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Introduction

The St. Lawrence River, with a length of 3260 km, is the second longest river in
Canada and the 17™ longest in the world. The drainage area of the St. Lawrence
River covers 610 000 km” from Lake Superior in the west to the Cabot Strait
(Atlantic Ocean) in the east and the river has a mean annual flow rate of 12 600
m’ s” (Environment Canada, 2005). Because the St. Lawrence River drains the
Great Lakes basin, part of the river is subject to the Great Lakes Water Quality

Agreement between Canada and the United States.

Signed in 1972, the Great Lakes Water Quality Agreement (GLWQA) set specific
objectives for both Canada and the United States to control pollutants, typically
sewage and phosphorus, entering the lakes and its watershed. In 1978 the
GLWOQA was expanded to control the release of toxic substances and the focus of
the agreement shifted from pollution control to restoring and maintaining
ecosystem health and identified 42 Areas of Concern (AOCs) — areas so polluted
that its overall ability to support aquatic life was questioned (Hartig and Zarull,
1992; Nicholls et al. 2004). The latest version of the GLWQA adopted in 1987
mandated the creation of Remedial Action Plans (RAPs) to facilitate the
restoration of AOCs and improve their overall health. The listing, and future
delisting, of AOCs was based on any one, or several, of 14 potential beneficial
use impairments (see Table 1) with impairment of a beneficial use being defined
as a change in the physical, chemical or biological integrity (International Joint

Commission, 1989).

Degradation of phytoplankton populations is one of the 14 beneficial use
impairments listed in the GLWQA. A proper understanding of the phytoplankton
impairment, however, requires a comprehensive assessment of the various
components of the lower trophic levels. The microbial food web, including
phytoplankton, is considered to be an early warning indicator for ecosystem

health due to the sensitivity of microbial species to different types of



environmental stressors (Munawar and Weisse, 1989; Munawar et al. 2001). The
impaired phytoplankton and microbial communities, such as bacteria and ciliates,
are indicators of degraded environments. Alterations to the microbial and
phytoplankton communities could disrupt the normal transport of nutrients across
the food chain to the higher trophic levels (Heath et al. 2003). This could
severely impair the health of the fisheries and lead to outbreaks of toxic algae.
The normalized biomass size spectra could provide an early warning of nutrient or
toxic stress in aquatic ecosystems (Sprules and Munawar, 1986). The species
composition and size and shape structure (edible vs. inedible) of phytoplankton
provides excellent information about the quality of food resources for
zooplankton grazing which eventually determines the quality and quantity of the
fisheries. Such data is extremely useful in the development of ecosystemic

models such as Ecopath.

The Cornwall Area of Concern (AOC) includes a stretch of the St. Lawrence
River approximately 80 km long, from the Moses-Saunders power dam (just
upstream of Cornwall, ON) to the eastern outlet of Lake St. Francis in Quebec. In
this report, the terms Lake St. Francis and Cornwall AOC are used
interchangeably. The Stage 1 Remedial Action Plan Assessment (Anderson et al.
1992) defined 11 of 14 Beneficial Use Impairments and described the 3
remaining, specifically: tainting of fish and wildlife flavour; bird or animal
deformities or reproductive problems, and degradation of phytoplankton and
zooplankton populations as needing further study. The Stage 2 report for the
Remedial Action Plan (Dreier et al. 1997) refined the original list of 11 BUIs
down to 6, namely:

e Mercury, PCBs and other contaminants of concern in water, sediments and

fish
e Bacterial contamination leading to beach closings

e Habitat destruction and degradation



e [Excessive growth of nuisance aquatic plants

e Exotic species

e Fish and wildlife health impacts
The BUIs that were described in the Stage 1 Report as needing further study were
now described in the Stage 2 report as possibly impaired. Studies were
undertaken to address tainting of fish and wildlife flavour and bird or animal
deformities or reproductive problems but no immediate plans were made to assess

degradation of phytoplankton and zooplankton populations as a possible BUI.

With respect to the BUIs identified in the Stage 2 report, bacterial contamination
and nuisance aquatic plants are directly indicative of a stressed phytoplankton
community. Furthermore, exotic species, such as zebra and quagga mussels
(Dreissena polymorpha and D. bugensis) have been linked to changes in the
composition and biomass of the phytoplankton community in the lower Great
Lakes (e.g. Makarawicz et al. 1999; Munawar and Munawar, 1999; 2003) as well
as reductions in primary productivity (Munawar et al. 1999; 2005). Zebra mussel
filtration has also been suspected to facilitate toxic algal blooms, particularly
Microcystis (Vanderploeg et al. 2001). Interestingly, zebra mussels were
identified as having a potentially negative impact on the phytoplankton
community of Lake St. Francis in the Stage 1 RAP assessment (Anderson et al.
1992), but further action was not taken. Conversely, potential improvements in
the health of phytoplankton communities were anticipated via reductions in
phosphorus loadings entering the St. Lawrence River from Lake Ontario
combined with point source reductions in phosphorus entering the river directly
from sewage treatment plants within the Province of Ontario (Dreier et al. 1997).
Unfortunately, the absence of both current and historic data makes it impossible

to draw any conclusions.

Taken together, these observations regarding potential changes in the
phytoplankton community suggest that an integrative approach is needed to

properly determine the health of the planktonic food web within the Cornwall



AOC. A simple phytoplankton study, while in itself is badly needed, is not likely
to provide enough information for a complete health assessment. Consequently,
this study includes primary productivity, bacteria, autotrophic picoplankton,
heterotrophic nanoflagellates and ciliates in order to provide a more
comprehensive treatment of the lower trophic levels. The current study was
undertaken by Fisheries & Oceans Canada in collaboration with the Raisin
Region Conservation Authority, the Ontario Ministry of the Environment and
Energy and Environment Canada under the terms of the Canada-Ontario
Agreement (COA) to address this longstanding research deficiency and provide
badly needed information on the health of phytoplankton communities within the

Cornwall AOC.

An integrated evaluation of the planktonic communities of the Cornwall AOC
was undertaken during 2004 and 2005. The study design included 1 station
upstream of the AOC and 5 stations within the AOC. The parameters studied
included phytoplankton, ciliates, microbial loop (including bacteria, autotrophic
picoplankton and heterotrophic nanoflagellates) and primary productivity. In
order to provide information on the water entering the St. Lawrence River, a
spring monitoring cruise of Lake Ontario was conducted during 2005.
Additionally, a summer monitoring cruise of Lake Ontario, carried out in 2003
under the LOLA (Lake Ontario Lower Aquatic Food Web Assessment) study,
was used to supplement the data. Furthermore, the historic deficiency in plankton
data was addressed by analyzing archived phytoplankton, microbial loop and
primary productivity samples that were originally collected by Fisheries &

Oceans Canada in 1989.



