
SPATIOTEMPORAL VARIATION OF PLANKTON COMMUNITIES 

INDUCED BY HYDROPOWER DAMS: A CASE STUDY IN  

THE MACTAQUAC RESERVOIR AND SAINT JOHN RIVER,  

NEW BRUNSWICK, CANADA 

by 

Huy Quang Nguyen 

BSc., VNU University of Science, Vietnam, 2004 

 

A Thesis Submitted in Partial Fulfillment  

of the Requirements for the Degree of  

 

Masters of Science in Biology 

in the Graduate Academic Unit of Biology 

 

Supervisor:              R. Allen Curry, PhD, Biology/FOREM 

Examining Board:    Les Cwynar, PhD, Biology, Chair   

Adrian Reyes-Prieto, PhD, Biology 

Michelle Gray, PhD, Forestry and Environmental 

Management 

 

 

This thesis is accepted by the 

Dean of Graduate Studies 

 

 

THE UNIVERSITY OF NEW BRUNSWICK 

December, 2017 

© Huy Quang Nguyen, 2018 



ii 

 

 

ABSTRACT 

In 2016, a plankton community investigation was conducted in Mactaquac head 

pond and downstream in the Saint John River for 20 km. We observed 288 

phytoplankton and 85 zooplankton species. Taxa richness was significantly greater than 

reports from the 1970s in the early years after reservoir creation. While seasonal changes 

were observed in the plankton community, there was similar biotic composition among 

sites in the reservoir and downstream river. Our findings suggest that seasonal change in 

water temperature and differences in depth were the most influential factors for phyto- 

and zoo-plankton communities. Nutrient and biotic factors also affected plankton 

community composition. Plankton taxa richness and diversity were low early in the open 

water season, peaked during summer, and decreased into the autumn. It appears that 

riverine planktonic communities within 20 km downstream of the dam were strongly 

influenced by reservoir communities entering the river at the dam outflow. 

 

 

 

 

 

  



iii 

 

 

ACKNOWLEDGEMENTS 

 

First of all, I would like to express special thanks to my supervisor, Dr. Allen 

Curry, for his tremendous support during my study. I would also like to thank my 

supervisory committee members, Dr. Joseph Culp, Dr. Tommi Linnansaari, and Dr. 

Brian Glebe, for their valuable judgment and comments from the initial proposal to the 

thesis. For field and laboratory assistance, I thank Caitlin Tarr, Samantha Pettey, Dr. 

Mouhamed Ndong, Kristie Heard, Dave Hryn, Eric Luiker, Steve Petetin, Theoren Ellis, 

Jaime Leavitt, Craig Wall and Jordan Brown. Additionally, I want to thank Antoin 

O’Sullivan and Bronwyn Fleet-Pardy for the beautiful maps and useful ArcGIS tutorial. 

I also appreciate Dr. Wendy Monk, Dr. Colin Curry and Dr. Jen Lento for their 

inspiration and support about statistical analysis. I would like to thank Paul Hamilton, 

Phycological Curator, Canadian Museum of Natural History and Professor David 

Garbary, Saint Francis Xavier University for their help in verifying algae taxonomy and 

for their intensive, training courses. I also would like to thank all of those people who 

are all MAES project members, staff of Biology department, family and friends for their 

great support and encouragement. My study and research were funded by the Mactaquac 

Aquatic Ecosystem Study (MAES; NSERC and NB Power), and the NSERC CREATE 

WATER programme.  

 

 

 



iv 

 

 

  

TABLE OF CONTENTS 

 

ABSTRACT .......................................................................................................... ii 

ACKNOWLEDGEMENTS ................................................................................. iii 

TABLE OF CONTENTS ..................................................................................... iv 

LIST OF TABLES ............................................................................................... vi 

LIST OF FIGURES ........................................................................................... viii 

LIST OF SYMBOLS, NOMENCLATURE OR ABBREVIATIONS ................ xi 

1.0. INTRODUCTION ......................................................................................... 1 

1.1. Freshwater plankton studies in the Atlantic region ..................... 1 

1.2. Project description ....................................................................... 3 

1.2.1. Spatiotemporal variation of the plankton communities .......... 3 

1.2.2. Environmental variables and trophic state .............................. 5 

1.3. References .................................................................................... 7 

2.0. SPATIOTEMPORAL VARIATION OF PLANKTON COMMUNITIES 

INDUCED BY HYDROPOWER DAMS: A CASE STUDY IN 

MACTAQUAC HEAD POND, NEW BRUNSWICK, CANADA* ........... 10 

2.1. Abstract ...................................................................................... 10 

2.2. Introduction................................................................................ 11 

2.3. Materials and Methods .............................................................. 13 

2.3.1. Field studies ........................................................................... 13 



v 

 

 

2.3.2. Laboratory and statistical analyses ........................................ 16 

2.4. Results ........................................................................................ 19 

2.4.1. Physiochemical variables ...................................................... 19 

2.4.2. Plankton diversity and association ........................................ 22 

2.4.3. Spatial variations ................................................................... 30 

2.4.4. Temporal variations ............................................................... 31 

2.4.5. Association of plankton and environmental variables .......... 37 

2.5. Discussion .................................................................................. 44 

2.6. References .................................................................................. 55 

3.0. GENERAL DISCUSSION AND FURTHER WORK ................................ 63 

3.1. The physiochemical variables ................................................... 63 

3.2. Trophic state in Mactaquac reservoir and downstream river .... 64 

3.3. Further work .............................................................................. 69 

3.4. References .................................................................................. 74 

APPENDIX 1: Average abundance of phytoplankton species (cells/m3) between 

HP (head pond) and RIV (downstream river) habitats (n/a = 1 or 0 sample)79 

APPENDIX 2: Average abundance of zooplankton species (individuals/m3) 

between HP (head pond) and RIV (downstream river) habitats (n/a = 1 or 0 

sample) ......................................................................................................... 87 

CURRICULUM VITAE 

 

 

 

  



vi 

 

 

LIST OF TABLES 

 

Table 1. Physiochemical variables collected in four head pond (HP) sites and four 

downstream river (RIV) sites in 2016 (N = 4/ site; average ± 1 SD; HP and RIV sites are 

pooled; see also Figure 1). A set of One-way ANOVAs (F) and Kruskal-Wallis (χ) tests 

was applied to test difference among sites followed by Tukey or Dunn post-hoc pairwise 

comparisons (similar letters are not significantly different, α > 0.05, and * indicates 

significance). .................................................................................................................... 21 

Table 2. Average abundance (± 1SD) among phytoplankton families in the head pond 

(HP) and river (RIV) sampled from June to October 2016 (n/a = 1 or 0 samples). ......... 24 

Table 3. Average abundance (± 1SD) among zooplankton families in the head pond 

(HP) and river (RIV) sampled from June to October 2016 (n/a = 1 or 0 samples). ......... 28 

Table 4. Values of average distance to median in the betadisper tests for phyto- and zoo-

plankton communities (see text for explanation). ............................................................ 30 

Table 5. Results of the pairwise ANOSIM analysis with the FDR correction testing 

variation of the phytoplankton community compositions among months in 2016 

(Uninterested pairwise comparisons were excluded from the table). .............................. 34 

Table 6. Results of the pairwise ANOSIM analysis with the FDR correction testing 

variation of the community compositions among months in 2016 (Uninterested pairwise 

comparisons were excluded from the table)..................................................................... 36 

Table 7. List of combinations of phytoplankton species for the RDA analysis (see text 

for explanations)............................................................................................................... 39 



vii 

 

 

Table 8. List of combinations of zooplankton species for the RDA analysis (see text for 

explanations). ................................................................................................................... 42 

Table 9. Trophic status in five sites in SJR. Site names and data were adapted from Culp 

et al. (2006) ...................................................................................................................... 67 

Table 10. Classification of trophic status among the sampling sites, 2016 ..................... 68 

  



viii 

 

 

LIST OF FIGURES 

Figure 1. The sampling sites in the studied area of the Mactaquac Head Pond (HP) and 

downstream Saint John River (RIV) in 2016. .................................................................. 14 

Figure 2. Principal Component Analysis (PCA) for the 10 environmental variables 

measured in 2016. The two habitats are head pond (HP) and river (RIV) symbolized as 

circles and triangles, respectively. The months are illustrated by colours: June (Jun), July 

(Jul), August (Aug) and October (Oct). See also Table 1. ............................................... 22 

Figure 3. Boxplots (median, 25% and 75% quartiles, and range) for phytoplankton 

among the headpond (HP) and river (RIV) sites in 2016: a) the number of species; b) the 

average abundance (Log.Cells) by Ln(x+1); and c) H’ index. The open circle is the 

average. ............................................................................................................................ 23 

Figure 4. Boxplots (median, 25% and 75% quartiles, and range) for zooplankton among 

the headpond (HP) and river (RIV) sites in 2016: a) the number of species; b) the 

average abundance (Log.Individuals) by Ln(x+1); and c) H’ index. The open circle is the 

average. ............................................................................................................................ 27 

Figure 5. The quadratic regression between zooplankton abundance – Log.Individuals 

by Log(x+1) and phytoplankton abundance – Log.Cells by Log(x+1) (N=32)............... 29 

Figure 6. The Principal component analysis (PCA) plot showed the average abundance 

variations of the phytoplankton groups among four months, June (Jun), July (Jul), 

August (Aug), and October (Oct). ................................................................................... 32 



ix 

 

 

Figure 7. Average percent dissimilarities from June to October and contributions (%) of 

each phytoplankton taxonomic group to the average dissimilarities within each 

comparison. ...................................................................................................................... 33 

Figure 8. The Principal component analysis (PCA) plot showed the averaged abundance 

variations of the zooplankton taxa groups among four months, June (Jun), July (Jul), 

August (Aug), and October (Oct). ................................................................................... 35 

Figure 9. Average percent dissimilarities from June to October and contributions (%) of 

each zooplankton taxonomic group to the average dissimilarities within each 

comparison. ...................................................................................................................... 36 

Figure 10. Redundancy Analysis (RDA) for the relationship between the phytoplankton 

communities and environmental variables. The different colours represent months and 

symbols for habitats (HP - head pond, circle; RIV -downstream river, triangle; 

Zoo.Abun - Zooplankton abundance; Temp - Temperature; Zoo.Spec - Zooplankton taxa 

richness; SRP - Soluble Reactive Phosphorus). ............................................................... 38 

Figure 11. Venn diagram of proportions of partitioned variation in the phytoplankton 

community among the nutrients, physical, and biotic factors (see text for explanations).

 .......................................................................................................................................... 40 

Figure 12. Redundancy Analysis (RDA) for the relationship between the zooplankton 

communities and environmental variables. The different colours represent months and 

symbols for habitats (HP - head pond, circle; RIV -downstream river, triangle; 

Phyto.Abun: Phytoplankton abundance; Temp - Temperature; Phyto.Spec: 

Phytoplankton taxa richness; SRP - Soluble Reactive Phosphorus). ............................... 42 



x 

 

 

Figure 13. Venn diagram of proportions of partitioned variation in the zooplankton 

community among the nutrients, physical, and biotic factors (see text for explanations).

 .......................................................................................................................................... 43 

 

 

 

  



xi 

 

 

LIST OF SYMBOLS, NOMENCLATURE OR ABBREVIATIONS 

 

HP: Head Pond 

RIV: River downstream of head pond 

MD: Mactaquac dam 

DO: Dissolved oxygen 

TN: Total nitrogen 

TP: Total phosphorus 

SRP: Soluble reactive phosphorus 

TDN: Total dissolved nitrogen 

TDP: Total dissolved phosphorus 

PAR: Photosynthetically active radiation 

UV: Ultraviolet 

RT: Retention time 

 

 

 

 



1 

 

 

1.0. INTRODUCTION 

1.1. Freshwater plankton studies in the Atlantic region 

Freshwater plankton are small organisms at the base of the aquatic food webs, 

which play an essential role to the ecological functions of reservoir and river ecosystems 

(e.g., Kitchell & Carpenter 1993, Likens 2010, Wetzel 2001). Plankton biology and 

ecology are well studied for lakes and rivers and including lake-river interactions (e.g., 

Jones 2010, Likens 2010, Wetzel 2001). In the Atlantic Canada region, however, studies 

of plankton in large river systems are sparse and fragmented (Locke & Klassen 2010). 

Up to date, only a few studies, e.g., Aubé et al. (2005), Duerden et al. (1973), Watt 

(1973), and Watt and Duerden (1974), have focused on plankton of impounded water 

bodies in the region.   

The Saint John River (SJR) is the longest river in the Atlantic Canada at ~ 

650km long. It has been extensively associated with the development of agriculture, 

forestry, transportation, and electricity in the region (Cunjak & Newbury 2005, Kidd et 

al. 2011).  The river has five major hydropower dams and the largest is the Mactaquac 

Hydroelectric Facility and Dam (MD) built in late 1960s (ACRES 1968, Cunjak & 

Newbury 2005, Watt 1973). The study of plankton in the SJR was first and only 

documented from an investigation in 1970s, outlining a brief description of diversity, 

biomass, seasonal patterns, and relationships with some environmental parameters in 

association with the water-mixing period for the reservoir system (Watt 1972, 1973, 

Watt & Duerden 1974). However, the study had very little and yet much discussion of 

the temporal and spatial plankton distributions in the reservoirs, e.g., the seasonal 
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vertical distributions associated with stratification and mixing, and any possible effects 

of the dams on downstream plankton communities.   

As the MD is coming to the end of its service life in 2030 as a consequence of 

alkali-aggregate reaction within the infrastructures concrete (Stantec 2016), the New 

Brunswick Power Corporation (NBP) engaged with Canadian Rivers Institute initiated 

an intensive ecosystem-whole study, Mactaquac Aquatic Ecosystem Study (MAES - 

http://canadianriversinstitute.com/research/mactaquac-aquatic-ecosystem-study) to 

assess the impacts of changes proposed for the MD for the environment with three main 

components: 1) Whole ecosystem studies; 2) Fish passage; and 3) Environmental flows. 

The results of MAES will be used as the key scientific rationale for NBP choosing the 

preferred option among options discussed: Option 1: Building a new hydropower 

facility; Option 2: Rebuild the dam without a power station; Option 3: Remove all the 

dam and hydropower facility and restoration of the natural river state; and Option 4: 

Refurbish the functionality of the current facility and make provisions for improved fish 

passage (http://www.mactaquac.ca). 

My research aims to characterize the plankton communities in the Mactaquac 

Head Pond (HP) and downstream SJR (RIV) from the MD to the city of Fredericton 

(approximately 20km) as a contribution to MAES.  It is the first comprehensive research 

on the SJR plankton communities since the 1970s.  My primary research objectives are 

to: 1) describe the spatiotemporal variability in plankton communities, and 2) identify 

the environmental parameters that may induce any variability. 

 

http://www.mactaquac.ca/
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1.2. Project description 

1.2.1. Spatiotemporal variation of the plankton communities 

Variations of the plankton communities was measured in terms of biological 

variables (taxa richness, density, and Shannon-Weiner Index - H’) and communities 

among the specifically identified sites in the HP and RIV over four-month field seasons, 

i.e., June, July, August, and October. During their initial sampling, Watt (1974) found 

128 phytoplankton in the whole SJR including some very diverse groups such as 

Chlorococcales (29 species), Naviculineae (20 species), and Chrysophyceae (16 

species). The H’ in the upper reach of HP (Nackawic and Wolastook) varied from 2.45 

to 4.12 in different months (Watt 1973). About 53 zooplankton species were reported, of 

which 18 species were common throughout SJR reservoirs;  the zooplankton H’ index in 

the upper reach of HP ranged from 0.33 to 3.24 according to different investigating 

times (Watt & Duerden 1974). Furthermore, we tested spatial dispersion of the plankton 

communities among different water strata (e.g., Epilimnion, Metalimnion, and 

Hypolimnion) in HP habitat and Surface and Bottom in RIV habitat, during the stratified 

period. Previous work has identified stratification in the HP as dimictic with summer 

stratification beginning in late June and ending in late September (MAES, unpublished 

data; Watt 1973). 

