crotonensis Kitton

High

4†‡

Bac

Stephanodiscus hantzschii

High

5§‡; 6§‡

Bac

Stephanodiscus (genus level trend)

High

2§; 6‡

Bac

Gyrosigma scalproides (Rabh.) Cl.*

Low

4†

Bac

Cyclotella rossi Håk.*

Low

2‡; 4†

Bac

Cyclotella (genus level trend)

Low

2§‡; 4†

Bac

Dinobryon borgei Lemm.*

Low

4†

Chrysophyceae (class level

n/a

Low

3§‡

trend)
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Cyanophyceae (class level

n/a

High

1‡; 2§‡; 3§‡

trend)
Euglenophyceae

Euglena (genus level trend)

High

2§

Legend: (*) = Indicator value ≥ 7 for Lake Huron produced by Reavie et al. (2014). Information type:
supplementary data = (†); mention by author = (‡); table or figure = (§).
References: 1 = (Järvinen et al. 2013); 2 = (Phillips et al. 2013); 3 = (Ptacnik et al. 2008); 4 = (Reavie et al. 2014);
5 = (Reavie and Smol 2001); 6 = (Winter et al. 2011).