Materials and Methods

Six stations were sampled within the Cornwall AOC during 2004 and 2005
including a single station upstream of the Moses-Saunders Power Dam (Fig 1a).
Monitoring cruises were conducted on June 8, 2004, July 21, 2004, September 17,
2004 and October 12, 2005 to capture spring, summer, late summer and fall
conditions respectively. Water samples were collected from discrete depths with
a 5 L van Dorne bottle and mixed to create a composite of the water column. Due
to inclement weather and strong currents encountered during the fall survey, only
3 downstream stations were sampled, along with the 1 upstream station, and only
surface water samples taken. Samples were then transported to the laboratory in
dark ice chests for further analysis. At the laboratory, sub-samples were extracted
for phytoplankton, primary productivity, microbial loop (bacteria, autotrophic
picoplankton, and heterotrophic nanoflagellates), ciliates and major nutrients
(total phosphorus and nitrogen). In addition, 5 stations from the central and
eastern ends of Lake Ontario were sampled from the CCGS Limnos during April
2005 (Fig. 1b). Samples were collected using an integrated sampler and sub
samples were extracted immediately for phytoplankton, primary productivity,

bacterial productivity, microbial loop and ciliates.

Microbial loop samples were fixed with 1.6% formaldehyde and enumerated
using DAPI staining (Porter and Feig, 1980) under epi-fluorescence microscopy
(Munawar and Weisse, 1989) and freshweight biomass was estimated as 0.91 pg
cell! for bacteria, 1.82 pg cell” for autotrophic picoplankton and 127 pg cell” for
heterotrophic nanoflagellates (Sprules et al. 1999). Ciliate samples were
preserved with Lugol’s iodine and enumerated following the Quantitative
Protargol Staining technique (Montagnes and Lynn, 1987). Phytoplankton
samples were fixed with Lugol’s iodine and identification and enumeration
followed the Utermohl (1958) inverted microscope technique (see Munawar et al.

1987). Size structure of the phytoplankton community was assessed using



Equivalent Spherical Diameter (ESD). Phytoplankton and ciliate biovolumes

were converted to biomass assuming a specific gravity of 1 (Strickland, 1960).

Primary productivity was determined for three size categories of phytoplankton
(<2 pm, 2-20 pm and >20 pum) following the standard protocol of Munawar and
Munawar (1996). Whole water samples were spiked with Na'*CO3, incubated for
4 hours at surface temperature and exposed to a constant light level of 240 uE s™
m™. After incubation, size classes were determined via filtration of the sample
water through polycarbonate filters and radioactivity was determined by liquid
scintillation counting. Bacterial productivity was estimated by *H-leucine

incorporation into bacterial proteins (Jorgensen, 1992).

Historical comparisons were made with similarly collected phytoplankton,
microbial loop and primary productivity data from July 1989. With respect to the
1989 primary productivity data, only >20 pm and <20 um size classes were
determined. In order to make these data comparable, the 2-20 um and <2 pm size
classes from the current study were added together to produce a >20 pm primary

productivity estimate (Munawar et al. 2005).

Results

Lake St. Francis 2004-2005

Our designation of the research cruises of the Cornwall AOC as spring (June 8,
2004), summer (July 22, 2004), late summer (September 17, 2004) and fall
(October 12, 2005) was based on limnological as well as temporal considerations.
Surface temperatures were found to be = 15°C in spring, = 22 °C in summer, = 20

°C in late summer and = 15°C in fall which supports our classification.



Nutrient levels were monitored throughout the study period. Total phosphorus
levels ranged from 9 — 14 ug "' throughout the study period with the exception of
station 84, at the mouth of the Rasin River, during the fall cruise, were it was
observed to be 54 pg I"'. Similarly, nitrogen (nitrite + nitrate) levels were
between 210 — 360 pg I throughout the study except at station 84 in the fall,

where nitrogen levels of 1440 pg I"' were recorded.

Phytoplankton biomass ranged from 93 — 223 mg m™ during spring (June) 2004
and showed considerable variability upstream and downstream of the Cornwall
AOC (Fig. 2a). Cryptophyceae was the dominant taxonomic group at all sites
except station 94, a marshy area near Summerstown, ON, where Diatomeae was
most prevalent (Fig. 2b). Virtually no Cyanophyta (blue-green algae) were

observed.

In the summer (July) 2004 cruise, phytoplankton biomass ranged from 49 — 323
mg m” at 5 of the 6 upstream and downstream sites. At station 84, near the
mouth of the Raisin River, phytoplankton biomass peaked at 2 365 mg m” (Fig.
3a). The relative composition of the phytoplankton community was variable
between stations (Fig. 3b). Cryptophyceae were dominant upstream at station 1
and downstream at stations 100 and 94. Dinophyceae were dominant at station 94
and a mixture of Chlorophyta, Cryptophyceae and Dinophyceae were prevalent at
station 103. A bloom of Chlorophyta was observed at station 84. As was the case

in the June cruise, virtually no Cyanophyta were present.

It was found during the late summer (September, 2004) survey that phytoplankton
biomass ranged 68 — 120 mg m” at all sites upstream and downstream of the
AOC (Fig. 4a). Taxonomic composition at all stations was mainly
Cryptophyceae, except at station 100 (near the northwest tip of Cornwall Island)
where Cyanophyta composed over 45% of the biomass (Fig. 4b). At station 1,
upstream of the AOC, almost 20% of the biomass was Cyanophyta. At the

remaining sites, Cyanophyta were typically less than 5% of the biomass.



During the fall cruise (October, 2005), phytoplankton biomass ranged from 46 —
121 mg m™ at 3 of the 4 upstream and downstream locations sampled. At station
94 (Summerstown), biomass reached 3 760 mg m™ indicating bloom conditions
(Fig. 5a). Cyanophyta dominated the taxonomy, accounting for 40 — 100% of the
total biomass (Fig. 5b).

A detailed list of the phytoplankton species observed in Cornwall AOC during the
current study is given in Tables 2 - 5. A total of 40 species were identified during
the June cruise at all 6 stations, compared to 22 species in the July cruise, 37
species in the September cruise and 52 species in the October cruise. Note that
during the October cruise, only 4 stations were sampled. With respect to the algal
blooms observed during this study, at station 84 during July, the filamentous
green alga Zygnema sp. had a biomass of 2 153 mg m™ representing over 90% of
the observed biomass. Zygnema sp. is not listed in Table 3 because it is benthic
rather pelagic in nature and therefore not properly classified as phytoplankton
(Round, 1965). However, the bloom conditions of Zygnema observed at this site
and its dominance of the pelagic sample warrant its further consideration in this
study. At station 94 during October, 2005, a bloom of Microcystis botrys
(Cyanophyta), a blue-green alga, was observed with a biomass of 3 421 mg m™
representing 91% of the total biomass at that site. Microcystis botrys also
composed more than 75% of the biomass at station 100 in October, although the
total biomass was substantially lower at 110 mg m™ and not indicative of an algal
bloom. Both Zygnema sp. and Microcystis botrys are indicative of eutrophic and

otherwise stressed conditions.

Primary productivity was measured at all stations sampled during the spring,
summer, late summer and fall cruises. During spring, nanoplankton (2-20 pm)
productivity was the highest ranging from 2.0 — 2.7 mg C m~ h™ followed by
picoplankton (<2 pm) productivity which ranged from 1.2 — 1.8 mg C m™ h'and



net plankton (>20 pm) ranging from 0.1 — 0.5 mg C m™ h™'at all stations (Fig. 6).

No upstream / downstream gradients were detected.