In the main river downstream of the MD, the  river plankton community appears 

to be supplemented by those from the HP (MAES, pilot project for plankton study, 

unpublished data), and most probably also depends on the distance from the dam and 

physical conditions of the littoral zones and backwaters, e.g., water velocity, depth, and 

macrophyte occurrence (e.g., Walks & Cyr 2004). Normally, large plankton assemblages 
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occur in impoundments with lower concentrations in low-flow margins of running 

waters  (e.g., Rojo et al. 1994). Once in the river, the riverine plankton rely on other 

physical factors, e.g., water velocity and water turbidity which can influence UV 

permeation. Additionally, Jones (2010) found a spatial relationship between the distance 

from the reservoir and the reservoirs influence on that the plankton, i.e.,  communities 

further downstream of a reservoir are less influenced than those close to the reservoir. It 

is also possible that the continuous flow of HP water through the hydroelectric 

generating turbines could impact the downstream plankton communities, i.e., HP intake 

depth and physical change owing to turbulence (Stantec 2016). Additionally, tributary 

inputs can alter river plankton and in the SJR, discharge from the Keswick River likely 

provides a discriminating plankton supplement or additional nutrient load or both 

because the Keswick River slowly flows through intensive agricultural areas (eg., Davis 

& Koop 2006, Kronvang et al. 2005, Pesce et al. 2008).  

In temperate lakes, seasonal alterations of plankton communities vary 

considerably case by case and the changes of bio-indexes and communities can be 

significant; furthermore, periodicity is quite consistent year to year if disturbances are 

low, e.g., weather extremes among years (e.g., Reynolds 1984, Sommer et al. 2012, 

Wetzel 2001). Despite the availability of many studies, our understanding of the 

seasonal patterns of lacustrine plankton is still incomplete (Wetzel 2001). We assessed 

the plankton diversity patterns and community variation over the four different field 

months, e.g., June, July, August and October, and discerned which taxonomic groups 

strongly related to these temporal changes. 
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1.2.2. Environmental variables and trophic state 

Physiochemical parameters play an essential role in controlling plankton 

dynamics in freshwaters (e.g, Sommer et al. 1986, Wetzel 2001). Phosphorous and 

nitrogen are most often the key nutrients and considered as limiting factors for 

phytoplankton productivity in inland waters (Raven & Maberly 2009). Other 

environmental parameters contribute to the plankton dynamics, for example, light 

intensity limits the growth rate of phytoplankton and regulates vertical migration of 

phyto-and zoo-plankton (Meester 2010, Reynolds 2009, Wetzel 2001). We measured not 

only physical but also nutrient characteristics of the sampling sites. 

In aquatic ecosystems, phytoplankton can be a main food source for zooplankton 

and the dynamics of phytoplankton can have a strong relationship with those of 

zooplankton and vise versa (Wetzel 2001, Williamson & Reid 2010). I applied a 

regression model to describe the association of phyto- and zoo-plankton communities 

[i.e., the relationship of phytoplankton (cell/m3) and zooplankton (individuals/m3) 

abundance]. Investigations by Watt (1972, 1973) revealed the significant correlation 

between phosphorous concentration and the maximum phytoplankton population density 

as well as the biomass (%) of Dinobryon spp. as an indicative species for phosphorus 

deficiency in the HP. In this study, I assessed the associations between biotic data (i.e., 

plankton communities) and the environmental variables (i.e., nutrient, physical, and 

biotic factors). 

 Kidd et al. (2011) highlight concerns with water quality within the SJR 

watershed. In the HP, cyanobacterial blooms have been observed in recent years (J. 

O’Keefe, NB Environment and Local Government, pers. comm.). Watt (1973) reported 



6 

 

 

that all SJR reservoirs including Mactaquac had high productivity based on 

phytoplankton indexes (e.g., Myxophycean, Chlorophycean, and Diatoms). Based on the 

values of total nitrogen (T-N) and total phosphorous (T-P), the 1970’s trophic states of 

Mactaquac were deemed Eutrophic (Watt 1972). I applied  both of particular ecological 

index and plankton assemblages as bioindicators coupled with Secchi depth 

measurement (Bellinger & Sigee 2015, OECD 1982, Suthers & Rissik 2009) for 

assessment of the trophic status in the HP and downstream river habitat. 
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2.0. SPATIOTEMPORAL VARIATION OF PLANKTON COMMUNITIES 

INDUCED BY HYDROPOWER DAMS: A CASE STUDY IN 

MACTAQUAC HEAD POND, NEW BRUNSWICK, CANADA* 

* This chapter is being prepared as a journal manuscript. The proposed authorship is 

Nguyen, Q. H., Curry, R. A, Linnansaari, T., Culp, J., Glebe, B. and Monk, W. 

2.1. Abstract 

In 2016, a plankton investigation was conducted in Mactaquac head pond and 

downstream Saint John River. The analysis revealed 288 phytoplankton and 85 

zooplankton species, of which Rotifers and Cyanobacteria were dominant in abundance. 

The taxa richness was significantly greater than reports from the 1970s in the early years 

after the reservoir creation. Spatial dispersion of plankton communities was statistically 

homogenous among the water layers or the collecting sites (p>0.05). We speculated that 

the riverine plankton community was supplemented by the head pond, at least within 20 

km from the dam. Our findings suggest that seasonal change in water temperature and 

differences in depth were the most influential variables for phyto- and zoo-plankton 

communities. Nutrient and biotic factors also affected plankton community composition 

(p < 0.05). The general pattern of the plankton taxa richness and abundance was low 

early in the open water season, peaked during summer, and decreased into the autumn. 

We observed similarity of the plankton communities was higher during summer than 

that in seasonal transferring periods, i.e., from non-stratification to stratification and vice 

versa. Seasonal alternation of the plankton communities, from June to October, varied 

significantly among most of the different taxa groups (p<0.05). 

Keywords: plankton diversity, spatiotemporal variability, reservoir and dam effects, 

Mactaquac Aquatic Ecosystem Study, Saint John River. 
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2.2. Introduction 

Freshwater plankton are small organisms at the base of aquatic food webs where 

they play an essential role for the ecological functions of reservoir and riverine 

ecosystems (see Likens 2010, Wetzel 2001). Plankton are generally classified as phyto- 

or zoo-plankton. Phytoplankton, or algae, are highly diverse in freshwater bodies, 

displaying effective response mechanisms to environmental changes through the 

utilization of various adaptive strategies. Algae capture light to convert inorganic 

elements into organic compounds and thus represent the basis of most all aquatic food 

webs; they also produce oxygen supporting the aquatic animals’ life (Krienitz 2009). 

Extreme production of algae, or “blooms” can negatively affect animals including 

humans, creating poisonous or bioactive substances causing death or disease, or altering 

habitats. Blooms can also threaten water supplies, increasing the cost for water treatment 

and management (Burkholder 2009). Zooplankton comprise four main groups: Protozoa, 

Rotifera, Copepoda, and Cladocera. They can be herbivores, carnivores, or omnivores, 

inhabiting multiple trophic levels in lacustrine ecosystems (Sterner 2009). Zooplankton 

function as a crucial intermediate trophic stage in the energy flow from primary 

producers to top consumers such as fish and larger aquatic animals (Sterner 2009). It has 

been demonstrated that a change in zooplankton composition or abundance or both can 

influence trophic structure in lake ecosystems, including affecting nitrogen and 

phosphorous (Andersen & Hessen 1991, Downing & McCauley 1992, Williamson & 

Reid 2010). 

Studies of plankton biology and ecology for lakes, rivers and lake-river 

interactions, are well documented (e.g., Jones 2010, Likens 2010, Wetzel 2001, Zalocar 
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de Domitrovic et al. 2007). In the Atlantic Canada region, however, research on 

plankton in large river systems is sparse and fragmented (Locke & Klassen 2010). 

Hitherto, only a few studies, e.g., Aubé et al. (2005), Duerden et al. (1973), Watt (1973), 

and Watt and Duerden (1974), have focused on plankton of impounded water bodies in 

the region.  

The Saint John River (SJR), the longest river in the Atlantic Canada at ~ 650km 

long. It has been strongly associated with the development of agriculture, forestry, 

transportation, and electricity in the region (Cunjak & Newbury 2005, Kidd et al. 2011). 

The river has five major hydropower dams, the largest is the Mactaquac Hydroelectric 

Facility and Dam (MD) built in late 1960s (Cunjak & Newbury 2005, Watt 1973). The 

Mactaquac reservoir is large, surface area ~ 83.9 km2, total capacity ~ 1.3E+9 m3, and ~ 

100 km long (ACRES 1968, Watt 1973). The river reach ~ 20 km downstream averages 

about 700 m wetted width. The water levels vary daily up to 0.6 m in the reservoir 

(Mactaquac Aquatic Eology Study- MAES, unpublished data) and, thus the river after 

the dam can experience 1 m daily surface level fluctuations (Luiker et al. 2013).  

 In the early 1970s, studies of plankton in the SJR consists of a brief description 

of diversity, biomass, seasonal patterns, and relationships with some environmental 

parameters in association with the water-mixing period for the Mactaquac reservoir 

(Watt 1972, 1973, Watt & Duerden 1974). There has yet to be assessments of the 

temporal and spatial plankton distributions, e.g., the seasonal vertical distributions 

associated with stratification and mixing, or any possible effects of the MD on 

downstream plankton communities. In this paper, we examine the spatiotemporal 

variation of the plankton communities and determine if the head pond influences the 
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downstream riverine communities from the MD to the City of Fredericton (about 20km). 

We further assess the association of the plankton communities with physical, nutrient, 

and biotic variables over the four field months. Our research is as a contribution to 

MAES, a multidiscipline project aiming to provide scientific rationale for New 

Brunswick Power Corporation choosing the preferred option dealing with the end of MD 

service life proposed in 2030 (Stantec 2016). 

 

2.3. Materials and Methods 

2.3.1. Field studies 

In 2016, eight sites were investigated to assess variation of plankton 

communities coupled with the physico-chemical characteristics in the head pond (N = 4, 

HP habitat) and river (N = 4, RIV habitat, Figure 1). We conducted two field surveys 

during the stratification period, i.e., July and August, and two others in the non-

stratification period, i.e., June and October. More details about the features of the 

collecting sites can be assessed via http://canadarivers-

gis.maps.arcgis.com/home/index.html. 

 

 

 

 

 

 

 

 

http://canadarivers-gis.maps.arcgis.com/home/index.html
http://canadarivers-gis.maps.arcgis.com/home/index.html
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Figure 1. The sampling sites in the studied area of the Mactaquac Head Pond (HP) and 

downstream Saint John River (RIV) in 2016. 

 

A YSI 6600 V2 Sonde coupled with various probes connected to a YSI 650 

handheld unit was used to measure profile data (Chateauvert 2015), including 

Temperature -Temp. (oC), pH, Depth (m), Conductivity-Cond. (µS/cm), and Dissolved 

Oxygen- DO (mg/L). Secchi depth (cm) was recorded as well. At each site, three HP 

water samples (i.e., Surface, Middle and Bottom during non-stratification period or Epi-, 

Meta-, and Hypo-limnion during stratification period) and two RIV water samples (i.e., 

Surface and Bottom) were collected by the Schindler-Patalas trap at the designated 

depths, filled in 125 mL pre-labeled plastic containers, and sent for analyses of Total 
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dissolved Phosphorus (TDP), Soluble Reactive Phosphorus (SRP), Nitrite+Nitrate 

(NO2+NO3), Ammonia (NH3), and Total dissolved Nitrogen (TDN) at Biogeochemical 

Analytical Service Laboratory, University of Alberta 

(http://www.biology.ualberta.ca/basl). 

Plankton samples were collected from either individual water layers during the 

stratification period or by a single vertical tow to create a consolidated vertical sample 

during non-stratification period. In the former case, each HP layer (Epi-, Meta-, and 

Hypo-limnion) and RIV layer (surface and bottom) was sampled using three Schindler-

Patalas plankton trap samples that were combined into a single sample. The volume 

capture of the trap is 12L with Nitex® filter net and 35μm mesh size 

(http://wildco.com). The HP layers were identified using the temperature profile 

produced by the YSI Sonde and the targeted sample positions were as followed: ~1m 

depth for Epilimnion, at thermocline for the Metalimnion, and below the middle point 

for Hypolimnion; whereas ~ 1m depth for RIV surface and ~ 1 m above the river bed for 

RIV bottom. In the latter case, an integrated water column sample was collected using a 

conical plankton net with 35μm mesh size (http://www.sea-gear.net). The net was 

deployed ~1 m above the substrate and retrieved at a consistent rate of ~15 cm/s 

(Chateauvert 2015, Keen 2013). An additional weight was added to the plankton trap or 

net to ensure the vertical-towed process in deeper waters (typically >10 m) or in the river 

where the velocity can cause some side effects. The towed sample volume, V, was 

calculated as: V = π * r2 * d, where r = radius of the net rim, d = depth that the net was 

pulled. Plankton samples were stored in pre-labelled plastic jars (125 or 500 mL) 

preserved in full Lugol’s solution with a final concentration ~ 1%. 
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2.3.2. Laboratory and statistical analyses 

Plankton identification and numeration:  

The planktonic organisms were identified to the species- or genus- level based on 

various key documents (e.g., Baker 2012, Bellinger & Sigee 2010, 2015, Brandlova et 

al. 1972, Chengalath 1971, Haney 2013, John et al. 2011, Lerback 2013, Matthews 

2016a, 2016b, Nuttall 1971, Smith 1978, Suárez-Morales & Reid 1998, Suthers & Rissik 

2009, Thorp & Covich 2001, Wehr et al. 2015, Witty 2004). Quantification of 

phytoplankton abundance (number of cells/ m3) was achieved by the Utermohl method 

(AWWA 2010, Utermöhl 1958, Weber 1973); the cell numbers of Microcystis spp. 

colonies were estimated by the method of Reynolds and Jaworski (1978). Zooplankton 

abundance (individuals/m3) was enumerated by applying the chamber-based counting 

method (APHA 2005, Stemberger 1979). We used the number of natural units 

(phytoplankton) or individuals (zooplankton) to keep the counting-error rate less than 

20% (AWWA 2010, Harris et al. 2000).   

Data analysis: 

 Plankton communities were described by three variables: taxa richness, 

abundance (individuals/m3 for zooplankton or cells/m3 for phytoplankton), and 

Shannon-Wiener Index (H’). Logarithm with base 2 was applied for H’ index 

calculations thus the units of H’ were in “bits per individuals” based on information 

theory (Krebs 1999). The uncertain taxa (< 5%) were excluded in the statistical analysis 

and bio-index calculations.  

 We used a set of one-way ANOVAs to test differences among the biotic and 

abiotic variables among sites, if the ANOVA assumptions were violated, we used non-
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parametric Kruskal-Wallis tests. We applied Tukey or Dunn post-hoc pairwise 

comparisons for ANOVA or non-parametric tests, respectively, where needed (Dytham 

2011). We chose to incorporate the possible seasonal variability within the 

ANOVA/Kruskal-Wallis analyses, i.e., increase the power of the tests versus lower 

power in a two-way test. Spatial dispersion of plankton communities among the water 

layers during stratified period was determined by multivariate test for homogeneity of 

group dispersion (or betadisper test) (Anderson 2006, Bacaro et al. 2012); thereafter the 

data from different water layers was pooled at each site for further statistical analysis. To 

assess the potential effects of MD on the riverine plankton communities from MD to the 

city of Fredericton, we added the site HP2 (Figure 1) in statistical tests for RIV habitats.  

We used the analysis of Similarity Percentage (SIMPER) to discern the dissimilarity 

patterns (%) among plankton assemblages at different months (Clarke & Warwick 

2001). Significant differences were assessed by one-way ANOSIM (Analysis of 

Similarity) tests (Clarke 1993). The ranking ordination in betadisper test, SIMPER and 

ANOSIM were based on the Bray-Curtis measure.  

We used DCA (Detrended Correspondence Analysis) to determine if the 

relationship was linear or unimodal relationship. The first DCA axis length < 3.5 SD and 

the consequent linear ordination was performed by PCA (Principal Component 

Analysis) and RDA (Redundancy Analysis) (Ter Braak & Smilauer 2002). To avoid 

overfitting in RDA model, we applied the rule that the number of environmental 

variables was reduced to 50% of the numbers of the taxa or collecting sites, dependent 

on which is smaller; environmental variables were also tested by Pearson Correlation 

analysis such that correlations with r  0.60 resulted in one of the two variables being 
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removed (Draper & Smith 1998). Furthermore, only variables with VIF (Variance 

Inflation Factor) < 10 were retained in the analysis (Tu et al. 2005). Phytoplankton taxa 

richness (Phyto.Spec) and abundance (Phyto.Abun) were included in the RDA 

zooplankton analysis and vice versa, i.e., zooplankton taxa richness (Zoo.Spec) and 

abundance (Zoo.Abun) added in the RDA phytoplankton analysis. Our final 

physiochemical variables for RDA phytoplankton analysis were NO2+NO3, Soluble 

Reactive Phosphorus (SRP), temperature (Temp), pH, and water depth. The justification 

was that NO2+NO3 and SRP reflected the nitrogen and phosphorus sources, respectively 

for phytoplankton (Malerba et al. 2012, Reynolds 1984a), temperature and pH were 

important variables for the plankton growth (Chen & Durbin 1994, Reynolds 1984a, 

Wetzel 2001), and water depth is related to vertical distribution of plankton (see Likens 

2010, Wetzel 2001). For zooplankton analysis, SRP was still kept as it was correlated 

with Rotifera dynamics (Conde-Porcuna et al. 2002); we replaced NO2+NO3 by NH3 

because it can be toxic for aquatic animals (WHO 1986);  and pH was removed because 

of its high correlation (r = 0.6) with NH3. Only those species that were highly associated 

with the RDA first two axes, i.e., species scores > 1 or < -1 for phytoplankton and > 0.5 

or < -0.5 for zooplankton, were extracted and shown in the summary lists. Spearman 

correlations were performed to test the relationship between Secchi depths and average 

plankton abundance (HP and RIV sites, N=32). We combined those phytoplankton 

phyla with low numbers of species and cell counts, i.e., Dinophyta, Euglenophyta, 

Rhodophyta and Cryptophyta, into a single taxon group (i.e., Combined Group). 

We categorized environmental variables used in RDA analysis into three factors, 

e.g., nutrient factors (SRP, NO2+NO3, NH3), physical factors (Temperature, pH, and 
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Depth) and biotic factors (taxa richness, abundance), for variation partitioning analysis 

(Legendre & Legendre 2012). We recorded proportions of the community variation 

explained by values of adjusted-R2 (R2
a). 

The significance of betadisper test, RDA, and ANOSIM was achieved by using 

999 permutation tests ( = 0.05). The adjusted-p values were achieved by the False 

Discovery Rate (FDR) approach (Benjamini & Hochberg 1995) whenever applicable. 

The biotic and abiotic data (except pH) were transformed as ln(x + 1) to reduce the 

effects of extreme values; and because environmental variables were measured by 

different units, abiotic data was standardized prior to the multivariate analysis (Clarke & 

Gorley 2001, Clarke & Warwick 2001). We report averages ± 1 standard deviation. The 

analyses used the R program v.3.3.2 coupled with various packages (e.g., vegan, 

devtools, ggplot2, ggbiplot), Primer™ v.6, and Microsoft® Excel™ v.2010. 

To understand the potential influence of headpond environmental variables on 

downstream habitats, we calculated the average retention time of the HP from May to 

October which is 16.4 days followed the data of Watt (1973). We determined the 

thermocline during the stratification period is approximately 22 m (2015 and 2016). 

Based on ACRES (1968), the location of the penstocks in the MD ranged from 8.2 – 

22.9 m depth, consequently most of water released into the river were from the surface 

and middle layers. 

2.4. Results 

2.4.1. Physiochemical variables 

Amongst 11 environmental variables, eight showed no apparent patterns among 

the sites, except significant variations of depth among RIV or HP1 with other sites, and 
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phosphorus components between HP3 and RIV2 (table 1). In the first PCA axis, those 

variables were associated with the negative end, such as, SRP, TDP, and conductivity 

that were positively correlated with HP sites of June and August, whereas NO2+NO3 and 

TDN were correlated with HP sites of October (Figure 2). DO was associated with the 

positive end of the first axis and positively correlated with RIV sites of June and July. In 

the second axis, pH and temperature were associated with the positive end and positively 

correlated with RIV sites of August and HP sites of June while these variables were 

negatively correlated with RIV sites of October at the opposite end. The PCA plot 

showed a gradient of seasonal transition from June through summer months (July and 

August) to October. The total variance explained of the first two axis was 61.3% (41.5% 

by PC1 and 19.8% by PC2). Specifically, the RIV2 site in October was separated from 

other sites in PCA plot (RIV2 is the north channel and downstream from the outflow of 

the Keswick River, see Figure 1).  
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Table 1. Physiochemical variables collected in four head pond (HP) sites and four 

downstream river (RIV) sites in 2016 (N = 4/ site; average ± 1 SD; HP and RIV sites are 

pooled; see also Figure 1). A set of One-way ANOVAs (F) and Kruskal-Wallis (χ) tests 

was applied to test difference among sites followed by Tukey or Dunn post-hoc pairwise 

comparisons (similar letters are not significantly different, α > 0.05, and * indicates 

significance).  

Variables 
HP RIV 

HP1 HP2 HP3 HP4 RIV1 RIV2 RIV3 RIV4 

NH3 (µg/L) 17.0 ± 15.3 11.8 ± 8.2 15.2 ± 15.4 10.1 ± 9.0 16.2 ± 10.7 16.1 ± 1.5 16.0 ± 8.5 19.9 ± 9.2 

χ2
7= 3.45         

NO2+NO3 (µg/L) 153.7± 54.2 166.8± 50.6 176.2± 66.4 196.8± 62.4 168.8± 28.0 97.4± 34.5 168.4± 45.4 169.9± 38.9 

F7, 24 = 1.72         

SRP (µg/L) 5.5± 1.3 5.3± 0.6 7.3± 0.9 6.6± 0.8 4.9± 1.7 3.0± 1.2 5.4± 1.8 4.5± 1.4 

χ2
7= 17.70 * ab ab a ab ab b ab ab 

TDP (µg/L) 6.3± 1.6 5.9± 1.9 8.7± 1.4 7.2± 1.6 5.5± 1.2 3.0± 0.9 5.3± 1.6 5.3± 1.9 

χ2
7= 18.86 * ab ab a ab ab b ab ab 

TDN (µg/L) 402.6± 60.4 395.7± 76.7 427.6± 68.5 438.8± 79.7 406.6± 40.1 303.1± 67.5 437.5± 74.9 463.6± 97.2 

χ2
7= 8.50         

Cond (µS/cm) 154.8± 119.9 157.8± 118.0 136.6± 76.2 133.6± 51.1 134.1± 72.7 85.0± 17.1 101.5± 19.0 101.3± 18.1 

χ2
7= 5.64         

DO (mg/L) 7.7± 0.9 7.8± 0.6 7.7± 1.0 8.3± 1.8 9.3± 1.2 9.0± 1.1 9.8± 0.9 9.3± 1.4 

F7, 24 = 2.19         

pH  7.2± 0.6 7.1± 0.6 7.2± 0.8 7.0± 0.5 7.2± 0.7 6.7± 1.2 7.3± 0.3 7.2± 0.5 

F7, 24 = 0.28         

Depth (m) 10.5± 1.3 17.9± 1.2 19.3± 1.1 17.9± 1.2 2.1± 0.4 1.8± 0.7 1.4± 0.5 2.3± 0.7 

F7, 24 = 148.80 * a b b b c c c c 

Temp (oC) 18.0± 2.4 16.0± 1.0 16.1± 0.9 16.1± 0.8 18.2± 4.1 17.3± 5.3 18.3± 4.5 17.8± 4.1 

F7, 24 = 0.30         

Sec. Depth (cm) 255.3±63.1 279.8±35.9 271.3±83.7 279.0±42.2 253.3±39.6 194.0±53.7 233.3±33.9 271.0±76.3 

F7, 24 = 1.06         

Note: SRP: Soluble Reactive Phosphorus, TDP: Total Dissolved Phosphorus, TDN: Total 

Dissolved Nitrogen, Temp: Temperature, Cond: Conductivity, DO: Dissolved Oxygen, 

Sec.Depth: Secchi Depth. 
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Figure 2. Principal Component Analysis (PCA) for the 10 environmental variables 

measured in 2016. The two habitats are head pond (HP) and river (RIV) symbolized as 

circles and triangles, respectively. The months are illustrated by colours: June (Jun), July 

(Jul), August (Aug) and October (Oct). See also Table 1. 

2.4.2. Plankton diversity and association 

Phytoplankton diversity: 

In 2016, the total number of phytoplankton species recorded was 288, including 

130 Chlorophyta, 74 Cyanobacteria, 50 Bacillariophyta, 12 Cryptophyta, 10 

Chrysophyta, 5 Euglenophyta, 4 Rhodophyta, and 3 Dinophyta. Cyanobacteria was the 

most dominant group in cell counts with 63.6%, following by Bacillariphyta 33.3%, 

Chlorophyta 1.6%, and the each other groups < 1% (Table 2 and Appendix 1). Non-

significant variations were found for taxa richness (χ2
7 = 3.8, p > 0.05), averaged 

abundance (χ2
7 = 5.6, p > 0.05) and H’ index (χ2

7 = 12.4, p > 0.05) among the sampling 

sites (Figure 3).  
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Figure 3. Boxplots (median, 25% and 75% quartiles, and range) for phytoplankton 

among the headpond (HP) and river (RIV) sites in 2016: a) the number of species; b) the 

average abundance (Log.Cells) by Ln(x+1); and c) H’ index. The open circle is the 

average.   
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Table 2. Average abundance (± 1SD) among phytoplankton families in the head pond 

(HP) and river (RIV) sampled from June to October 2016 (n/a = 1 or 0 samples).  

 Taxonomic group HP RIV 

Bacillariophyta         

Achnanthidiaceae 1.36E+05 ±  1.22E+05 9.07E+05 ±  1.29E+06 

Aulacoseiraceae 1.38E+08 ±  1.53E+08 7.05E+07 ±  8.91E+07 

Bacillariaceae 1.91E+05 ±  1.55E+05 2.15E+05 ±  1.96E+05 

Catenulaceae 4.81E+01 n/a n/a n/a 

Chaetocerotaceae 2.40E+05 ±  1.59E+05 2.93E+05 n/a 

Cocconeidaceae 1.82E+04 ±  4.20E+04 4.58E+05 ±  1.17E+06 

Cymbellaceae 1.07E+04 ±  1.50E+04 1.38E+02 ±  1.50E+02 

Entomoneidaceae 6.90E+03 ±  9.34E+03 5.70E+04 ±  7.80E+04 

Eunotiaceae 5.08E+03 ±  1.17E+04 8.82E+04 ±  2.30E+05 

Fragilariaceae 1.43E+07 ±  3.24E+07 6.10E+06 ±  1.66E+07 

Gomphonemataceae 1.70E+05 ±  4.71E+05 7.62E+05 ±  2.36E+06 

Melosiraceae 1.39E+06 ±  2.63E+06 1.27E+07 ±  2.02E+07 

Naviculaceae 2.86E+05 ±  2.82E+05 1.98E+06 ±  3.38E+06 

Pinnulariaceae n/a n/a 1.51E+02 ±  1.52E+02 

Rhizosoleniaceae 3.62E+05 ±  5.58E+05 2.09E+05 ±  1.54E+05 

Rhoicospheniaceae n/a n/a 1.20E+05 ±  2.17E+03 

Stephanodiscaceae 4.86E+05 ±  1.18E+06 2.89E+05 ±  4.69E+05 

Surirellaceae 9.04E+01 ±  5.76E+01 1.52E+02 ±  1.82E+02 

Tabellariaceae 3.94E+07 ±  1.02E+08 1.23E+07 ±  3.27E+07 

Chlorophyta     

Aphanochaetaceae n/a n/a 1.63E+03 ±  1.75E+03 

Botryococcaceae 2.78E+05 ±  6.57E+05 1.19E+03 ±  1.23E+03 

Chaetophoraceae n/a n/a 7.38E+05 ±  1.48E+06 

Characiaceae n/a n/a 2.95E+02 n/a 

Chlorellaceae 2.10E+06 ±  6.23E+06 1.88E+06 ±  5.15E+06 

Cladophoraceae 9.75E+02 n/a 1.34E+04 ±  2.97E+04 

Closteriaceae 1.73E+04 ±  3.23E+04 3.16E+04 ±  5.13E+04 

Desmidiaceae 5.95E+04 ±  2.39E+05 2.17E+04 ±  4.96E+04 

Gonatozygaceae n/a n/a 1.22E+05 n/a 

Hydrodictyaceae 1.06E+06 ±  2.49E+06 8.44E+05 ±  1.83E+06 

Koliellaceae n/a n/a 3.22E+02 n/a 

Mesotaeniaceae 2.02E+04 n/a 1.38E+05 ±  2.35E+04 



25 

 

 

 Taxonomic group HP RIV 

Oedogoniaceae 9.49E+05 ±  1.89E+06 1.05E+06 ±  2.59E+06 

Oocystaceae 7.67E+04 ±  1.53E+05 6.27E+05 ±  1.03E+06 

Palmellaceae 1.41E+04 n/a n/a n/a 

Palmellopsidaceae 2.26E+05 ±  6.07E+05 4.36E+04 ±  5.95E+04 

Radiococcaceae 8.03E+04 ±  1.67E+05 4.26E+04 ±  7.01E+04 

Scenedesmaceae 4.26E+05 ±  7.67E+05 2.37E+05 ±  3.79E+05 

Selenastraceae 2.73E+05 ±  7.95E+05 1.88E+05 ±  2.76E+05 

Sphaerocystidaceae 7.89E+05 ±  1.76E+06 1.37E+05 ±  3.49E+05 

Trebouxiophyceae 6.06E+05 ±  1.01E+06 1.29E+03 ±  1.48E+02 

Treubariaceae 1.39E+05 ±  1.98E+03 1.30E+05 ±  5.57E+03 

Ulotrichaceae 4.37E+03 n/a 1.97E+06 ±  5.70E+06 

Volvocaceae 7.33E+04 ±  1.41E+05 3.74E+05 ±  6.10E+05 

Zygnemataceae 4.49E+04 ±  1.04E+05 3.81E+05 ±  5.59E+05 

Chrysophyta     

Dinobryaceae 3.70E+06 ±  6.70E+06 3.43E+06 ±  5.77E+06 

Mallomonadaceae 1.76E+05 n/a 2.79E+04 n/a 

Synuraceae 4.53E+05 ±  6.38E+05 8.36E+05 ±  1.36E+06 

Cryptophyta     

Cryptomonadaceae 1.96E+05 ±  2.78E+05 3.33E+05 ±  4.87E+05 

Geminigeraceae 9.22E+05 ±  1.34E+06 6.67E+05 ±  4.69E+05 

Hemiselmidaceae 3.23E+05 ±  5.11E+05 1.66E+05 ±  1.84E+05 

Cyanobacteria     

Aphanizomenonaceae 1.16E+07 ±  2.14E+07 1.42E+06 ±  3.29E+06 

Aphanothecaceae 2.12E+06 n/a 1.97E+04 ±  2.62E+04 

Chamaesiphonaceae n/a n/a 3.41E+03 ±  4.89E+03 

Chroococcaceae 1.59E+06 ±  3.76E+06 1.48E+06 ±  5.34E+06 

Coelosphaeriaceae 6.93E+05 ±  1.70E+06 2.97E+06 ±  1.02E+07 

Coleofasciculaceae 2.02E+06 ±  2.75E+06 5.37E+07 ±  4.30E+07 

Homoeotrichaceae n/a n/a 7.38E+03 n/a 

Leptolyngbyaceae 1.61E+07 ±  1.80E+07 2.12E+07 ±  3.99E+07 

Merismopediaceae 1.25E+08 ±  7.69E+08 1.25E+07 ±  3.20E+07 

Microcoleaceae 2.69E+05 ±  5.22E+05 4.38E+06 ±  1.14E+07 

Microcystaceae 2.47E+08 ±  1.68E+09 1.62E+06 ±  4.75E+06 

Nostocaceae 4.68E+06 ±  1.15E+07 8.59E+05 ±  2.51E+06 

Oscillatoriaceae 1.15E+06 ±  1.31E+06 6.01E+06 ±  1.15E+07 

Pseudanabaenaceae 2.63E+06 ±  3.02E+06 3.40E+06 ±  8.76E+06 
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 Taxonomic group HP RIV 

Stichosiphonaceae 2.09E+02 n/a 9.61E+03 ±  9.68E+03 

Dinophyta     

Ceratiaceae 5.54E+05 ±  1.27E+06 4.46E+04 ±  6.53E+04 

Gymnodiniaceae 9.39E+04 ±  1.56E+05 7.45E+04 ±  8.57E+04 

Peridiniaceae 1.39E+05 ±  1.96E+05 1.39E+05 ±  2.82E+05 

Euglenophyta     

Euglenaceae 3.47E+05 ±  4.69E+05 2.52E+05 ±  2.25E+05 

Phacaceae 7.10E+01 ±  3.55E+01 n/a n/a 

Rhodophyta     

Acrochaetiaceae 1.68E+06 ±  4.00E+06 2.07E+06 ±  4.99E+06 

Batrachospermaceae n/a n/a 6.77E+06 ±  8.34E+06 

 

Zooplankton diversity: 

We recorded 85 zooplankton species in 2016, of which Rotatoria was the most 

dominant taxon with 60 species followed by Cladocera and Copepoda with 14 and 11 

species, respectively. Rotifers comprised 87.1% individual abundance, and Copepoda 

and Cladocera were 8.7% and 4.2%, respectively (Table 3 and Appendix 2). The tests 

showed no significant difference in taxa richness (F7,24 = 0.3, p > 0.05), averaged 

abundance (χ2
7 = 4.9, p > 0.05), or H’ index (χ2

7 = 1.2, p > 0.05) among the collecting 

sites (Figure 4).  
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Figure 4. Boxplots (median, 25% and 75% quartiles, and range) for zooplankton among 

the headpond (HP) and river (RIV) sites in 2016: a) the number of species; b) the 

average abundance (Log.Individuals) by Ln(x+1); and c) H’ index. The open circle is the 

average. 
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Table 3. Average abundance (± 1SD) among zooplankton families in the head pond 

(HP) and river (RIV) sampled from June to October 2016 (n/a = 1 or 0 samples). 