Nanoplankton was also the most productive during the early summer, which
ranged from 1.8 — 5.0 mg C m™ h™' (Fig. 7) followed by picoplankton ranging
from 0.9 — 2.5 mg C m™ h™! and net plankton ranging from 0.4 —0.7 mg C m~ h™".
Nano- and picoplankton productivity were highest at station 1, upstream of the
AOC, whereas net plankton productivity was highest at station 94, but did not

vary significantly from the other sites.

Primary productivity showed considerable variability upstream and downstream
of the AOC during the late summer cruise (Fig. 8). Nanoplankton productivity
was again the highest, ranging from 1.0 —4.0 mg C m> h™' with peak productivity
occurring at the mouth of the Raisin River (station 84). Picoplankton productivity
ranged from 0.6 — 1.5 mg C m™ h™' and also peaked at station 84. Net plankton
ranged from 0.2 — 0.4 mg C m™ h™' throughout the study area.

During the fall cruise, nanoplankton productivity ranged from 0.4 - 2.8

mg C m™ h™', followed by net plankton productivity ranging from 0.2 - 2.4

mg C m™ h™' and picoplankton productivity ranged from 0.2 - 0.6 mg C m™ h™’
(Fig. 9). Net plankton productivity was the highest observed during this study.
Primary productivity was highest for all size classes at station 84 and lowest at
station 100. Considerable variability was observed upstream and downstream of

the Cornwall AOC.

The microbial loop components of the Lake St. Francis ecosystem were sampled
on all cruises. These components include bacteria, autotrophic picoplankton
(APP), heterotrophic nanoflagellates (HNF) and ciliates. During the spring
cruise, HNF was the largest observed component with a biomass ranging from
150 — 225 mg m” (F ig. 10). Bacterial biomass was relatively high and ranged

from 54 — 132 mg m™. By comparison, ciliate biomass ranged from 2 — 3 mg m™



and APP biomass was less than 1 mg m~. No clear trend was observed upstream

or downstream of the AOC.

Heterotrophic nanoflagellates were again the largest portion of the microbial loop
biomass during summer at 121 — 300 mg m™ (Fig. 11). Bacteria ranged from 41 —
156 mg m™, followed by ciliates at 6 -12 mg m™ and APP at | —3 mgm"™.

Upstream and downstream patterns were not apparent.

Microbial loop biomass during the late summer cruise was also dominated by
HNF (Fig. 12) which fell between 175 — 250 mg m™. Bacterial biomass ranged
from 61 — 163 mg m™ and ciliate biomass ranged from 3 - 5 mg m~. APP
biomass was somewhat higher during this cruise than observed in previous
cruises, with a range of 2 — 7 mg m™. APP was lowest upstream of the Cornwall

AOC, unlike the other components, which were more variable.

Finally, during the fall cruise, HNF was again the dominant component (Fig. 13),
with a biomass ranging from 169 — 300 mg m™. Bacterial biomass fell between
48 — 177 mg m™ and peaked at station 100 on the northeast corner of Cornwall
Island. APP biomass was the highest observed during this study falling in the
range of 3 — 24 mg m™ with a peak occurring at station 84. Excluding station 84,
the range for APP was 3 —4 mg m™ consistent with both of the summer cruises.
Ciliate biomass fell within the range of 1 — 3 mg m™ although no ciliate data is

currently available for station 84.

Lake Ontario April 2005

A spring monitoring cruise of Lake Ontario was conducted during April 2005 and
stations were sampled in the central and eastern ends of the lake. Phytoplankton
biomass at station 41, mid-lake, was the highest observed at 204 mg m™ (Fig.
14a) and phytoplankton biomass at the remaining stations was between 54 — 123

mg m™. Taxonomic composition, as a percentage of biomass, was quite variable
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among the stations (Fig 14b). Station 41 contained a mixture of Chlorophyta,

Diatomeae, Cryptophyceae and Dinophyceae. Station 63 had mostly Diatomeae
and Dinophyceae. Stations 81 and 80 were composed mainly of Diatomeae and
station 78 was dominated by Chlorophyta. A total of 29 species were identified

from this cruise and a complete list is given in Table 6.

Primary productivity during the spring Lake Ontario cruise was highly variable
between stations and among size fractions (Fig. 15). Picoplankton productivity
ranged from 0.2 — 1.6 mg C m™ h™' and was, on average, the most productive
fraction. Nanoplankton productivity ranged from 0.6 — 1.5 mg C m™ h™' and net

plankton productivity was the lowest falling between 0.03 — 0.1 mg C m™ h™".

The microbial loop biomass of Lake Ontario was dominated by heterotrophic
nanoflagellates (HNF) which varied from 137 — 262 mg m™, followed by bacteria
which ranged from 25 — 44 mg m™ (Fig. 16). Ciliate biomass was relatively low
at 1 —2 mg m™ and autotrophic picoplankton (APP) biomass was the lowest

overall, ranging from 0.5 — 4 mg m™ but no APP were observed at station 81.
Historic data

Phytoplankton samples were collected from 7 stations below the Moses-Saunders
power dam in July 1989. In general, phytoplankton biomass ranged from 24 —
150 mg m™ but peaked at over 400 mg m™ at station 103 (Fig. 17a). Taxonomic
composition of the phytoplankton community was highly variable throughout
Lake St. Francis, with Chlorophyta, Dinophyceae, Cryptophyceae, and
Chrysophyceae each dominating the biomass at different stations (Fig. 17b). A
total of 84 phytoplankton species were identified at these stations on 1989 and a
complete list is given in Table 7. The number of species identified at each station

was between 15 and 30.
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Primary productivity and microbial loop were measured at 5 stations below the
power dam in 1989 that were common with the current study. Primary
productivity was limited to two size classes, namely net plankton (>20 um) and
nano-+picoplankton (<20 um). Net plankton productivity ranged from 0.6 — 1.1
mg C m™ h™' (Fig. 18a). Nano-+picoplankton productivity was considerable
higher, at 3.0 — 10.6 mg C m™ h™' (Fig. 18b).

The microbial loop biomass, excluding ciliates, was dominated by bacteria and
autotrophic picoplankton in July, 1989 (Fig. 19). Bacterial biomass ranged from
132 — 314 mg m™ throughout the AOC. APP biomass was low, falling between
17 and 31 mg m™ at stations 94 and 84 respectively, but considerably higher, 183
— 360 mg m™, at the remaining stations. HNF biomass ranged from 3 — 11 mg m™

in this period.

Discussion

The Cornwall Area of Concern (AOC) is a complex ecosystem that defies a
simple classification scheme or trophic index. The most obvious signs of
ecosystem stress observed in this study were algal blooms occurring at station 84
on July 22, 2004 and at station 94 on October 12, 2005 which are consistent with
the previously listed beneficial use impairment (BUI) of “eutrophication or
undesirable algae” in the Stage II RAP report (Drier et al. 1997). These blooms
should not be interpreted in isolation however and it should be properly noted that

no other evidence of algal blooms were observed in other parts of the river.