 Taxonomic group HP RIV 

Arthropoda         

Bosminidae 5.94E+03 ±  8.03E+03 2.85E+03 ±  5.28E+03 

Calanidae 4.33E+02 ±  3.58E+02 2.10E+02 ±  2.59E+02 

Chydoridae 4.85E+01 n/a 1.57E+02 ±  9.53E+01 

Cyclopidae 1.44E+03 ±  2.34E+03 5.44E+02 ±  7.29E+02 

Daphniidae 8.43E+02 ±  9.45E+02 1.23E+03 ±  2.45E+03 

Diaptomidae 6.16E+02 ±  4.46E+02 n/a n/a 

Harpacticoidae n/a n/a 9.23E+01 ±  1.13E+02 

Holopediidae 1.07E+02 n/a n/a n/a 

Leptodoridae 2.72E+02 n/a 2.93E+02 n/a 

Moinidae 3.19E+02 ±  1.86E+02 8.80E+02 n/a 

Nauplius 9.96E+03 ±  6.76E+03 2.70E+03 ±  3.29E+03 

Sididae 4.31E+02 ±  2.25E+02 n/a n/a 

Rotifera         

Brachionidae 1.20E+04 ±  3.34E+04 3.15E+03 ±  5.51E+03 

Collothecidae 2.79E+02 ±  1.08E+01 1.64E+02 ±  9.09E+01 

Colurellidae  1.29E+03 ±  1.94E+03 1.47E+02 ±  1.44E+02 

Conochilidae 5.98E+02 ±  2.41E+02 2.35E+02 ±  3.07E+02 

Euchlanidae  1.91E+02 n/a 9.19E+01 ±  5.94E+01 

Filiniidae  2.96E+03 ±  3.64E+03 3.29E+02 ±  3.39E+02 

Gastropodidae 1.35E+03 ±  2.06E+03 2.04E+02 ±  9.84E+01 

Lecanidae 2.85E+01 n/a 1.41E+02 ±  1.46E+02 

Mytilinidae  n/a n/a 1.91E+01 n/a 

Notommatidae n/a n/a 2.37E+02 ±  2.20E+02 

Philodinidae  n/a n/a 7.78E+02 ±  1.06E+03 

Synchaetidae 1.33E+04 ±  4.36E+04 7.14E+03 ±  2.18E+04 

Testudinellidae 1.44E+02 ±  1.36E+02 1.89E+01 ±  1.33E+01 

Trichocercidae 1.02E+03 ±  1.56E+03 2.71E+02 ±  3.50E+02 

Trichotridae  n/a n/a 6.11E+01 ±  7.29E+01 
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Plankton association:  

A quadratic regression best described a significant, positive curvilinear 

relationship between zooplankton and phytoplankton abundance: y = -139.43 + 14.16x – 

0.33x2 (F2,29 = 26, p < 0.05, R2 =0.64; N = 32). The test of intercept was t = - 3.7, (p < 

0.05), test of linear effect t = 3.7, (p < 0.05), and test of quadratic effect t = - 3.5, (p < 

0.05) (Figure 5).   

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The quadratic regression between zooplankton abundance – Log.Individuals 

by Log(x+1) and phytoplankton abundance – Log.Cells by Log(x+1) (N=32). 

 



30 

 

 

2.4.3. Spatial variations 

Phytoplankton: 

During stratification period, the betadisper test indicated the phytoplankton 

communities among the HP water layers were spatially homogenous (F2,21 = 0.14, p > 

0.05; see also Table 4). Spatial homogeneity of the phytoplankton communities was also 

found among HP sites (F3,12 = 0.01, p > 0.05).  

Table 4. Values of average distance to median in the betadisper tests for phyto- and zoo-

plankton communities (see text for explanation). 

Phytoplankton  Zooplankton 

Among the HP layers   

Epi. Meta. Hypo.    Epi. Meta. Hypo.   

0.32 0.33 0.32    0.18 0.16 0.18   

Among the HP sites   

HP1 HP2 HP3 HP4   HP1 HP2 HP3 HP4  

0.35 0.34 0.35 0.35   0.26 0.26 0.28 0.24  

Between RIV layers   

Surface  Bottom    Surface  Bottom   

0.35  0.32    0.25  0.25   

Among RIV sites and HP2   

HP2 RIV1 RIV2 RIV3 RIV4  HP2 RIV1 RIV2 RIV3 RIV4 

0.34 0.35 0.37 0.32 0.36  0.26 0.28 0.34 0.30 0.28 

Note: Epilimnion (Epi.), Metalimnion (Meta.), and Hypolimnion (Hypo.) 

 

For the river sites, we added the head pond site (HP2) closest to the dam as the 

most probable site to influence the downstream reach (see Methods). The betadisper test 

of the phytoplankton communities between the RIV water layers during the stratification 

period was not significant (F1,14 = 0.33, p > 0.05). This also held true for phytoplankton 

spatial dispersion among the river sites and HP2 (F4,15 = 0.33, p > 0.05). 
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Zooplankton: 

The betadisper test revealed the spatially-homogenous dispersion of zooplankton 

communities among the HP water layers during stratification period (F2,21 = 0.73, p > 

0.05; see also Table 4). Similarly, we found no significant differences in the spatial 

dispersion of zooplankton communities among the HP sites (F3,12 = 0.14, p > 0.05).  

The betadisper tests revealed that there was no significant, spatial dispersion of 

the zooplankton communities between RIV water layers during stratification period 

(F1,14 = 0.04, p > 0.05) or among HP2 and the RIV sites (F4,15 = 1.25, p > 0.05). 

2.4.4. Temporal variations 

Phytoplankton: 

In the first PCA axis, Bacillariophyta, Chrysophyta and Combined group were 

associated with the positive end and increased their abundance (following the arrow 

dimension) in the summer sites and three RIV sites of June. In the second axis, 

Cyanobacteria was associated with the positive end and increased the abundance mostly 

in two HP sites of June and two August sites while Chlorophyta was associated with the 

negative end and increased their abundance in July sites. The PCA results also showed 

that all taxon groups decreased their abundance (opposite to their arrow dimensions) in 

October. The first axis explained 45.1% variance and PC2 accounted for 30.2% (Figure 

6). 
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Figure 6. The Principal component analysis (PCA) plot showed the average abundance 

variations of the phytoplankton groups among four months, June (Jun), July (Jul), 

August (Aug), and October (Oct). 

 

SIMPER analysis showed the higher average dissimilarities of phytoplankton 

communities during seasonal transferring periods (~60%), i.e., from non-stratification to 

stratification periods and vice versa (June to July and August to October), than during 

stratification period (~50%), i.e., from July to August (Figure 7). These analyses pooled 

all HP and RIV sites because there were no significant differences or apparent patterns 

of differences among sites. The taxonomic groups of Bacillariophyta, Chlorophyta, 
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Cyanobacteria, and Chrysophyta contributed considerably to the average dissimilarities 

within each comparison. 

 

 

 

 

 

 

 

 

 

 

Figure 7. Average percent dissimilarities from June to October and contributions (%) of 

each phytoplankton taxonomic group to the average dissimilarities within each 

comparison.  

A series of the ANOSIM analyses revealed the significant differences of the 

community compositions among the four months: Bacillariophyta, Global R=0.6, p 

<0.05; Chlorophyta, Global R=0.6, p <0.05; Cyanobacteria, Global R=0.6, p <0.05; 

Chrysophyta, Global R=0.4, p <0.05; and Combined group, Global R=0.6, p <0.05 

(Table 5). 
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Table 5. Results of the pairwise ANOSIM analysis with the FDR correction testing 

variation of the phytoplankton community compositions among months in 2016 

(Uninterested pairwise comparisons were excluded from the table). 

 R- Statistic 

 Baci Chlo Chry Cyan Combined group 

Jun-Jul 0.9* 0.5* 0.6* 0.5* 0.6* 

Jul-Aug 0.3* 0.4* 0.0NS 0.5* 0.6* 

Aug-Oct 0.5* 0.8* 0.7* 0.5* 0.7* 

Note: * significant (p  0.05); NS: non-significant (p >0.05); Baci - Bacillariophyta; Chlo - 

Chlorophyta; Chry - Chrysophyta; Cyan - Cyanobacteria; Combined group - Dinophyta, 

Euglenophyta, Rhodophyta and Cryptophyta; Jun - June; Jul - July; Aug - August; Oct - 

October. 

Zooplankton: 

In the first PCA axis, Cladocera was associated with the negative end and 

increased their abundance (following the arrow dimension) in July. Rotifera was 

associated with the positive end of the second axis and increased their abundance in RIV 

sites of June and HP sites of August. Copepoda was associated with the positive ends of 

both axes and increased their abundance in July and August (Figure 8). Overall, the PCA 

analysis showed that the zooplankton groups maximized their abundance in summer 

months while decreased that (opposite to their arrow dimensions) in October and June. 

The first axis can explain about 79.9% of variance explained and the second accounted 

for 15.6%.  
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Figure 8. The Principal component analysis (PCA) plot showed the averaged abundance 

variations of the zooplankton taxa groups among four months, June (Jun), July (Jul), 

August (Aug), and October (Oct). 

SIMPER analysis indicated the lower average dissimilarity during the stratified 

period (from July to August, 35.3%) than those from non-stratification to stratification 

periods and vice versa, i.e., June to July (48.1%) and August to October (52.3%). 

Rotifera contributed the most to the dissimilarities within each comparison (Figure 9).  
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Figure 9. Average percent dissimilarities from June to October and contributions (%) of 

each zooplankton taxonomic group to the average dissimilarities within each 

comparison. 

 

The ANOSIM analysis showed significant differences for all the community 

compositions among the four months: Cladocera, Global R=0.2, p <0.05; Copepoda, 

Global R=0.2, p <0.05, and Rotifera, Global R=0.8, p <0.05 (Table 6). 

Table 6. Results of the pairwise ANOSIM analysis with the FDR correction testing 

variation of the community compositions among months in 2016 (Uninterested pairwise 

comparisons were excluded from the table). 

 R - Statistic 

 Cladocera Copepoda Rotifera 

Jun-Jul 0.4* 0.2NS 0.9* 

Jul-Aug 0.2* 0.0NS 0.4* 

Aug-Oct 0.1* 0.2NS 1.0* 

Note: * significant (p  0.05), NS - non-significant (p >0.05), Jun – June, Jul – July, Aug – 

August, Oct - October. 
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2.4.5. Association of plankton and environmental variables 

Phytoplankton: 

In first RDA axis, temperature and zooplankton taxa richness were associated 

with the negative end and positively correlated (following the arrow dimension, see 

Figure 10) with the August sites and HP sites of July. In second RDA axis, zooplankton 

abundance was associated with the negative end and positively correlated with July sites. 

SRP was associated with the positive end of the second axis and also other higher axes 

and positively correlated with October sties. The nitrite+ nitrate and pH variables were 

associated with both axes but showed different gradients, i.e., nitrite + nitrate was 

positively correlated with August and October sites while pH had positive correlation 

with June and July sites. Overall, the analysis showed that phytoplankton communities 

of summer months were positively correlated with temperature, Zoo.Spec and Zoo.Abun 

whereas those communities of October were positively correlated with SRP and 

negatively correlated (opposite to the arrow dimension) with pH. The first axis explained 

34.2% constrained and 14.6% unconstrained variance, whereas the second axis was 

accounted for 21.7% and 9.2% of constrained and unconstrained variance explained, 

respectively. The most corresponding taxa with the seasonal gradients were listed in 

Table 7. The permutation tests showed significant results for SRP (F1,24 = 2.50, p < 

0.05), Temp. (F1,24 = 2.46, p < 0.05), Depth (F1,24 = 2.05, p < 0.05), pH (F1,24 = 2.12, p < 

0.05), and Zoo.Abun (F1,24 = 1.59, p < 0.05) but NO2+NO3 (F1,24 = 1.52, p > 0.05), or 

Zoo.Spec (F1,24 = 1.06, p > 0.05). The first five axes significantly contributed to the 

association between the phytoplankton communities and environmental variables, i.e., 

axis 1: F1,24 = 6.08, p < 0.05; axis 2, F1,24 = 3.86, p < 0.05; axis 3, F1,24 = 2.73, p < 0.05; 
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axis 4, F1,24 = 2.07, p < 0.05, and axis 5, F1,24 = 1.43, p < 0.05. Additionally, we found no 

significant correlation between the abundance of phytoplankton (cells/m3) and Secchi 

depth (r = 0.05, n = 32, p > 0.05). 

 

 

Figure 10. Redundancy Analysis (RDA) for the relationship between the phytoplankton 

communities and environmental variables. The different colours represent months and 

symbols for habitats (HP - head pond, circle; RIV -downstream river, triangle; 

Zoo.Abun - Zooplankton abundance; Temp - Temperature; Zoo.Spec - Zooplankton taxa 

richness; SRP - Soluble Reactive Phosphorus). 

 

 

 



39 

 

 

Table 7. List of combinations of phytoplankton species for the RDA analysis (see text 

for explanations). 

Month Phyla Taxonomic names 

June Bacillariophyta Synedra acus 

  Tabellaria ehrenbergii 

 Cyanobacteria Oscillatoria sp3. 

 Chrysophyta Synura sp1. 

July and 

August 

Bacillariophyta Cyclotella sp1. 

Cyanobacteria Microcystis aeruginosa 

 Aphanocapsa planktonica 

  Anabaena sp3. 

  Woronichia naegelliana 

  Planktolyngbya limnectica 

 Chlorophyta Tetrastrum komarekii 

  Pediastrum tetras 

 Dinophyta Ceratium hirundinella 

  Peridinium sp. 

 Euglenophyta Trachelomonas volvocina 

 Cryptophyta Cryptomonas sp1. 

October Chlorophyta Dictyosphaerium pulchellum 

 Cyanobacteria Geitlerinema splendidum 

 

 

 

 

 

 

 

 

 

 

http://www.algaebase.org/search/species/detail/?species_id=30383
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Figure 11. Venn diagram of proportions of partitioned variation in the phytoplankton 

community among the nutrients, physical, and biotic factors (see text for explanations). 

The single model for environmental factors collectively explained R2
a = 16.7% 

for variation the phytoplankton community while the polynomial model accounted for 

R2
a = 24.7%. In the later, the total explained variation of the physical factors was 15.8%, 

the biotic factors 8.4%, and the nutrients factors 5.2%. The unexplained variation was 

75.3% (Figure 11). 

Zooplankton:         

In the first RDA axis, phytoplankton abundance and temperature were associated 

with the negative end and showed positive correlation (following the arrow dimension, 

see Figure 12) with July and August sites. In the second axis, variables of NH3 and depth 

were associated with the positive end and had positive correlation with June sites; NH3 

also was associated with higher axes. Phytoplankton taxa richness was associated with 

negative ends of the two axes and positively correlated with July and August sites. 

Generally, the zooplankton communities of summer months were positively correlated 
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with temperature, Phyto.Spec and Phyto.Abun while those communities of June were 

positively correlated with depth and NH3. The first axis explained 55.0% constrained 

and 23.6% unconstrained variance explained whereas the second axis accounted for 

17.2% constrained and 7.4% unconstrained variance explained. Table 8 listed the most 

corresponding taxon with the seasonal gradient. The permutation tests showed 

significant results for SRP (F1,25= 3.83, p < 0.05), Temp. (F1,25= 4.91, p < 0.05), Depth 

(F1,25= 4.64, p < 0.05), Phyto.Spec (F1,25= 1.93, p < 0.05), and Phyto.Abun (F1,25= 2.39, 

p < 0.05) but NH3 (F1,25= 1.89, p > 0.05). The first four axes significantly contributed to 

the association between the zooplankton communities and environmental variables, i.e., 

axis 1, F1,25 = 10.34, p < 0.05; axis 2, F1,25 = 3.23, p < 0.05; axis 3, F1,25 = 2.03, p < 0.05; 

and axis 4, F1,25 = 1.69, p < 0.05. The result of correlation analysis showed no 

significance between the abundance of the zooplankton and Secchi depth (r = 0.06, n = 

32, p > 0.05). 
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Figure 12. Redundancy Analysis (RDA) for the relationship between the zooplankton 

communities and environmental variables. The different colours represent months and 

symbols for habitats (HP - head pond, circle; RIV -downstream river, triangle; 

Phyto.Abun: Phytoplankton abundance; Temp - Temperature; Phyto.Spec: 

Phytoplankton taxa richness; SRP - Soluble Reactive Phosphorus). 

Table 8. List of combinations of zooplankton species for the RDA analysis (see text for 

explanations). 

Month Taxon group Taxonomic names 

June and 

Oct 

Rotifera Anuraeopsis fissa 

 Trichocerca porcellus 

July and 

August 

Rotifera Trichocerca multicrinis 

 Filinia longiseta 

  Ploesoma sp1. 

  Ploesoma truncatum 

  Ploesoma hudsoni 

  Bosmina longirostris 
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Month Taxon group Taxonomic names 

  Trichocerca rousseleti 

  Trichocerca similis 

  Polyarthra major 

  Polyarthra remata 

  Conochilus unicornis 

  Keratella sp1. 

  Filinia terminalis 

  Ascomorpha ovalis 

  Kellicottia longispina 

  Asplanchna priodonta 

 Cladocera Daphnia retrocurva 

  Moina micrura 

 Copepoda Mesocyclops edax 

  Nauplius 

  Cyclopidae sp. 

  Eucyclops agilis 

  Eucyclops speratus 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Venn diagram of proportions of partitioned variation in the zooplankton 

community among the nutrients, physical, and biotic factors (see text for explanations). 
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Total explained variation of the single model for environmental factors was R2
a = 

33.3%; and that for the polynomial model was R2
a = 29.2%. In the polynomial model, 

the physical variables explained 14.7%, the biotic variables 9.9%, and nutrient variables 

1.0%. The unexplained variation was 70.8% (Figure 13). 

 

2.5. Discussion 

The reservoir and river environments  

We expected an environmental gradient from the reservoir to downstream river 

related to MD as an artificial barrier. However, we found that most of the 

physiochemical parameters were statistically homogenous among the sites and possibly 

reasoned by the high water-flow rate through HP as a result of short retention time. 

Exceptions of the significant variations of phosphorus components between HP3 and 

RIV2 likely due to the impacts of some wastewater sources located closely to HP3, and 

the depth was obviously higher in HP sites than RIV sites.  

On the other hand, the PCA analysis illustrated a seasonal pattern across the field 

months. Specifically, as low rates of algal activity occurred in winter time due to the 

cold temperatures and low Photosynthetically Active Radiation (PAR)  (Olsen 1972, Xu 

et al. 2010) can result in temporal changes in pH (Michaud 1991, Moore 1987). 

However, we can observe the habitat difference, HP vs. RIV, within each month pattern, 

suggesting more sampling to test if significant variation would exist between these 

habitats. Our results mostly agreed with the work of Nelson (1973), the author found no 

apparent patterns of  DO, temperature, phosphorus, nitrogen, pH, and conductivity 
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between above and below sites of the MD while temporal changes of some variables, 

e.g., temperature, DO, nitrogen, and conductivity, were observed over the different 

periods (e.g., May, July +August, October, and December + January). 

We observed some changing trends between and within the two habitats. For 

example, higher DO in RIV than HP can be reasoned by the impacts of the turbine 

operation (Penney 1987) coupled with higher water velocity in the river while nutrients 

and conductivity are normally trapped and can have higher concentrations in the 

reservoir (Straškraba 2008). In HP habitat, the nutrient pattern tended to be lowest at 

HP2 closest to the dam, which was in accord with summaries by Kimmel et al. (1990), 

and Wetzel (2001). Some nutrient variables (e.g., SRP, NH3, and TDP) increased their 

values at HP3, possibly because of inputs from near-by non-municipal wastewater 

facilities (see Culp et al. 2006). Wetzel (2001) argues that the isolated area in a reservoir 

might have higher concentrations of nutrients than other sites and it seems to be true for 

HP1. Such spatial variations, though, can be disrupted by various types of water 

movements within the reservoir induced by inflow currents, water releasing operation, 

winds, and other ecological factors or their interactions, (e.g., Straškraba & Tundisi 

1999, Wetzel 2001). In RIV habitat, high concentrations of those nutrients, i.e., NH3, 

NO2+NO3, TDN and TDP in all RIV sites can result from the releasing nutrients from 

HP coupled with wastewater sources below the dam (see Culp et al. 2006). Noticeably, 

increasing nitrogen components in RIV3 and RIV4 appears to be attributable to the 

below-dam wastewater discharge. For example, in Mactaquac hatchery station, located 

below the dam, is using fish food that contains 21-38% of proteins to feed the young 

salmon and all wastewater is discharged into the SJR. On the other hand, most nutrient 
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components of RIV2 have lower values than those of other RIV sites, suggesting that the 

Keswick river (see Figure 1) is not an influential nutrient source for SJR. This is 

surprising as this river had previously been identified as a significant source nutrient 

input because of animal production and farming activities in this tributary catchment 

(Kidd et al. 2011). These nutrient variations, nevertheless, are not high enough to cause 

clear patterns along the RIV sites. 

The plankton diversity and ecological interactions 

We found a major difference in term of phytoplankton taxa richness in 2016 

compared to the reports of the 1970s when the reservoir was initially created (1967). For 

example, the 288 species recorded in this study is more than twice the number reported 

in the early 1970s for the entire SJR system, i.e., 128 phytoplankton (Watt 1973, 1974). 

The newly observed species were largely from the Cyanobacteria, Bacillariophyta, 

Chlorophyta, and Rhodophyta. We hypothesize that the primary reason for the taxon 

increase is the continuous long period of upstream nutrient inputs (Kidd et al. 2011) and 

the difference in sampling methods, e.g., in 2016 we collected samples at various water 

layers rather than only the near-surface water in 1970’s studies.  

We observed about 20 algal genera linking to harmful blooms, including 5 

genera which potentially can produce toxins in Canada freshwater bodies, i.e., Anabaena 

(or Dolichospermum), Microcystis, Planktothrix, Pseudoanabaena, and Woronichini 

(Burkholder 2009, Health Canada 2016, Paerl et al. 2001). Noticeably, there were 

apparent two outliers in terms of numbers of cells at HP1, which were Aphanocapsa 

holsatica in June and Microcystis aeruginosa in August. At the HP1 site, these species 
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can find favourable conditions suitable with their ecological characteristics (Reynolds et 

al. 2002), e.g.,  relatively stagnant water, high concentrated nutrients, and summer 

stratification.  In the reservoir, we assumed that owing the high water-flow rate (short 

RT) coupled with the near-surface water outflow collectively can prevent the algal 

accumulation in HP surface layer to nuisance levels. Not surprisingly, recorded algal 

blooms occur in those HP locations where the water column is poorly mixed, e.g., at the 

closed arm of HP in recent years (J. O’Keefe, NB Environment and Local Government, 

pers. comm.) or at two more backwater reaches located between HP3 and HP4 as 

reported in Watt (1973).  

Similar to phytoplankton, the current zooplankton community was also more 

species rich than those for the whole SJR reported in 1970s (Watt & Duerden 1974), i.e., 

85 species in comparison to 53 species, with considerable changes in the species 

composition. The observed difference appears to be a significant addition of Rotifer 

species. In our study, the most dominated taxonomic group was Rotifera, which was rare 

in the 1970s research (Watt & Duerden 1974). The high numbers of Rotifera now 

observed (vs. 1970s) may be a reflection of the 45+ years of reservoir aging, e.g., 

increasing area of stagnant water, continuous sedimentation and nutrient loading 

including the mixing over seasons in the reservoir (seasonal inputs and daily outputs for 

electricity generation) (e.g., Matsumura-Tundisi & Tundisi 2005, Shao et al. 2001). 

Langeland and Reinertsen (1982) argued that Rotifers had a lower grazing rate on algae 

among the zooplankters. As such, the dominance of Rotifers in the community (69.8% 

taxa richness and 87.1% abundance) might play some role in algal blooms in this 

reservoir. In contrast, the number of crustacean zooplankters in current communities was 
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lower than those previously reported in HP (Nackawic and Woolastook stations, 

Duerden et al. 1973). Specifically, the cladocerans and copepods decreased their species 

numbers from 29 to 14 and 13 to 11, respectively. Some studies showed the decrease of 

the zooplanktonic crustaceans was strongly correlated with the increase of 

zooplanktivorous fish after reservoir establishment (e.g., Horn 2003, Yufeng et al. 

1998). This might also be the case for the Mactaquac head pond. For examples, Jessop 

(2001) argued the long-term spawning escapements for those fish of alewives and 

blueback herring to the upstream HP was considered to be surplus for requirement; and 

the two species at young-of-year stages feed mostly on the zooplanktonic crustaceans 

(Fay et al. 1983). 

Ecological association between phytoplankton and zooplankton is well 

documented (e.g., Burns 1968, Gliwicz 1975, Wetzel 2001). Generally, the variation of 

phytoplankton can be a principle ecological factor accounting for the changes in the 

zooplankton and vice versa  (Sommer et al. 1986, Sterner 2009). The RDA analysis 

suggested significant associations of phytoplankton taxa richness and abundance with 

the zooplankton communities. There are many factors potentially associated with the 

phyto- and zoo-plankton relationship, for example, the selective grazing mechanism of 

zooplankton, i.e., zooplanktonic grazers depends on not only edible phytoplankton 

abundance, but also algal diversification because each zooplanktonic group, or even at 

species level, favors on different types of edible algae (Allan 1976, De Bernardi & 

Giussani 1990, Knisely & Geller 1986). This also held true in variation partitioning 

analysis where the biotic factors contributed considerably to phyto- or zoo-plankton 

community variation explained. 
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We also found the association between phyto- and zoo-plankton abundance was 

best fitted in a quadratic function. The model shows that increasing zooplankton 

abundance is related to higher phytoplankton cell counts up to a threshold where 

zooplankton abundance reaches an asymptote (> e21.45 (cell/m3)). This leveling of 

zooplankton abundance may be related to an overgrowth of the nanophytoplankton that 

can lead to the interference of the food filtering mechanism of zooplankton as reported 

by De Bernardi and Giussani (1990). Moreover, a rapid increase of the small-size algae 

might pose a negative impact on the growth of protozoa or ciliates (Buskey & Hyatt 

1995), which are the major food components for many Rotifers (Arndt 1993). Our 

regression equation is only a snap-shot of the complex relationship between phyto- and 

zoo-plankton but suggests a multi-year survey validation might help understand future 

reservoir conditions including potential of the colony-forming and nuisancy 

nanophytoplankton, i.e., the small-sized algae like Aphanocapsa spp. or Microcystis spp.  

Spatial patterns and effects of the reservoir 

We observed no spatial dispersion of the plankton communities in the reservoir. 

The non-longitudinal variation of plankton communities possibly resulted from the no 

apparent patterns of most physiochemical variables among the sites. It may also reflect 

the effect of small sample sizes. A greater sample size is required to better estimate the 

relationship of inter-annual variability measures to longitudinal gradients. Moreover, 

increasing sample size can test if the stratification process is really impacting the 

plankton communities because we observed no significant differences among stratified 

layers during summer time (July and August). Several studies have shown that vertical 
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plankton strata is regulated by physiochemical conditions, such as light and nutrient 

limitation, water movement, as well as the migrating diurnal behaviours, grazing rates, 

and ecological competition (e.g., Meester 2010, Mellard et al. 2011, Pinilla 2006). 

Straškraba (2008) argued the water strata of reservoirs can be disrupted and some of the 

main reasons are the irregular operation of water outflows, depths of the penstock 

opening, and high water-flow rate (short retention) which could be a prediction to test in 

the future for the Mactaquac reservoir.  

Plankton assemblages of reservoirs, generally, share many similar characteristics 

with natural lakes (Wetzel 2001), but communities downstream of a reservoir  may be 

expected to differ from the reservoir because plankton will be influenced by flowing 

water conditions, shallower waters, and different temperature regimes (e.g., Istvánovics 

et al. 2010, Jones 2010, Zalocar de Domitrovic et al. 2007). Thus, we hypothesized that 

a difference of plankton communities would exist between the reservoir and river 

downstream associated with the Mactaquac Generating Station (MGS). However, we 

observed that the riverine plankton communities were similar to the reservoir and 

therefore were most probably supplemented by the reservoir community over the 20 km 

reach below the dam. Jones (2010) found that communities farther downstream of a 

reservoir are less influenced than those proximate to the reservoir, we might expect a 

different plankton community beyond the 20 km river reach. On the other hand, our 

results also suggest there is a full mixing of the water column in the river (spatial 

dispersion of plankton communities was vertically homogenous) that likely reflects the 

high velocity and low depth in the river habitat.  
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The MGS has a daily water-releasing variation (Luiker et al. 2013, Stantec 2016) 

and we could observe the change in river volume at all sites. This included intrusion of 

the mainstream water to the RIV2 site at the Keswick river, which suggests another 

hypothesis that Keswick river has little impact on the mainstream SJR plankton 

communities. Again, we will need more sampling to confirm our observations. 

Temporal variation patterns  

As the temporal pattern of the physiochemical variables was observed, we 

hypothesized that a seasonal variation would exist for the plankton communities and the 

analysis showed what we predicted, i.e., the seasonal patterns of plankton diversity were 

the strongest in both reservoir and river habitats. That seasonal patterns were similar to 

earlier reports (Watt 1973, Watt & Duerden 1974) as would be predicted in dimitic 

reservoirs (Reynolds 1984a, Wetzel 2001). Specifically, abundance tended to increase 

from the early opening water (June) and peaking during summer time (July and August), 

followed by a decrease in October. We also observed the plankton abundance tended to 

increase in RIV sites of June possibly associated with ice-breaking events that normally 

happens earlier in the river than in the reservoir, thus PAR and temperature can reach to 

the level suitable for plankton growth. Taxa richness showed a similar pattern with taxa 

richness peaking in summer. Summer would be more favorable conditions for plankton 

growth, e.g., increasing temperatures and nutrient supplement from mixing event 

(Reynolds 1984a, Sommer et al. 2012, Wetzel 2001). Additionally, high plankton 

diversity in summer months can be associated with diversification of niches induced by 

stratification and co-existence strategies of plankton species (Meester 2010, Reynolds 
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1989, Wetzel 2001). In winter, phytoplankton growth  declines (Olsen 1972) with some 

zooplanktonic species entering a winter diapause stage (see Wetzel 2001). A summer-

abundance-peak is predicted in the biomass model built for Eutrophic water bodies 

(Sommer et al. 2012). We did however observe an increase in Cyanobacteria in June, 

possibly associated with their adaptations and out-competing other algae (Shapiro 1990). 

Similar to taxa richness and abundance, RDA plots suggested clear seasonality of 

the plankton communities, i.e., stratification vs. non-stratification (June/October vs. 