With respect to the observed blooms, the summer bloom contained Zygnema, a
filamentous green algae known to occur in eutrophic environments. Not properly
phytoplankton, Zygnema is metaphytic in nature, and its appearance in the surface
waters of station 84 was likely the result of being deposited there by the Raisin

River. The fall bloom contained Microcystis botrys, a blue-green alga known to
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produce the hepatotoxin microcystin (Via-Ordorika et al. 2004). It can not be said
with certainty however, whether this bloom of M. botrys was indeed toxic as
detection of the toxic strain requires the use of genetic markers (Janse et al. 2004).
Further study into the frequency and dynamics of nearshore algal blooms in Lake

St. Francis is needed to determine if this still qualifies as a BUI.

While algal blooms were observed twice during the course of this study, the vast
majority of samples from the Cornwall AOC (20 of 22) indicated no algal blooms.
Broader based comparisons are always important to interpreting results and
understanding the health of the ecosystem. Since the water that flows though
Lake St. Francis originates from Lake Ontario, comparisons between the two
systems are logical and necessary. Spring phytoplankton biomass in Lake
Ontario, 100 — 200 mg m-3, was within the range of values observed in Lake St.
Francis (Fig. 20a). Phytoplankton biomass within these ranges usually indicates
oligotrophic conditions (Munawar and Munawar, 1982). The composition of the
phytoplankton community was quite different, however with Diatomeae being the
most prevalent in Lake Ontario and Cryptophyceae dominant in Lake St. Francis
(Fig. 20b). Differences in the taxonomic composition of Lake Ontario and fluvial
Lake St. Francis, particularly the dominance of Cryptophyceae, have previously
been attributed to different physicochemical regimes in the two lakes as well as

the fluvial lake’s ability to generate new phytoplankton (Hudon, 2000).

Phytoplankton biomass in the late summer in Lake Ontario (= 270 — 375 mg™)
was more than double the biomass observed in Lake St. Francis (Fig. 21a). While
the biomass of Lake Ontario increased between spring and summer as expected
(Munawar and Munawar, 1996), biomass in Lake St. Francis actually decreased.
The decrease in biomass within the Cornwall AOC is likely related to lower
nutrient concentrations in large rivers (Basu and Pick, 1997) and is characteristic
of rivers with managed flow regimes (Hudon, 2000). Taxonomic composition of
Lake Ontario phytoplankton was dominated by Cyanophyta and Dinophyceae,

whereas Lake St. Francis was, as in spring, dominated by Cryptophyceae. These
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differences in biomass and composition of the phytoplankton community suggest
that different factors are regulating the phytoplankton standing crop of Lakes
Ontario and St. Francis, and that the influence of Lake Ontario on Lake St.

Francis is somewhat indirect.

Spring primary productivity of net plankton (>20 um) was generally similar for
Lake Ontario and Lake St. Francis, with the exception of station 94 (Fig. 22a).
Nanoplankton and picoplankton productivity were significantly higher in Lake St.
Francis than in Lake Ontario (Fig. 22b, 22¢). These differences in productivity
are most likely the result of the higher surface temperatures observed in Lake St.
Francis. Late summer net plankton productivity was significantly higher in Lake
Ontario than Lake St. Francis (Fig. 23a) which reflects the oligotrophic nature of
Lake Ontario (Munawar and Munawar, 2003). Primary productivity was
generally similar for nanoplankton and picoplankton between the two lakes in
summer, although the highest overall rates were observed in the eastern end of

Lake St. Francis (Fig. 23b, 23c¢).

Carbon efficiency, the ratio of primary productivity to phytoplankton biomass
expressed as organic carbon, is a useful tool for evaluating the relative impact of
fluctuations in either of the two parameters on phytoplankton dynamics. Figure
24 compares the phytoplankton efficiency of Lakes Ontario and St. Francis during
spring and (late) summer periods. Missing datasets are the result of low biomass
within a given size fraction that inhibit the calculation of ratios. Overall, net
plankton efficiency increased in Lake Ontario and decreased in Lake St. Francis
from spring to summer. Nanoplankton efficiency remained stable in both lakes
between spring and summer, while picoplankton efficiency showed an overall
decrease. In general, increased carbon efficiency would be expected from
oligotrophic lakes whereas decreased carbon efficiency would be expected in
eutrophic environments. Thus the results suggest continued eutrophication of the

Cornwall AOC despite low phytoplankton biomass.
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The microbial loop, including bacteria, autotrophic picoplankton (APP) and
heterotrophic nanoflagellates (HNF), has long been established as an early
warning indicator of ecosystem health (Munawar and Weisse, 1989; Cairns, 1992,
Blackburn et al. 1997). Ciliates also play a key role in the microbial food web by
repackaging carbon from picoplankton and nanoplankton and making it available
to larger zooplankton (Carrias et al. 2000; Jiirgens and Jeppesen, 2000). In
spring, bacterial biomass was typically higher in Lake St. Francis than it was in
Lake Ontario (Fig. 25a) and APP was lower in Lake St. Francis than Ontario (Fig.
25b). Both high bacteria and low APP serve as indicators of eutrophication and /
or toxic stress (Munawar et al. 1999; 2003) and the Cornwall AOC is known to
suffer from both of these stressors (Drier et al. 1997). With respect to the other
microbial loop parameters, HNF were similar in both Lake Ontario and Lake St.
Francis (Fig. 25¢) and ciliates were somewhat higher in Lake St. Francis (Fig.
25d).

During the late summer, bacteria, APP and HNF were all considerably lower in
Lake St. Francis than in Lake Ontario and ciliate biomass in Lake St. Francis was
consistent with that observed in the middle of Lake Ontario (Fig. 26). However,
the general pattern of high bacteria and low APP is still apparent and indicative of
anthropogenic stress. HNF biomass in Lake St. Francis of ~ 150 — 200 mg m”,
though lower than Lake Ontario, is still among the highest levels reported for the
Great Lakes basin (Fahnenstiel et al. 1998; Munawar and Munawar, 2001). Since
ciliates are known to graze directly on HNF (Carrick et al. 1991; Hwang and
Heath, 1997), the overall dearth of ciliates in both lakes may account for this and

definitely warrants further investigation.

The comparison of Lake St. Francis to Lake Ontario is useful because Lake
Ontario is the source of Lake St. Francis but it is imperfect since lentic systems
(lakes) behave differently from lotic ones (rivers) (Basu and Pick, 1997).
Similarly, this comparison is limited by the inability to provide any sort of

progress report on the overall health of the Cornwall AOC. To address this
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deficiency, historic structural and functional samples of the microbial fob web of
Lake St. Francis that that were collected by DFO in July of 1989 and
subsequently archived, were analyzed as a part of the study. The existence of
samples from 1989 proved most fortunate, since 1989 predates the establishment
of dreissenid mussels, i.e. zebra (Dreissena polymorpha) and quagga (D.
bugensis) mussels, in Lake St. Francis (Nicholls, 2001), but falls well after the
establishment of phosphorus controls in Lake Ontario. We were therefore able to
include a long term pre and post zebra mussel assessment of the microbial food

web of Lake St. Francis as part of this study.

Since 1989, mean summer phytoplankton biomass has remained relatively stable
at ~ 200 mg m™ and obviously did not show a significant change (Fig. 27a).
Station 84 was excluded from this analysis because the observed algal bloom in
July 2004 would unduly distort the results. The composition of the phytoplankton
community has shown a dramatic change, with Cryptophyceae replacing
Chrysophyceae as the dominant taxonomic group (Fig. 27b, 27c). This change in
the taxonomic composition may be a result of zebra mussel grazing as evidenced
in Lakes Ontario and Erie (Makarewicz et al. 1999; Munawar et al. 1999; 2005;

2006), but warrants further investigation.