July/August). In temperate regions, seasonality of the plankton communities is 

constrained by both of abiotic and biotic variables (see Reynolds 1984a, Sommer 1989, 

and Wetzel 2001). During transferring periods (June and October) that associate with 

mixing events, variation of plankton communities is higher than those during stratified 

period (July and August) and mainly triggered by enormous changes of external factors, 

e.g., temperature and light (Sommer et al. 1986). Our findings showed temperature 

influenced significantly on the plankton seasonality, but we observed no correlation 

between Secchi depths or photic zone (Davies‐Colley & Vant 1988) and abundance of 

plankton. Noticeably, the 1970 research found the photic zone was a limiting factor for 

the phytoplankton primary productivity (Watt 1973). The difference between the 

findings likely reflects the major changes in environmental and ecological conditions 

since the early days of reservoir filling to the present time (Straškraba & Tundisi 1999). 

Other factors, such as nutrients and internal, community-driven processes are also 

essential for the seasonal alternation of the plankton communities, e.g., grazing pressure, 

adaptive strategies, fish predation, parasites, and food and nutrient limitations (Reynolds 



53 

 

 

1989, Sommer et al. 2012, Sommer et al. 1986). Our RDA analysis would support that 

hypothesis because of the strong associations between plankton communities with the 

nutrient (SRP) and biotic factors (zooplankton as consumers and phytoplankton as their 

food source) across seasons. Interestingly, when constrained by environmental variables, 

the plankton communities seemed to respond as in a seasonal loop, from June to 

October. 

The seasonal changes of community composition also reflect functional-group 

differences. Sharing similar ecological/morphological criteria, each plankton functional 

group is usually classified across various taxa, e.g., the group of edible phytoplankton 

includes all unicell nano-planktonters and small centric diatoms (Knisely & Geller 1986, 

Müller & Schlegel 1999). As functional groups have distinct ecological characteristics, 

they are favorable to different habitats or respond differently under the same ecological 

factors or both (Agasild et al. 2007, Obertegger et al. 2011, Reynolds 1984b, Salmaso et 

al. 2015). For example, high grazing pressure in summer time could depress edible algal 

morphotypes but build up a crop of inedible algae (e.g., Vasseur et al. 2005). In our 

research, we are only just beginning to accumulate data to answer such questions, e.g., 

the Chrysophyta species were probably the least edible and possibly not much affected 

by the high zooplanktonic grazers during summer time, or if Rotifer communities 

respond more sensitively to seasonal changes than crustacean zooplankters due to their 

high diversification of functional groups. 
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Overall, although construction of MD led the two different habitats, i.e., head 

pond/reservoir and downstream river, we observed spatial homogeneity of plankton 

community dispersion. This first look at the reservoir and river suggests that the 

reservoir impacts the bio-physical environments as far as 20 km downstream. In 

contrast, the analysis showed a strong temporal variation of the plankton communities. 

We observed major change of species composition with a significant increase of 

nutrient-tolerant taxa after five decades of the reservoir establishment. In further studies, 

we recommend more sampling surveys covering the winter season to discern effects of 

environmental gradients on the plankton variation. Other factors which are influential on 

the plankton dynamics should be included in the future analysis, such as discharge rates, 

fish predators, parasites, and zooplankton egg banks (e.g., De Stasio 1990, Sommer et al. 

2012, Watt 1973, Wetzel 2001). 
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3.0. GENERAL DISCUSSION AND FURTHER WORK 

3.1.  The physiochemical variables 

Physiochemical parameters play an essential role in controlling the plankton 

dynamics in freshwaters (see Wetzel 2001) and are well documented elsewhere in 

literature. Such relationships include the  effects of temperature on phytoplankton 

biomass and diversity (Burgmer & Hillebrand 2011) and zooplankton growth (McLaren 

1963), the effects of wind on plankton distribution (George & Edwards 1976), the roles 

of dissolved organic nitrogen on phytoplankton nutrition, biology and ecology of the 

algal cells (Antia et al. 1991), the impacts of physiochemical variables on phytoplankton 

communities (Liu et al. 2010), and zooplankton diversity (Rajagopal et al. 2010). In the 

study area, we found the significant importance of SRP, temperature, depth, and pH for 

the phytoplankton community; whereas the zooplankton community was associated with 

changes in SRP, temperature, and depth. In general, the phytoplankton community was 

more associated with nutrient factors compared with the zooplankton that were most 

associated with physical factors (Figure 13 and 15).  

Our findings suggest SRP significantly influenced the phytoplankton 

communities, but phosphorus (P) was not a limiting factor. Dodds (2003) critiqued the 

accuracy of SRP measurement for free phosphate (PO4
3-) and argued that even low 

concentration of dissolved inorganic nutrients, i.e., SRP and Dissolved Inorganic 

Nitrogen (DIN), the supply might be still high. The author also found the weak 

correlation between two ratios, DIN:SRP and TN:TP respectively, of which TN is total 

nitrogen and TP is total phosphorus, and the former ratio should be use with caution 

when indicating nutrient limitation (Dodds 2003). In SJR,  Watt (1973) argued the P was 
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the limiting factor for phytoplankton at a level ~ 10 µg/L based on the abundance 

respond of the indicative species, Dinobryon spp. (Rodhe 1948). Recently, the work of 

Culp et al. (2006) showed that phosphorus was the limiting factor resulted from the 

response of the periphytic algae. Most recent study confirmed phosphorus is the limiting 

nutrient based on simulating models (NATECH 2016). In 2016, we recorded the 

indicative Dinobryon species at all sites but suggested a more sampling field work and 

nutrient measurements (TN and TP) to confirm the limiting factor for phytoplankton and 

discern the relationship between nutrients and the plankton dynamics in the studied area. 

The environmental variables measured in our study contributed only ~ 24.7 % 

and 29.2% of community variation explained for phyto- and zoo-plankton communities, 

respectively, indicating other factors might play a role on the plankton patterns which 

were reviewed and discussed elsewhere, e.g., velocity, silicate concentration, predatory 

rate of fish and macroinvertebrates, wind speed and discharge rates (Reynolds 1984, 

Watt 1973, Wetzel 2001).  

3.2. Trophic state in Mactaquac reservoir and downstream river 

Trophic state of freshwater ecosystems was categorized mainly based on criteria 

of nutrients (TN and TP), chlorophyll concentrations, Secchi depth and hypolimnectic 

oxygen depletion (reviewed in Dodds & Smith 2016, Rast & Thornton 2007). The 

trophic state of lakes and reservoirs has been long studied (see Rast & Thornton 2007) 

and the most common trophic classification is OCED categories (OECD 1982); whereas 

trophic systems specialized for running waters have been getting more concern recently 

(e.g., Culp et al. 2006, Dodds et al. 1998). Measurement of planktonic chlorophyll is 

usually applied for lakes and reservoirs (Rast & Thornton 2007), in contrast periphytic 
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and benthic chlorophyll normally used for streams and rivers (e.g., Busse et al. 2006, 

Culp et al. 2006, Dodds et al. 2002). In stagnant waters, P  was long time considered as 

the primary limiting factor for algal growth (see Rast & Thornton 2007, Reynolds 1984, 

Smith et al. 2002). In streams and rivers, however, Nitrogen (N), P or both could 

become limiting nutrients (e.g., Busse et al. 2006). Dodds and Smith (2016) argued that 

both P and N are needed to be considered in trophic stream management and the authors 

provided a modified trophic classification for running waters suggested initially by 

Dodds et al. (1998). Consequently, different trophic classifications should be applied for 

standing or running waters (Dodds et al. 1998).  

In SJR, those two locations of Edmundston and Florenceville have been 

considered as the two main sources for nutrient enrichment for the river system, which 

reach the greatest values of nutrients along all the SJR over time (Culp et al. 2006, Kidd 

et al. 2011, Watt 1973). Watt (1973) argued the loading amounts of carbon and N could 

support massive growth of algae in SJR and tended to increase; whereas P was likely to 

decline. The author also discussed that among the three essential nutrients (i.e., carbon, 

N and P), P was in the shortest amount in SJR. However, it appears that most of the 

nutrients were not deposited heavily into the reservoir. For example, percentage of P 

retention in the reservoir can be estimated by a function suggested by Straškraba and 

Tundisi (1999) as followed: RP = 76*(1-exp(-0.0282*RT)). Of which, RP is retention of 

P in reservoir by % and RT is retention time.  
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We averaged RT = 24.4 days from the 12 month data of (Watt 1973). The result 

revealed that RP is about 37.8%. Thus, in theory 62.2% of P will be released through the 

MD. Watt (1973) observed very low sediment nutrients in Mactaquac reservoir.  

Watt (1973) also applied the function of Vollenweider (1971) to estimate the 

excessive nutrient loads related to eutrophication in Mactaquac reservoir. For instant, in 

Hartland area, during one year (June 1st, 1971 to June 1st, 1972), the actual loads of TN 

and TP were far higher than the dangerous levels, e.g., TN: 13.6 – 27 times higher and 

TP: 16 - 40 times greater. However, according to Dillon (1975), the 1970 

Vollenweider’s functions were just based on the mean depth and could result in incorrect 

prediction. Vollenweider (1975) then modified his initial function by taking flushing 

rates or the hydraulic residence time (RT by year unit) into account. As the hydraulic 

residence time of Mactaquac reservoir was short (24.4 days ~ 0.067 year), the 

permissible nutrient loads are much higher than 1970’s estimation. In other words, the 

ability of nutrient dilution of Mactaquac reservoir is far higher than the previous 

prediction, and was partly discussed in Culp et al. (2006), and NATECH (2016). We 

assume that even high nutrient loads are discharged into SJR, phytoplankton blooms do 

not happen frequently in Mactaquac reservoir due to its high diluting ability i.e., large 

water volume. Other possible reasons include high water-flow rate, low sediment 

nutrients, and coupled with the water releasing mostly from surface/middle layers can 

prevent the algal accumulation at surface layer to nuisancy levels. 

Trophic state of SJR has been classified at quite high levels. Watt (1973) 

demonstrated that the two locations in Mactaquac reservoir, i.e., Woolastook and 
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Nackawic stations, categorized as “High” productivity. Recently, the work of Culp et al. 

(2006) showed the trophic levels of SJR ranged from oligotrophic status in the upstream 

area to mesotrophy-eutrophy in middle length and then oligotrophy-mesotrophy in the 

lower river. We tried to apply the modified classification suggested by Dodds and Smith 

(2016) coupled with the nutrient and Chlorophyll measurements of Culp et al. (2006), 

and re-estimated the trophic state at the four sites in Mactaquac reservoir, possibly 

located in riverine zone (SJR17, SJR20, SJR21 and SJR22) and one below MD (SJR24), 

at a more detailed trophic state. The results were shown in table 9. 

Table 9. Trophic status in five sites in SJR. Site names and data were adapted from Culp 

et al. (2006) 

Site TN TP Chlorophyll-a 

SJR 17-DS Beechwood Oligotrophic Oligotrophic Eutrophic 

SJR20-DS Florenceville Mesotrophic Eutrophic Eutrophic 

SJR21-Riverbank Mesotrophic Eutrophic Eutrophic 

SJR22-US Hartland Oligotrophic Oligotrophic Mesotrophic 

SJR24-DS Mactaquac Oligotrophic Oligotrophic Eutrophic 

 

In general, trophic status indicated by TN and TP was oligotrophic in 

Beechwood, tended to increase at mesotrophic or eutrophic in Florenceville area and 

then declined to oligotrophic below MD. On the other hand, concentrations of benthic 

Chlorophyll were likely to remain unchanged from upstream SJR17 to downstream SJR 

24, indicating eutrophic levels at most of the sites except SJR22. The detailed 

discussions for the changes of the trophic status could be similar to those explained for 

nutrient variation along SJR suggested by Culp et al. (2006). The authors also suggested 

a more conservative P threshold as the periphytic algal blooms could happen below the 
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level of 0.060 mg/L that initially recommended by Dodds and Welch (2000). However, 

the work of Culp et al. (2006) focused mainly on the trophic states of riverine zone and 

below the MD where measurement of periphyton Chlorophyll-a were more feasible than 

in HP high-depth areas. The trophic state for the high-depth area in Mactaquac reservoir, 

e.g., from Nackawic to the rest of HP, remains to be determined. 

Table 10. Classification of trophic status among the sampling sites, 2016 

Criteria 
Trophic status/calculated values 

HP1 HP2 HP3 HP4 RIV1 RIV2 RIV3 RIV4 

Secchi depth (m)  

- Annual mean* 

Eu. 

/2.6 

Eu. 

/2.8 

Eu. 

/2.7 

Eu. 

/2.8 

Eu. 

/2.5 

Eu. 

/1.9 

Eu. 

/2.3 

Eu. 

/2.7 

Secchi depth (m)  

- Annual 

minimum* 

Meso. 

/1.8 

Meso. 

/2.3 

Meso. 

/1.7 

Meso. 

/2.5 

Meso. 

/2.0 

Eu. 

/1.2 

Meso. 

/2.0 

Meso. 

/1.6 

Myxophycean 

index** 

Eu. 

/7.8 

Eu. 

/6.2 

Eu. 

/4.0 

Eu. 

/5.3 

Eu. 

/3.9 

Eu. 

/3.8 

Eu. 

/12.0 

Eu. 

/6.9 

Note: *: based on OECD (1982); **: followed by Nygaard (1949), Eutrophic (Eu.), 

Mesotrophic (Meso.) 

We used the Secchi depth criteria of OECD (1982) and Myxophycean index 

(Nygaard 1949) to estimate the trophic status among the sampling sites in 2016 (Table 

10). The Secchi depth indicated eutrophic or mesotrophic following either of annual 

mean or minimum values, but most likely, 50 - 52% of probability was for eutrophic 

level. However, the Secchi depth criteria were possibly more applicable for HP rather 

than RIV sites because the Secchi depths were equal to the maximum depths, e.g., at 

RIV2 and RIV3, due to low water levels in summer months. The trophic Myxophycean 

index, which is the ratio between Cyanobacteria spp. divided by Desmidiales spp. , also 

suggested the eutrophic level at all sampling sites, in which it agreed to the “high 

productivity” results recorded for the two HP sites in 1970 report (see Watt 1973).  
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Other plankton indexes/assemblages also are good indicators for trophic 

determination. For example, the abundance pattern of plankton (abundance-summer 

peak, see Chapter 2) indicates that the water body was on the eutrophic process 

(Sommer et al. 2012). Another is the phytoplankton species assemblage, we found the 

collective occurrence of indicative species during the mid-summer field seasons (July 

and August), e.g., diatoms (Tabellaria flocculosa, Aulacoseira spp.), green algae 

(Sphaerocystis schroeteri, Staurastrum spp., Eudorina spp, Pandorina morum), blue-

green algae (Anabaena spp., Microcystis aerruginosa), golden algae (Dinobryon 

divergens, Mallomonas sp.), and dinoflagellates (Ceratium hirundinella) suggested the 

trophic status of HP at the levels of mesotrophic/eutrophic based on the reference 

suggested in Bellinger and Sigee (2010). Additionally, the dominance of zooplanktonic 

Rotifers indicated the waters was at the process of eutrophication (e.g., Ostojić 2000); 

whereas the dominance of cyanobacterial species showed the increasing chance of algal 

blooms and might relate to nutrient enrichment (e.g., Dokulil 2003). Overall, all 

indicative indexes showed the meso/eutrophic state for the HP and RIV habitats in 2016. 

3.3. Further work 

The importance of modelling phytoplankton production as one of the key tools 

for water quality management has been applied and reviewed elsewhere (e.g., Frisk et al. 

1999, Mooij et al. 2010, Salacinska et al. 2010). As shown in the work of NATECH 

(2016), scenarios of removing MD or other dams in SJR leads to enormous increase of 

TN and TP, which indicate a high risk of algal blooms. I will estimate the cell volumes 

of phytoplankton by measuring the cell dimensions and applying the formulas for 

various sterometric shapes (Sun & Liu 2003, Vadrucci et al. 2007, Vadrucci et al. 2013). 
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Consequently, phytoplankton biomass could be estimated using regression equations 

(Jasprica 2002, Reynolds 1984) and used as an input for a number of models, e.g, Delft- 

BLOOM or GEM (Los et al. 2008), that enable to predict the changes of phytoplankton 

biomass in various scenarios. It will be another useful scientific rationale for NBP 

choosing the most proper scenario about the fate of MD.  

My ongoing work is also to measure in vitro concentrations of planktonic 

Chlorophyll-a and Phycocyanin. I will use the concentration of Chlorophyll-a as another 

indicator for the trophic sates among the sampling sites following OECD classification. 

Phycocyanin, a common pigment found in Cyanobacteria, red algae and cryptomonads 

(Wehr et al. 2015). Measurement of phycocyanin has been widely applied in alert 

systems for Cyanobacteria blooms in both of freshwater and marine environments (e.g., 

Ahn et al. 2007, Izydorczyk et al. 2005, Seppälä et al. 2007, Vincent et al. 2004). The 

work of Ahn et al. (2007) in four reservoirs in South Korea revealed that Phycocyanin 

was strongly correlated with other algal bloom-related factors, e.g., Chlorophyll 

concentrations and number of Cyanobacteria cells, and it could be used as an more 

precise and feasible alternative way for WHO Chlorophyll criterion (WHO 2003). It is 

logical to apply this approach to develop a set of practical alerting criteria for 

Cyanobacteria blooming with the HP case.  

Toxic cyanobacterial blooms have been globally reported, causing serious 

negative impacts on aquatic animals, ecosystem and human health; at least 50 

cyanobacterial species have trains enable to produce a number of types of cyanotoxins 

(Burkholder 2009). In Canada, seven toxic cyanobacterial genera are commonly found 
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in freshwater bodies (Health Canada 2016). Amongst these, the most potential health 

impact is hepatotoxin microcystins produced by Microcystis due to their high 

persistence, large-scale appearance and accumulated in high concentration (Winter et al. 

2011). Regarding to the toxic cyanobacterial blooms, NB Department of Health reported 

a list of 12 lakes and reservoirs under advisory (Department of Health 2016). Hitherto, 

NB lake monitoring for cyanobacterial has been based on traditional method of 

morphological identification, which is unable to distinguish between toxic and non-toxic 

species (Vezie et al. 1998). The recent advancement in molecular technology allows 

scientists to develop species-specific probes for rapid detection of the algal toxic species. 

A recent study in lake Utopia, NB (Brown 2017) showed that when cyanobacterial 

blooms were not recorded, the genes of microcystin biosynthesis (mcyE) and potential 

microcystin producing Microcystis (Mic-mcyE) were detected. These two genes were 

peaked in late summer and early autumn. Noticeably, the gene Mic-mcyE was also 

detected in unknown algal genera, indicating other potentially toxic genera also present 

in the lake. In 2016, we recorded five cyanobacterial genera which potentially can 

produce toxins in Canada (see Chapter 2). In particular, we observed an overgrowth 

event of  Microcystis aeruginosa in HP1 in August 2016. A combination between 

traditional morphological method and molecular techniques might be useful to address 

other extended research questions, e.g., what are environmental parameters strongly 

associated with the toxic algal blooms or quantifying the toxic species in the community.  

In the studied area, the results suggested that although the RIV zooplankton 

communities were homogenous with those in HP, we observed the variation in body 

sizes of zooplankton communities, i.e., RIV sites tended to be more dominated by small 

https://en.wikipedia.org/wiki/Microcystis_aeruginosa
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zooplanktonic forms than those in HP. In literature, some published works focused on 

the size-structure of the lacustrine or riverine zooplankton separately (e.g., Cyr et al. 

1997, Kobayashi et al. 1998), whereas very few concern that topic in the context of 

reservoir-river interactions. We suggest a study aiming to address those research 

questions, e.g., What are the patterns of plankton-size structures? The trait variation of 

plankton communities induced by hydropower dams and associated with seasonal 

changes? 

In conclusion, our main findings could be summarized as followed: 

Results suggested a seasonal pattern for the physiochemical variables but showed 

no significant variations among the collecting sites except the HP depth was obviously 

higher than that in RIV and variation of phosphorus components between HP3 and 

RIV2. 

After 45+ years of the reservoir establishment, significant addition of newly 

plankton taxa included many species that were more tolerated to nutrient enrichment. 

The association of phyto-and zoo-plankton was best fitted in a quadratic model. 

Spatial dispersion of phyto-and zoo-plankton communities were statistically 

homogenous among the collecting sites. The similar homogenous patterns were found 

among HP or RIV water layers during stratified period. 

Plankton taxa richness and abundance peaked during summer, similarity of the 

plankton communities was higher in summer, and most of the taxa groups changed 

significantly over four months. 
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Physical factor (depth and temperature) were most associated with phyto-and 

zoo-plankton communities. Other biotic and nutrient factors also impacted on the 

plankton communities. 

Trophic status of the reservoir and ~ 20 km downstream river was categorized as 

meso/eutrophic levels. 

Our suggestions for extended studies related to biomass modelling, size-structure 

dynamics in the reservoir-river interaction, potential environmental variables strongly 

associated with plankton dynamics, especially for algal toxic blooms. 
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APPENDIX 1: Average abundance of phytoplankton species (cells/m3) between HP 

(head pond) and RIV (downstream river) habitats (n/a = 1 or 0 sample) 

Taxonomic groups HP RIV 

Bacillariophyta 

    Acanthoceras 

zachariasii  2.40E+05 ±  1.59E+05 2.93E+05 n/a 

Achnanthidium sp. 1.36E+05 ±  1.22E+05 1.06E+06 ±  1.41E+06 

Amphora sp. 4.81E+01 n/a n/a n/a 

Asterionella formosa 9.92E+07 ±  1.53E+08 3.84E+07 ±  5.27E+07 

Aulacoseira granulata 1.38E+08 ±  1.53E+08 7.05E+07 ±  8.91E+07 

Cocconeis placentula 1.82E+04 ±  4.20E+04 4.58E+05 ±  1.17E+06 

Cyclotella sp1. 1.35E+06 ±  1.77E+06 7.44E+05 ±  5.93E+05 

Cyclotella sp2. 5.30E+04 ±  1.52E+05 1.24E+05 ±  2.42E+05 

Cymatopleura sp. 1.03E+02 ±  6.13E+01 2.77E+02 ±  3.40E+02 

Cymbella aspera 1.07E+04 ±  1.50E+04 1.37E+02 ±  1.73E+02 

Diatoma ehrenbergii 1.50E+05 ±  2.20E+05 7.76E+05 ±  5.61E+05 

Diatoma hiemale n/a n/a 1.26E+05 ±  1.78E+05 

Diatoma sp. 4.77E+04 ±  5.56E+04 1.11E+05 ±  2.96E+04 

Didymosphenia 

geminata n/a n/a 1.45E+02 n/a 

Encyonema hamsherae 2.89E+05 ±  6.62E+05 1.33E+06 ±  3.63E+06 

Entomoneis ornata 6.90E+03 ±  9.34E+03 5.70E+04 ±  7.80E+04 

Eunotia paludosa 2.98E+01 n/a 2.82E+04 ±  5.43E+04 

Eunotia sp. 5.54E+03 ±  1.22E+04 1.07E+05 ±  2.61E+05 

Fragilaria capucina 6.21E+06 ±  1.75E+07 1.39E+07 ±  3.24E+07 

Fragilaria crotonensis 3.60E+07 ±  4.57E+07 1.07E+07 ±  1.63E+07 

Gomphonema augur n/a n/a 3.74E+05 n/a 

Gomphonema parvulum n/a n/a 4.09E+04 ±  6.99E+04 

Gomphonema sp. 7.91E+04 ±  1.81E+05 5.38E+05 ±  6.66E+05 

Gomphonema sp2. n/a n/a 8.29E+04 n/a 

Gomphonema truncatum 7.08E+01 ±  3.57E+01 4.74E+04 ±  7.96E+04 

Gyrosigma acuminatum 4.82E+01 ±  3.25E+00 1.09E+02 n/a 

Melosira sp. 1.39E+06 ±  2.63E+06 1.27E+07 ±  2.02E+07 

Meridion sp. n/a n/a 1.10E+06 n/a 

Meridion sp2. n/a n/a 2.16E+05 ±  3.00E+05 

Navicula spp. 3.10E+05 ±  2.80E+05 2.06E+06 ±  3.42E+06 

Nitzschia palea  1.91E+05 ±  1.55E+05 2.42E+05 ±  1.92E+05 

Nitzschia sigmoidea n/a n/a 1.11E+02 ±  1.21E+02 

Pinnularia sp. n/a n/a 1.51E+02 ±  1.52E+02 

Psammothidium sp. n/a n/a 3.20E+05 ±  3.95E+05 

Rhizosolenia eriensis 4.14E+05 ±  5.80E+05 2.47E+05 ±  1.60E+05 

Rhizosolenia sp. 3.48E+02 ±  2.92E+02 9.34E+04 ±  4.56E+04 

Rhoicosphenia curvata n/a n/a 1.20E+05 ±  2.17E+03 

Stenopterobia sp. n/a n/a 3.13E+01 ±  7.79E+00 

Stephanodiscus 

binderanus n/a n/a 2.40E+05 ±  3.56E+05 

Stephanodiscus niagarae 2.56E+04 ±  4.89E+04 1.94E+04 ±  3.87E+04 

Stephanodiscus sp. 1.75E+05 ±  1.78E+05 5.74E+04 ±  5.83E+04 



80 

 

 

Taxonomic groups HP RIV 

Surirella cruciata 4.02E+01 ±  7.60E+00 n/a n/a 

Surirella sp. 1.01E+02 ±  6.26E+01 n/a n/a 

Surirella sp2. n/a n/a 1.49E+02 ±  1.07E+02 

Synedra acus 2.59E+05 ±  1.88E+05 3.64E+05 ±  5.46E+05 

Synedra spp. 5.08E+05 ±  5.93E+05 4.67E+05 ±  6.93E+05 

Synedra ulna 1.83E+02 n/a 6.57E+05 ±  1.18E+06 

Tabellaria ehrenbergii 2.92E+05 ±  1.95E+05 2.91E+06 ±  4.98E+06 

Tabellaria fenestrata 8.84E+06 ±  1.15E+07 2.81E+06 ±  2.11E+06 

Tabellaria flocculosa 2.16E+05 ±  5.15E+05 1.78E+05 ±  2.92E+05 

Chlorophyta 

    Actinastrum hantzschii 2.14E+04 ±  4.38E+04 4.46E+04 ±  7.41E+04 

Acutodesmus 

acuminatus  2.01E+04 ±  3.81E+04 9.39E+04 ±  1.75E+05 

Acutodesmus sp. 1.45E+03 n/a n/a n/a 

Ankistrodesmus gracilis 3.60E+02 n/a n/a n/a 

Ankistrodesmus spiralis 3.63E+03 n/a n/a n/a 

Botryococcus braunii 9.79E+05 ±  1.17E+06 1.19E+03 ±  1.23E+03 

Botryococcus sp1. 4.04E+03 n/a n/a n/a 

Botryococcus sp2. 6.74E+04 ±  1.35E+05 n/a n/a 

Chaetonema sp. n/a n/a 1.63E+03 ±  1.75E+03 

Chaetophora incrassata n/a n/a 5.58E+04 n/a 

Chaetophora sp. n/a n/a 9.02E+05 ±  1.96E+06 

Characium strictum n/a n/a 2.95E+02 n/a 

Chlamydocapsa sp. 3.55E+05 ±  7.85E+05 8.95E+03 ±  7.13E+03 

Chlamydomonas sp. 5.43E+04 ±  5.92E+04 1.30E+05 ±  6.59E+03 

Chlorella miniata 1.33E+05 ±  1.16E+05 1.28E+06 n/a 

Chlorella sp1. 8.73E+04 n/a n/a n/a 

Chlorella sp2. 3.03E+04 ±  7.50E+03 n/a n/a 

Chlorella sp3. n/a n/a 1.17E+03 n/a 

Cladophora glomerata  n/a n/a 9.75E+04 n/a 

Cladophora sp. 9.75E+02 n/a 4.11E+03 ±  3.59E+03 

Closterium moniliferum 1.45E+04 ±  2.70E+04 2.51E+04 ±  4.66E+04 

Closterium praelongum 

var. brevius 1.99E+04 ±  3.63E+04 3.88E+04 ±  5.73E+04 

Closterium setaceum 5.05E+01 n/a n/a n/a 

Coelastrum astroideum  5.27E+05 ±  8.36E+05 2.81E+04 ±  5.71E+04 

Coelastrum cf. 

reticulatum 1.16E+06 ±  2.00E+06 5.27E+03 n/a 

Coelastrum microporum 3.38E+05 ±  4.11E+05 3.67E+05 ±  5.18E+05 

Coenochloris sp. 6.69E+04 ±  5.96E+04 2.85E+04 ±  4.21E+04 

Coenocystis 

subcylindrica 2.04E+03 ±  5.17E+02 n/a n/a 

Cosmarium sp1. 1.82E+02 n/a 2.21E+02 n/a 

Cosmarium sp2. 9.12E+01 n/a 2.19E+02 ±  2.47E+02 

Cosmarium subrenatum 5.30E+02 ±  2.73E+02 2.13E+02 ±  1.63E+02 

Crucigenia tetrapedia 3.98E+05 ±  4.25E+05 1.28E+03 n/a 

Crucigeniella crucifera 1.78E+05 ±  3.49E+05 n/a n/a 

Crucigeniella irregularis 3.10E+03 n/a n/a n/a 
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Taxonomic groups HP RIV 

Crucigeniella 

rectangularis 2.39E+06 ±  1.79E+06 1.30E+03 ±  2.08E+02 

Desmodesmus abundans 5.44E+05 n/a n/a n/a 

Desmodesmus 

acuminatus 3.34E+03 n/a n/a n/a 

Desmodesmus armatus 1.11E+03 ±  1.00E+03 8.83E+02 n/a 

Desmodesmus 

bicaudatus 2.47E+05 ±  3.06E+05 2.50E+05 ±  2.85E+05 

Desmodesmus 

brasiliensis 3.01E+05 ±  4.24E+05 2.11E+05 ±  2.67E+05 

Desmodesmus communis 4.57E+05 ±  5.57E+05 1.94E+05 ±  2.47E+05 

Desmodesmus 

denticulatus 1.68E+05 ±  2.31E+05 2.12E+05 ±  2.53E+05 

Desmodesmus opoliensis 6.06E+02 n/a n/a n/a 

Desmodesmus 

quadricauda 2.80E+04 ±  3.21E+04 1.44E+05 ±  2.45E+05 

Desmodesmus sp1. 2.40E+05 ±  1.84E+05 2.51E+05 n/a 

Desmodesmus sp2. 9.35E+02 ±  2.77E+02 n/a n/a 

Desmodesmus spinosus n/a n/a 1.29E+03 n/a 

Dictyosphaerium 

ehrenbergianum 2.67E+03 ±  2.07E+03 1.16E+03 ±  1.21E+03 

Dictyosphaerium 

pulchellum 5.71E+06 ±  9.51E+06 4.91E+06 ±  7.92E+06 

Dimorphococcus lunatus 2.50E+03 n/a 1.35E+05 ±  1.91E+05 

Eudorina elegans 9.94E+04 ±  1.37E+05 8.48E+05 ±  7.24E+05 

Gloeocystis gigas n/a n/a 1.09E+05 ±  1.54E+05 

Gloeocystis planctonica 9.54E+03 ±  1.63E+04 3.22E+04 ±  4.09E+04 

Gloeocystis sp. 3.20E+05 ±  3.06E+05 3.10E+02 n/a 

Golenkiniopsis 

longispina 7.06E+04 ±  9.89E+04 1.34E+05 n/a 

Golenkiniopsis sp1. 1.46E+05 ±  9.40E+04 7.49E+04 ±  6.81E+04 

Golenkiniopsis sp2. n/a n/a 7.74E+04 n/a 

Gonatozygon 

monotaenium n/a n/a 1.22E+05 n/a 

Kirchneriella obesa 1.36E+06 ±  2.08E+06 1.27E+05 ±  1.01E+05 

Koliella longiseta n/a n/a 3.22E+02 n/a 

Lagerheimia genevensis 1.40E+05 n/a 1.50E+05 n/a 

Micractinium pusillum 3.83E+03 ±  2.10E+03 n/a n/a 

Monoraphidium 

arcuatum 1.64E+04 ±  2.68E+04 1.71E+05 ±  2.31E+05 

Monoraphidium 

contortum 2.63E+05 ±  2.97E+05 2.97E+05 ±  4.10E+05 

Monoraphidium 

minutum 6.54E+04 ±  8.64E+04 1.66E+04 ±  1.45E+04 

Monoraphidium tortile 1.43E+05 ±  9.16E+04 1.25E+05 ±  4.75E+03 

Mougeotia sp. 3.71E+03 ±  7.26E+03 2.61E+05 ±  5.91E+05 

Nephrocytium sp. 8.17E+04 ±  1.13E+05 n/a n/a 

Oedogonium sp1. n/a n/a 1.14E+04 n/a 
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Taxonomic groups HP RIV 