Changes in the species composition of the phytoplankton community also yielded
important information about the health of the Cornwall AOC. An analysis of
eutrophic and oligotrophic indicator species observed in summer 1989 and
summer 2004 was performed (Table 8). A total of 12 eutrophic indicator species
were detected in 1989 compared to 2 in 2004. With respect to oligotrophic
indicator species, the number remained unchanged at 3 in both 1989 and 2004.
The decline in eutrophic species shows that attempts to improve water quality,

e.g. reductions in phosphorus loadings, are working however this success is
tempered by the fact that oligotrophic species are, so far, failing to establish
themselves. The failure of oligotrophic phytoplankton to become established is of

concern, and may be the result of grazing by dreissenid mussels (Munawar et al.
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1999; 2005) or it may simply indicate that ecosystem recovery is a longer term

process.

Mean primary productivity in Lake St. Francis for combined nano+pico plankton
declined significantly from 6.3 to 3.6 mg C m™ h™' between July 1989 and July
2004 (Fig. 28). While net plankton productivity also showed a decline, it was
extremely low (< 1 mg C m™ h™) to begin with. Similar results indicating a
decline in primary productivity concurrent with the establishment of zebra
mussels have been reported throughout the lower Great Lakes basin (Fahnenstiel
et al. 1995; Munawar et al. 1999; 2005) suggesting that zebra mussels may be
dramatically reshaping the lower food web which could reverberate upwards
through the food web and have dire repercussions for fish communities through

the process of trophic disruption (Jude et al. 2005; Munawar et al. 2006).

Long term trends in the microbial loop provide some evidence of an improvement
in the overall ecosystem health of the Cornwall AOC (Fig. 29). Bacteria has
declined from a mean of 250 mg m™ (+30) during summer 1989 to 90 mg m™
(£20) in 2004. However, with respect to the other microbial loop components the
results are mixed. APP has declined significantly and HNF have increased
significantly, both indicating continued anthropogenic stress. Ciliate data was not
available for 1989, but as previously noted, the small ciliate biomass observed in

the current study may be indicative of further stress on the ecosystem.

Summary and Conclusions

An integrated evaluation of the planktonic communities of the Cornwall Area of
Concern (AOC) was undertaken during 2004 and 2005. In order to provide the
most comprehensive analysis possible, a spring monitoring survey of Lake
Ontario was undertaken. Likewise historic samples from Lake St. Francis,

collected in 1989, were analyzed as part of the study which allowed for a pre and
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post dreissenid mussel assessment of the planktonic food web as well as the
opportunity to track long term trends in ecosystem health. This structural and
functional assessment of the Cornwall AOC included phytoplankton biomass and
taxonomy, bacteria, autotrophic picoplankton, heterotrophic nanoflagellate and
ciliate biomass, and primary productivity. Phytoplankton biomass in Lake St.
Francis, generally less than 500 mg m™, was similar to Lake Ontario and
indicative of oligotrophic conditions. Localized algal blooms, however, including
one of the potentially toxic Microcystis botrys, indicate continued anthropogenic
stress in the nearshore areas. The number of eutrophic phytoplankton indicator
species declined from 12 in 1989 to 2 in 2004 suggesting that improvements in
water quality have occurred, but a coincident increase in oligotrophic
phytoplankton indicator species did not occur suggesting, at the very least, a delay

in the recovery of the ecosystem.

Primary productivity declined significantly in Lake St. Francis between 1989 and
2004, a trend that has been observed throughout the lower Great Lakes following
the establishment of zebra and quagga mussels, raising the possibility of negative
impacts on the fish community via trophic disruption. Analysis of the microbial
loop of the Cornwall AOC also provided mixed signals as to the overall health of
the ecosystem. The decline in bacteria from 1989 to 2004 shows a general
improvement, however the concurrent decline in autotrophic picoplankton and
increase in heterotrophic nanoflagellates suggests that Lake St. Francis is still
under considerable stress. Overall, our integrated evaluation of the planktonic
communities shows that while the health of the Cornwall AOC is showing signs

of improvement, a more concerted effort is needed to achieve a full recovery.
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Figure 1(a). Map of the Cornwall, Ontario Area of Concern including sampling
locations.

Figure 1(b). Map of Lake Ontario including sampling locations.
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Figure 2. a) Phytoplankton biomass (mg m™) and b) % Community composition
of Lake St. Francis on June 8, 2004
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Figure 3. a) Phytoplankton biomass (mg m™) and b) % Community composition
of Lake St. Francis on July 22, 2004
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Figure 4. a) Phytoplankton biomass (mg m™) and b) % Community composition
of Lake St. Francis on September 17, 2004
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Figure 6. Lake St. Francis size fractionated primary productivity (mg C m™ h™")
for a) net plankton (> 20 um), b) nanoplankton (2 — 20 um), and c) picoplankton

(>2 pm), June 8, 2004
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Figure 7. Lake St. Francis size fractionated primary productivity (mg C m™ h™")

for a) net plankton (> 20 um), b) nanoplankton (2 — 20 pm), and ¢) picoplankton
(>2 um) on July 22, 2004
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Figure 8. Lake St. Francis size fractionated primary productivity (mg C m™> h™")
for a) net plankton (> 20 um), b) nanoplankton (2 — 20 um), and c) picoplankton
(>2 um) on September 17, 2004
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Figure 10. Biomass (mg m™) of the microbial loop components of Lake St. Francis on
June 8, 2004 for a) Bacteria, b) Autotrophic Picoplankton (APP), c¢) Heterotrophic
nanoflagellates (HNF) and d) Ciliates
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Figure 11. Biomass (mg m™) of the microbial loop components of Lake St. Francis on
July 22, 2004 for a) Bacteria, b) Autotrophic Picoplankton (APP), ¢) Heterotrophic
nanoflagellates (HNF) and d) Ciliates
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Figure 12. Biomass (mg m™) of the microbial loop components of Lake St. Francis on
September 17, 2004 for a) Bacteria, b) Autotrophic Picoplankton (APP), ¢) Heterotrophic
nanoflagellates (HNF) and d) Ciliates

33



a) Bacteria

200 -
150 -

o 100 -

m

50 -

LSF 1 LSF 100 LSF 94 LSF 84

b) APP

25 4
20

15+

mg m

10 4

LB mm EE

LSF 1 LSF 100 LSF 94 LSF 84

¢) HNF

400 -

300 -

100 +

LSF 1 LSF 100 LSF 94 LSF 84

d) Ciliates

LSF 1 LSF 100 LSF 94 LSF 84

Figure 13. Biomass (mg m™) of the microbial loop components of Lake St. Francis on
October 12, 2005 for a) Bacteria, b) Autotrophic Picoplankton (APP), ¢) Heterotrophic
nanoflagellates (HNF) and d) Ciliates
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Figure 15. Lake Ontario size fractionated primary productivity (mg C m™ h™) for
a) net plankton (> 20 um), b) nanoplankton (2 — 20 pm), and c) picoplankton (>2
pum), April 11-15, 2005
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Figure 16. Biomass (mg m™) of the microbial loop components of Lake Ontario, April
11-15, 2005 for a) Bacteria, b) Autotrophic Picoplankton (APP), ¢) Heterotrophic
nanoflagellates (HNF) and d) Ciliates
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Figure 17. a) Lake St. Francis phytoplankton biomass (mg m™) and b) %
Community composition, July 1989
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Figure 18. Lake St. Francis size fractionated primary productivity (mg C m™ h™)

for a) net plankton (>20 pm) and b) nano+pico plankton (>20 um), July 1989
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Figure 19. Biomass (mg m™) of the microbial loop components of Lake St.
Francis, July 1989, for a) Bacteria, b) Autotrophic Picoplankton (APP) and c)
Heterotrophic nanoflagellates (HNF)
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Figure 21. Comparison of Lake Ontario and Lake St. Francis late summer
phytoplankton for a) biomass (mg m-3) and b) % community composition.
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Figure 22. Comparison of Lake Ontario and Lake St. Francis spring size
fractionated primary productivity (mg C m™ h™") for a) net plankton (> 20 pm), b)
nanoplankton (2 -20 pm) and ¢) picoplankton (< 2 pm).
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Figure 23. Comparison of Lake Ontario and Lake St. Francis late summer size

LSF1 LSF 100 LSF 147 LSF 94 LSF 84 LSF 103

fractionated primary productivity (mg C m™ h') for a) net plankton (> 20 um), b)

nanoplankton (2 -20 pm) and c) picoplankton (< 2 um).
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Figure 24. Comparison of Lake Ontario and Lake St. Francis carbon efficiency

(h") during spring and late summer for for a) net plankton (> 20 um), b)

nanoplankton (2 -20 pm) and c) picoplankton (< 2 pm). n/a indicates an absence

of comparable data for that station.
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Figure 25. Comparison of the biomass (mg m™) of the microbial loop components of
Lake Ontario and Lake St. Francis during spring for a) Bacteria, b) Autotrophic
Picoplankton (APP), c) Heterotrophic nanoflagellates (HNF) and d) Ciliates
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Figure 26. Comparison of the biomass (mg m™) of the microbial loop components of
Lake Ontario and Lake St. Francis during late summer for a) Bacteria, b) Autotrophic
Picoplankton (APP), c) Heterotrophic nanoflagellates (HNF) and d) Ciliates
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Figure 27. Long term trends in mean (+ 1 S.E.) phytoplankton biomass (mg m™)
and % community composition of Lake St. Francis between summer 1989 and
summer 2004.
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Figure 28. Long term trends in mean (+ 1 S.E.) primary productivity
(mg C m™ h™") of Lake St. Francis between summer 1989 and summer 2004.
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Figure 29. Long term trends in mean (+ 1 S.E.) microbial loop biomass (mg m™)
of Lake St. Francis between summer 1989 and summer 2004. Bacteria,
autotrophic picoplankton (APP) and heterotrophic nanoflagellates (HNF) are
included.
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Table 1. Beneficial Use Impairments listed in Annex II of the Great Lakes Water
Quality Agreement (International Joint commission, 1989)

Beneficial Use Impairment
¢ Tainting of fish and wildlife

e Degraded fish and wildlife
populations

e Fish tumors or other deformities

e Bird or animal deformities or
reproductive

e problems

e Degradation of benthos

e Restrictions on dredging activities

e Eutrophication or undesirable algae

e Restrictions on drinking water
consumption or taste and odour
problems

e Beach closings

e Degradation of aesthetics

e Added costs to agriculture or
industry

e Degradation of phytoplankton and
e zooplankton populations

e Loss of fish and wildlife habitat
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Table 2. Phytoplankton species of Lake St. Francis during June 2004 as a percentage of biomass.

Legend: 0 =< 1%, x=1-5%, xx = 5-10% and xxx =>10%

Species 1 | 100|147 ] 94 | 84 | 103

Chlorophyta
Botryococcus braunii Kuetzing 0 XXX
Closterium acutum Breb. 0
Closterium limneticum Lemmermann 0
Monoraphidium contortum (Thurs.) Kom 0
Monoraphidium Komarkova-legn. In Fott, 1969 0
Pandorina morum (O. Muller) Bory De St Vincent 0
Schroederia spirale 0
Spermatozopsis exaltans/similes Korsch. X X X 0 X X

Crysophyceae
Chrysochromulina parva Lackey 0 0 0 0 0 0
Dinobryon divergens Imhof 0 X
Rhizochrysis limnetica 0
Salpingoeceae frequentissma (Zacharias) Lemmermann 0
Spiniferomonas trioralis 0

Diatomeae

Achnanthidium minutissimum (Kuetzing) Czarnecki 0
Asterionella formosa Hassall 0 0
Aulacoseira granulata (Ehrenb.) Simonsen 0
Cocconeis pediculus Ehrenb. 0 X
Coconeis placentula Ehrenb. 0 0 X 0
Diatoma tenue v elongatum Lyngb. 0 0 X 0 0
Diatoma vulgare Bory 0 0 X | Xxx | X X
Encyonema minutum (Hilse ex Rabenh.) D.G. Mann in 0
Round, Crawford & Mann
Fragilaria capucina Desmazieres 0 X 0
Fragilaria cf brevistriata 0
Gomphonema cf ventricosum X
Gyrodinium cf acuminatum X
Navicula cf tripunctata 0 0 0 XX | o 0
Nitzschia sublinearis Hust. 0
Nitzschia acicularis (Kuetz.) W. Smith 0 0 0 0
Nitzschia gracilis Hantzsch 0
Nitzschia paleaceae, palea Grunow, (Kutz) W. Sm. 0 0 0 0
Rhicosphenia abbreviata (C. Agardh) Lange-Bertalot XXX X
Synedra ulna (Nitzsch) Ehrenberg 0 0 0 0 X
Tabellaria flocculsa flocculosa (Roth) Kuetzing 0

Cryptophyta
Cryptomonas erosa Ehrenberg 0 0
Cryptomonas reflexa Skuja 0 0 0 0
Cryptomonas rostratiformis Skuja 0
Katablepharis ovalis Skuja 0 X 0 0 0 X
Rhodomonas lacustris Skuja 0 X X
Rhodomonas minuta Skuja XXX | XXX | XXX | XXX | XXX | XXX

Dinophyceae
Peridinium inconspicuum Lemmermann 0
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Table 3. Phytoplankton species of Lake St. Francis in July 2004 as a percentage of biomass.

Legend: 0 =< 1%, x=1-5%, xx = 5-10% and xxx =>10%

1 | 100|147 | 94 | 84| 103
Cyanophyta
Alpanizomenon flos-aquae (Lyngb.) De Brebisson 0
Chlorophyta
Coenococcus fottii Hindak (syn Eutetramorus Kom) 0
Collodictyon triciliatum H. Carter 0
Elakatothrix genevensis (Reverd.) Hindak 0
Oocystis apiculata 0
Spermatozopsis exaltans Korsch. 0
Chrysophyceae
Chrysochromulina parva Lackey 0 0 0 X 0 0
Salpingoeca frequentissima (Zacharias) Lemmermann | o 0 0
Diatomeae
Achnanthidium minutissima (Kuetzing) Czarnecki 0
Aulacoseira ambigua (Grunow) Simonsen 0 X
Cyclotella ocellata Pantocsek 0
Cyclotella stelligera (Cleve.) Grunow 0
Diatoma vulgare Bory 0 o| o
Fragilaria capucina Desmazieres 0
Navicula cf tripunctata 0 0 0
Rhicosphenia abbreviate (C. Agardh) Lange-Bertalot 0 0 0 0
Synedra ulna (Nitzsch) Ehrenberg 0
Cryptophyceae
Cryptomonas marssonii Skuja 0 0
Cryptomonas reflexa Skuja 0 0 o| o
Katablepharis ovalis Skuja 0 0 o |of| o
Rhodomonas lacustris Pascher and Ruttner 0
Rhodomonas minuta Skuja XXX | XXX | XXX | XXX | XX | XXX
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Table 4. Phytoplankton species of Lake St. Francis in September 2004 as a percentage of
biomass.

Legend: 0 =< 1%, x= 1-5%, xx = 5-10% and xxx =>10%

1 100|147 ] 94 | 84 | 103
Cyanophyta
Aphanocapsa holsatica (Lemm.) Cronb. & Kom. XX
Aphanocapsa incerta (Lemm) Cronb. & Kom. 0
Chroococcus minutus (Kuetz.) Naegeli 0
Geitlerenema splendida 0
Komvophoron Anagn. & Kom. (Pseudoanabaena group) o o o
Microcystis botrys XXX
Oscillatoria sp. Vaucher Ex Gomont, 1893 XXX | X
Pseudanabaena Lauterborn, 1915 0 0
Chlorophyta
Coelastrum reticulum (Dang.) Senn XX
Collodictyon triciliatum H. Carter 0
Cosmarium cf margarinatum 0
Hydrodictyon reticulatum (Linnaeus) Bory XX
Monoraphidium pseudobraunii Belcher and Swale 0
Oocystis lacustris Chod. 0
Scensdesmus braziliensis 0
Spermatozopsis exaltans/similes Korsch. 0 0 0
Chrysophyceae
Chrysochromulina parva Lackey 0 0 0 0
Salpingoecea frequentissima (Zacharias) Lemmermann 0
Diatomeae
Achnanthidium minutissimum (Kuetzing) Czarnecki 0 0 0
Aulacoseira islandica (O. Mull.) Simonsen X
Cocconeis pediculus Ehrenb. X
Cyclotella ocellata Pantocsek 0
Diatoma tenue v elongatum Lyngb. 0
Diatoma vulgare Bory 0 0
Gyrosigma cf attenuatum X
Navicula cf tripunctata X 0 0 0
Nitzschia acicularis (Kuetz) W. Smith 0 0
Nitzschia palaceae, palea Grunow 0
Rhicosphenia abbreviata (C. Agardh) Lange-Bertalot X 0
Skeletonema potomas/subsala (Weber) Hasle & Evensen 0 0 0
Tabellaria fenestra (Lyngb.) Kuetzing 0
Cryptophyceae
Cryptomonas marssonii Skuja 0 0 0
Cryptomonas obovata Skuja 0
Cryptomonas reflexa Skuja 0 X 0 0 0 0
Katablepharis ovalis Skuja 0 0 0 0 0 0
Rhodomonas minuta Skuja XXX | XXX | XXX | XXX | XXX | XXX
Dinophyceae
Ceratium hirundenella (O.F. Muell.) Schrank XX
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Table 5. Phytoplankton species of Lake St. Francis in October 2005 as a percentage of biomass.

Legend: 0 =< 1%, x=1-5%, xx = 5-10% and xxx =>10%

1 100 | 94 | 84
Cyanophyta
Aphanizomenon akinete 0 0
Aphanizomenon flos-aquae (L.) Ralfs 0 0
Aphanocapsa elachista (West) West 0 X
Aphanocapsa incerta (Lemm) Cronb. & Kom. 0
Cyanothece aeruginosa XXX
Geitlerenema splendida XXX
Merismopeda glauca 0 0
Microcystis aeruginosa (Kutzing) Lemmermann XX XX
Microcystis botrys XXX | XXX | XXX
Microcystis viridus 0
Chlorophyta
Botryococcus braunii Kuetzing X
Coelastrum reticulum (Dang.) Senn X
Dictyosphaerium pulchellum Wood o
Monoraphidium pseudobraunii Belcher and Swale 0
Oocystis borgei Snow 0
Oocystis solitara Wittrock 0 0
Pediastrum boryanum (Turp.) Meneghini 0 0
Pseudosphaerocystis lacustris 0
Scensdesmus braziliensis 0
Scensdesmus cf opoliensis X
Scensdesmus cf spinosa 0
Scensdesmus linearis Hortobagyi 0
Spermatozopsis exaltans/similes Korsch. 0 0
Tetrachlorella alternans (G.M. Smith) Korschikov 0
Chrysophyceae
Chrysochromulina parva Lackey 0 0
Dinobryon sociale Ehrenberg X
Salpingoeceae frequentissma (Zacharias) Lemmermann X
Diatomeae
Achnanthidium minutissima (Kuetzing) Czarnecki 0 0
Asterionella formosa Hassall 0
Aulacoseira ambigua (Grunow) Simonsen 0
Cyclotella meninghiniana Kutz. X
Diatoma vulgare Bory 0
Fragilaria capucina Desmazieres 0
Fragilaria crotonensis Kitton 0
Gyrosigma cf attenuatum X
Melosira varians C. Agardh X
Navicula cf gregaria 0
Navicula cf tripunctata 0 0
Navicula cryptocephala Kutz. 0 0
Nitzschia cf linearis 0
Nitzschia acicularis (Kuetz.) W. Smith 0
Nitzschia palaceae, palea Grunow 0
Nitzschia sigmoidea (Nitzsch) W. Sm. 0
Synedra nanana (Fragilaria nanana) 0
Synedra ulna (Nitzsch) Ehrenberg 0
Tryboniella apiculata o
Cryptophyceae

Cryptomonas erosa Ehrenberg o
Cryptomonas marssonii Skuja 0
Cryptomonas reflexa Skuja 0 0 0 0
Katablepharis ovalis Skuja 0 0
Rhodomonas lacustris Skuja X
Rhodomonas minuta Skuja XXX X 0 XX
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Table 6. Phytoplankton species of Lake Ontario in April 2005 as a percentage of

biomass.

Legend: 0 =< 1%, x=1-5%, xx = 5-10% and xxx =>10%

41 | 63 | 81| 80 | 78

Cyanophyta
Aphanocapsa incerta (Lemm.) Cronb. & Kom. 0
Pseudanabaena contorta 0 0
Pseudanabaena limnetica 0

Chlorophyta
Collodictyon triciliatum H. Carter XXX | XX
Koliella longiseta (Visher) Hindak 0 0
Koliella planktonica Hindak 0
Oocystis borgei Snow 0
Spermatozopsis exaltans/similes Korsch. 0 | X | XXX | XX
Tetraedron minimum (A. Braun) Hansgirg 0

Chrysophyceae
Chrysochromulina parva Lackey 0 o |o| o
Mallomonas elongata Reverdin 0
Salpingoeceae frequentissma (Zacharias) Lemmermann | o
Diatomeae

Asterionella formosa Hassall X o | o
Aulacoseira islandica (O. Mull.) Simonsen X X 0
Diatoma tenue v elongatum (Lyngb.) Agardh 0 o| o | o
Navicula cf tripunctata 0
Stephanodiscus binderanus (Kutz.) Willi Kreig X
Synedra acus v radians (Kuetz.) Hustedt 0
Synedra ulna (Nitzsch) Ehrenberg 0
Tabellaria flocculsa (Roth) Kuetzing 0

Cryptophyta
Cryptomonas erosa Ehrenberg X
Cryptomonas marssonii Skuja 0 0 0
Cryptomonas reflexa Skuja X | o 0
Katablepharis ovalis Skuja 0 0
Rhodomonas lacstris Skuja XX
Rhodomonas lens Pascher & Ruttner X X
Rhodomonas minuta Skuja XX | XXX | XX | X | XX

Dinophyceae
Glenodinium pulvisculis (Ehr.) Stein X
Gymnodinium cf fuscum XX | XX
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Table 7. Phytoplankton species of Lake St. Francis in July 1989 as a percentage of biomass.

Legend: 0 =< 1%, x= 1-5%, xx = 5-10% and xxx =>10%

147

99

146

133

76

84

103

Cyanophyta
Anabaena flos-aquae (Lyngb.) De Brebisson
Anabaena lemmermannii Rich.
Aphanizomenon flos-aquae (L.) Ralfs
Aphanocapsa holsatica (Lemm) Cronb. & Kom
Cylindrospermopsis cf raciborskii
Cylindrospermopsis raciborskii (Wolosz.) Seena. and Subbar.

XXX

XX

Chlorophyceae
Botryococcus braunii Kuetzing
Closterium aciculare T. West
Closterium acutum Breb
Closterium limneticum Lemmermann
Coelastrum reticulum
Coenococcus fottii Hindak (syn Eutetramorus Kom.)
Collodictyon triciliatum H. Carter
Cosmarium cf margarinatum
Cosmarium depressum (Naeg.) Lund
Elakatothrix genevensis (Reverd.) Hindak
Koliella longiseta (Visher) Hindak
Koliella planktonica Hindak
Lagerheimia citriforme (Snow) G.M. Smith
Monoraphidium arcuatum (Korshikov) Hindak
Monoraphidium brauni (Naegeli)
Monoraphidium circinale (Nyg) Nygaard
Monoraphidium contortum (Thurs.) Kom.
Monoraphidium pseudobraunii Belcher and Swale
Oocystis borgei Snow
Oocystis lacustris Chod.
Oocystis solitara Wittrock
Pediastrum boryanum (Turp.) Meneghini
Pediastrum duplex Meyen
Pediastrum tetras (Her.) Ralfs
Planktonema lauterborni Schmidle
Scensdesmus cf cicaudatus
Scensdesmus cf opoliensis
Scensdesmus linearis Hortobagyi
Schroederia spirale
Spermatozopsis exaltans/similes Korsch.
Tetrachlorella alternans (G.M. Smith) Korschikov
Tetraedron minimum (A. Braun) Hansgirg
Tetraedron triangulare Korschikov
Tetrastrum staurogeniaeforme (Schroeder) Lemmermann
Treubaria triappendiculata Bernard

XX

XXX

XXX

XX

Euglenophyta
Trachelomonas hispida (Perty) Stein

Chrysophyceae
Chrysochromulina parva Lackey
Dinobryon bavaricum Imhof
Dinobryon crenulatum West and West
Dinobryon divergens Imhof
Dinobryon sociale Ehrenberg
Ochromonas granulifera
Rhizochrysis limnetica
Salpingoeceae frequentissma (Zacharias) Lemmermann
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Table 7 (continued). Phytoplankton species of Lake St. Francis in July 1989 as a percentage of biomass

147 | 99 | 146 | 133 | 76 | 84 | 103
Diatomeae
Asterionella formosa Hassall 0 0 0 0
Aulacoseira ambigua (Grunow) Simonsen XX | XXX
Aulacoseira islandica (O. Mull.) Simonsen XXX
Cymatopleura solea (Breb. & Godey) G.M. Smith 0
Diatoma tenue C. Agardh 0 0
Diatoma tenue v elongatum Lyngb. o 0 0
Fragilaria capucina Desmazieres 0 X o
Fragilaria crotonensis Kitton 0 0 o X X
Nitzschia acicularis (Kuetz.) W. Smith 0 0
Nitzschia sigmoidea (Nitzsch) W. Sm. X
Rhicosphenia abbreviata (C. Agardh) Lange-Bertalot X 0
Stephanodiscus Ehrenberg & Cyclotella (Kutz.) de Brebisson X X
Stephanodiscus agassizensis Hakanson & Kling X
Stephanodiscus niagarae Ehrenberg X X X
Surirella angustatum Kuetz. 0
Synedra acus v. radians (Kuetz.) Hustedt 0
Synedra berolinensis Lemm.
Synedra nana F. Meister 0 0 X
Synedra ulna (Nitzsch) Ehrenberg
Tabellaria fenestrata (Lyngb.) Kuetzing X 0 0 X 0 X
Tabellaria flocculsa (Roth) Kuetzing X 0
Cryptophyta
Cryptomonas erosa Ehrenberg o XXX
Cryptomonas marssonii Skuja X o XX 0
Cryptomonas reflexa Skuja 0 XXX | ©O XX 0
Cryptomonas rostratiformis Skuja X
Katablepharis ovalis Skuja 0 0 0 o X X
Rhodomonas lens Pascher & Ruttner XX
Rhodomonas minuta Skuja X 0 | xxx | xxx | Xxxx | X X
Dinophyceae
Ceratium hirundenella (O.F. Muell.) Schrank XX | XXX | XX
Peridinium aciculiferum Lemmermann
Peridinium cf quadridens X
Peridinium inconspicum Lemmermann XXX X
Peridinium polonicum XX
Peridinium willei Huitfeldt-Kaas XX | XX
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Table 8. Indicator species of phytoplankton present in the Cornwall AOC during July 1989 and

July 2004

Eutrophic

Indicators

1989
Anabaena flos-aquae (Lyngb.) De
Brebisson
Anabaena lemmermannii Rich.
Anabaena sp.
Aphanizomenon flos-aquae (L.) Ralfs
Oocystis borgei Snow
Pediastrum Boryanum (Turp.) Meneghini
Pediastrum duplex Meyen
Pediastrum tetras (Ehr.) Ralfs
Fragilaria capucina Desmazieres
Fragilaria crotonensis Kitton
Stephanodiscus niagarae Ehrenberg
Ceratium hirundinella (O.F. Muell.)
Schrank

2004
Aphanizomenon flos-aquae (L.) Ralfs
Fragilaria capucina Desmazieres

Oligotrophi

¢ Indicators

1989
Dinobryon divergens Imhof
Salpingoeca frequentissima (Zacharias)
Lemmermann
Synedra acus var. radians (Kiietz.) Hustedt

2004
Salpingoeca frequentissima (Zacharias)
Lemmermann
Cyclotella ocellata Pantocsek
Synedra ulna (Nitzsch) Ehrenberg
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