Oedogonium sp2. 2.02E+02 n/a 8.47E+06 n/a 

Oedogonium sp3. 1.90E+06 ±  2.68E+06 5.15E+05 ±  1.07E+06 

Oedogonium sp4. n/a n/a 2.58E+03 

 Oedogonium sp5. 1.33E+03 n/a 2.77E+03 ±  1.14E+03 

Oocystis borgei 5.13E+03 ±  1.41E+04 3.12E+04 ±  4.09E+04 

Oocystis sp. 2.81E+05 n/a n/a n/a 

Palmella sp.  1.41E+04 n/a n/a n/a 

Pandorina morum 6.21E+04 ±  1.51E+05 5.59E+03 ±  4.32E+03 

Pandorina sp. n/a n/a 5.45E+04 n/a 

Pectinodesmus 

pectinatus 3.85E+02 n/a n/a n/a 

Pediastrum (Stauridium) 

tetras 7.53E+05 ±  1.01E+06 3.84E+05 ±  4.67E+05 

Pediastrum biradiatum 2.03E+05 ±  5.92E+05 2.99E+03 ±  2.04E+03 

Pediastrum boryanum 1.56E+06 ±  3.16E+06 1.70E+06 ±  2.59E+06 

Pediastrum boryanum 

var.conutum 1.15E+06 ±  2.13E+06 1.27E+06 ±  1.80E+06 

Pediastrum duplex 2.26E+06 ±  4.13E+06 5.51E+05 ±  1.94E+06 

Pediastrum duplex var. 

longicorne 1.18E+05 ±  3.36E+05 7.31E+04 ±  1.53E+05 

Pediastrum simplex 8.23E+04 ±  2.00E+05 2.90E+03 ±  2.46E+03 

Pseudoquadrigula sp. 1.13E+05 ±  1.56E+05 1.74E+05 ±  2.02E+05 

Quadrigula closterioides n/a n/a 1.54E+04 n/a 

Quadrigula sp. 2.42E+03 n/a n/a n/a 

Radiococcus 

planktonicus 3.43E+03 ±  1.43E+03 n/a n/a 

Roya sp. 2.02E+04 n/a 1.38E+05 ±  2.35E+04 

Scenedesmus cf. 

aculeolatus 2.69E+03 n/a n/a n/a 

Scenedesmus dimorphus 1.11E+05 ±  2.16E+05 1.19E+03 n/a 

Scenedesmus disciformis 2.14E+04 ±  4.47E+04 9.91E+02 ±  1.21E+03 

Scenedesmus ellipticus 9.86E+05 ±  1.26E+06 5.26E+05 ±  6.11E+05 

Scenedesmus sp1. 2.60E+03 n/a n/a n/a 

Scenedesmus sp2. 6.72E+02 ±  1.82E+00 7.63E+03 ±  1.22E+04 

Scenedesmus sp3. n/a n/a 8.41E+04 ±  1.17E+05 

Selenastrum gracile 1.69E+03 ±  2.11E+03 n/a n/a 

Sorastrum sp. 1.43E+04 ±  2.25E+04 n/a n/a 

Sphaerocystis 

planktonica 4.52E+05 ±  5.43E+05 n/a n/a 

Sphaerocystis schroeteri 8.81E+05 ±  1.97E+06 1.37E+05 ±  3.49E+05 

Spirogyra sp1. 7.26E+04 ±  1.35E+05 5.13E+05 ±  5.48E+05 

Spirogyra sp2. 4.05E+02 n/a 5.80E+02 n/a 

Spirogyra sp3. 1.11E+03 n/a n/a n/a 

Spondylosium planum 2.22E+05 ±  4.88E+05 n/a n/a 

Staurastrum armigerum 9.12E+01 n/a 1.09E+02 n/a 

Staurastrum natator 3.41E+04 ±  6.79E+04 3.22E+02 n/a 

Staurastrum sp1. 2.58E+02 ±  1.04E+02 9.46E+04 ±  7.39E+04 

Staurastrum sp2. 1.25E+02 ±  5.81E+01 7.29E+03 ±  1.25E+04 
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Staurastrum sp3. 9.17E+01 n/a 1.55E+04 ±  2.63E+04 

Staurodesmus identatus n/a n/a 1.66E+05 n/a 

Staurodesmus 

mamillatus 5.99E+01 n/a 1.23E+02 ±  9.41E+01 

Staurodesmus sp1. n/a n/a 8.02E+01 ±  4.06E+01 

Stigeoclonium sp. n/a n/a 8.35E+05 ±  1.40E+06 

Stigeoclonium tenue n/a n/a 1.94E+04 n/a 

Tetrachlorella alternans 3.68E+05 ±  3.27E+05 1.58E+06 ±  1.23E+06 

Tetraedron caudatum 3.76E+05 ±  3.11E+05 2.40E+04 n/a 

Tetraedron minimum 6.68E+04 ±  7.08E+04 n/a n/a 

Tetraedron sp. n/a n/a 1.26E+05 n/a 

Tetraedron triangulare 5.27E+05 ±  1.02E+06 1.06E+05 ±  1.05E+05 

Tetrasporidium sp.  3.39E+03 n/a n/a n/a 

Tetrastrum 

heteracanthum 3.24E+02 n/a n/a n/a 

Tetrastrum komarekii 4.13E+05 ±  3.87E+05 3.85E+05 ±  4.35E+05 

Treubaria setigera 1.40E+05 n/a 1.26E+05 n/a 

Treubaria 

triappendiculata 1.39E+05 ±  2.55E+03 1.34E+05 n/a 

Ulothrix spp. 4.37E+03 n/a 8.30E+05 ±  8.81E+05 

Ulothrix zonata n/a n/a 2.76E+06 ±  7.45E+06 

Xanthidium antilopaeum 

var. polymazum n/a n/a 1.55E+02 n/a 

Zygnema sp. 4.87E+04 n/a 

 

n/a 

Chrysophyta 

    Dinobryon bavaricum 7.44E+05 ±  1.16E+06 3.82E+05 ±  4.42E+05 

Dinobryon divergens 5.66E+06 ±  7.99E+06 4.63E+06 ±  6.45E+06 

Dinobryon sertularia 1.68E+05 ±  1.55E+05 2.98E+05 ±  4.18E+05 

Dinobryon sp. 2.81E+05 n/a n/a n/a 

Mallomonas sp. 1.76E+05 n/a 2.79E+04 n/a 

Synura cf. uvella 5.43E+05 ±  7.68E+05 4.43E+05 ±  7.40E+05 

Synura petersenii 5.25E+03 ±  4.28E+03 n/a n/a 

Synura sp1. 4.31E+05 ±  2.46E+05 1.76E+06 ±  1.92E+06 

Synura sp2. 5.95E+01 n/a n/a n/a 

Synura uvella 2.19E+04 n/a 2.95E+04 ±  2.63E+04 

Cryptophyta 

    Chroomonas sp. 5.34E+05 ±  6.83E+05 2.51E+05 ±  2.23E+05 

Chroomonas sp1. 3.80E+05 ±  5.39E+05 8.48E+04 ±  9.97E+04 

Chroomonas sp2. 1.13E+05 ±  1.52E+05 1.08E+05 ±  9.52E+04 

Chroomonas sp3. 2.90E+04 ±  1.37E+04 4.10E+05 ±  3.45E+05 

Cryptomonas erosa 9.79E+04 ±  2.34E+05 8.66E+04 ±  1.43E+05 

Cryptomonas erosa var 

1 2.13E+04 n/a 1.25E+05 ±  1.99E+05 

Cryptomonas erosa var 

2 2.61E+05 ±  2.87E+05 2.75E+04 ±  4.93E+03 

Cryptomonas phaseolus 2.56E+05 ±  3.32E+05 5.41E+05 ±  5.61E+05 

Cryptomonas sp1. 2.82E+05 ±  3.34E+05 5.00E+05 ±  6.15E+05 

Cryptomonas sp2. 2.78E+04 ±  3.51E+04 6.73E+03 ±  5.83E+03 
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Cryptomonas spp. 2.45E+05 ±  1.22E+05 n/a n/a 

Plagioselmis 

nannoplanctica 9.22E+05 ±  1.34E+06 6.67E+05 ±  4.69E+05 

Cyanobacteria 

    Anabaena cf. solitaria 8.26E+05 n/a n/a n/a 

Anabaena planctonica 7.42E+06 ±  1.58E+07 4.70E+04 ±  3.44E+04 

Anabaena sp1. 3.33E+05 ±  5.61E+05 4.62E+05 ±  5.69E+05 

Anabaena sp2. 4.99E+04 n/a 3.88E+03 n/a 

Anabaena sp3. 4.11E+06 ±  7.63E+06 3.18E+06 ±  5.47E+06 

Anabaena sp4. n/a n/a 1.36E+03 n/a 

Aphanocapsa elachista 2.86E+06 ±  5.60E+06 1.14E+06 ±  1.62E+06 

Aphanocapsa holsatica 4.46E+08 ±  1.47E+09 2.28E+07 ±  3.95E+07 

Aphanocapsa incerta 8.53E+06 ±  1.47E+07 2.35E+06 ±  4.99E+06 

Aphanocapsa 

planctonica 1.48E+07 ±  1.64E+07 9.02E+06 ±  7.97E+06 

Aphanocapsa sp1. 2.40E+06 ±  5.71E+05 3.64E+07 ±  6.58E+07 

Aphanocapsa sp2. 1.13E+04 n/a n/a n/a 

Aphanothece clathrata 2.12E+06 n/a n/a n/a 

Aphanothece sp1. n/a n/a 6.34E+02 ±  2.47E+02 

Aphanothece stagnina n/a n/a 3.87E+04 ±  2.47E+04 

Arthrospira sp. 3.85E+05 ±  6.90E+05 1.89E+06 ±  2.18E+06 

Chamaesiphon 

investiens Skuja n/a n/a 1.22E+03 ±  8.46E+02 

Chamaesiphon sp. n/a n/a 5.61E+03 ±  7.19E+03 

Chroococcus dispersus 5.88E+05 ±  1.93E+06 4.51E+05 ±  6.89E+05 

Chroococcus limneticus 2.06E+06 ±  5.98E+06 5.96E+06 ±  1.45E+07 

Chroococcus minor 1.04E+06 ±  1.56E+06 1.96E+05 ±  1.92E+05 

Chroococcus minutus 1.18E+06 ±  3.13E+06 4.15E+05 ±  7.35E+05 

Chroococcus 

planctonicus 2.89E+03 n/a 9.54E+05 ±  1.39E+06 

Chroococcus sp1. 2.00E+06 ±  3.86E+06 1.22E+06 ±  1.60E+06 

Chroococcus sp2. 2.17E+06 ±  4.15E+06 n/a n/a 

Coelosphaerium 

aerugineum 2.10E+06 ±  3.98E+06 3.43E+03 n/a 

Dolichospermum cf. 

smithii 3.07E+03 n/a n/a n/a 

Dolichospermum 

crassum 9.07E+03 ±  6.55E+03 1.13E+05 ±  2.14E+05 

Dolichospermum 

lemmermannii 1.38E+07 ±  2.27E+07 2.59E+06 ±  4.28E+06 

Dolichospermum sp1. n/a n/a 3.94E+04 ±  3.08E+04 

Geitlerinema 

splendidum 2.02E+06 ±  2.75E+06 5.37E+07 ±  4.30E+07 

Homoeothrix sp. n/a n/a 7.38E+03 n/a 

Leibleinia sp. 2.35E+07 ±  3.48E+07 1.05E+07 ±  1.58E+07 

Lyngbya hieronymusii n/a n/a 1.20E+07 

 Lyngbya major n/a n/a 5.07E+06 ±  8.13E+06 

Lyngbya nigra 2.58E+06 n/a 5.63E+05 ±  9.07E+05 



85 

 

 

Taxonomic groups HP RIV 

Lyngbya sp1. 4.00E+04 n/a 2.54E+07 n/a 

Lyngbya sp2. n/a n/a 1.82E+04 n/a 

Merismopedia insignis 9.28E+03 n/a 3.46E+03 ±  3.11E+03 

Merismopedia punctata 1.11E+06 ±  2.18E+06 4.96E+03 ±  2.70E+02 

Merismopedia sp. 2.70E+04 ±  5.52E+03 1.02E+06 ±  6.76E+04 

Microcystis aeruginosa 7.90E+08 ±  3.01E+09 3.76E+06 ±  7.86E+06 

Microcystis flosaquae 3.35E+05 ±  4.99E+05 1.25E+05 ±  7.57E+04 

Microcystis sp1. n/a n/a 6.31E+03 ±  5.13E+03 

Microcystis sp2. 3.84E+06 ±  3.51E+06 n/a n/a 

Microcystis sp3. 2.21E+06 ±  3.08E+06 1.50E+06 ±  2.98E+06 

Microcystis wesenbergii 1.02E+05 ±  1.66E+05 4.66E+04 ±  3.78E+04 

Oscillatoria limosa 2.13E+05 ±  3.00E+05 4.27E+05 ±  7.58E+05 

Oscillatoria rosea n/a n/a 3.65E+06 n/a 

Oscillatoria sp1. 1.00E+06 ±  8.61E+05 6.22E+06 ±  7.92E+06 

Oscillatoria sp2. 1.43E+06 n/a 2.68E+04 n/a 

Oscillatoria sp3. 2.03E+06 ±  2.61E+06 1.57E+07 ±  2.49E+07 

Oscillatoria sp4. n/a n/a 9.01E+05 n/a 

Pannus sp. 3.62E+05 ±  3.42E+05 n/a n/a 

Planktolyngbya 

limnetica 1.28E+07 ±  1.22E+07 3.11E+07 ±  5.10E+07 

Planktolyngbya sp. 5.70E+07 n/a n/a n/a 

Planktolyngbya sp1. 1.06E+07 n/a 3.30E+06 ±  6.20E+05 

Planktothrix sp1. n/a n/a 4.65E+06 ±  4.45E+06 

Planktothrix sp2. 4.84E+05 n/a 1.11E+06 ±  2.51E+06 

Planktothrix sp3. 4.10E+04 ±  5.19E+04 6.67E+06 ±  1.55E+07 

Planktothrix sp4. n/a n/a 5.85E+05 n/a 

Pseudanabaena 

limnetica 4.15E+06 ±  3.79E+06 7.24E+06 ±  1.49E+07 

Pseudanabaena sp1. 4.09E+04 n/a 7.97E+05 n/a 

Pseudanabaena sp2. 1.30E+06 ±  1.29E+06 1.13E+06 ±  2.06E+06 

Pseudanabaena sp3. 2.69E+06 ±  3.17E+06 2.00E+06 ±  2.35E+06 

Pseudanabaena sp4. n/a n/a 2.79E+06 n/a 

Snowella lacustris 7.63E+04 ±  9.08E+04 n/a n/a 

Snowella litoralis 7.26E+05 ±  1.53E+06 9.89E+05 ±  2.66E+06 

Snowella sp1. 1.15E+06 ±  1.20E+06 5.29E+04 ±  8.26E+04 

Snowella sp2. 2.11E+05 ±  8.03E+04 2.53E+06 ±  3.45E+06 

Stichosiphon sp. 2.09E+02 n/a 9.63E+03 ±  1.26E+04 

Stigonema sp. n/a n/a 9.61E+03 ±  1.01E+04 

Woronichinia 

naegeliana 1.54E+05 ±  2.02E+05 8.06E+06 ±  1.75E+07 

Woronichinia sp. 3.20E+03 ±  1.69E+03 2.87E+05 ±  5.46E+05 

Dinophyta 

    Ceratium hirundinella 5.54E+05 ±  1.27E+06 4.46E+04 ±  6.53E+04 

Gymnodinium sp. 9.39E+04 ±  1.56E+05 7.45E+04 ±  8.57E+04 

Peridinium sp. 1.39E+05 ±  1.96E+05 1.39E+05 ±  2.82E+05 

Euglenophyta 

    Euglena sp. 3.82E+04 ±  4.25E+04 5.20E+03 ±  8.93E+03 

Phacus longicauda 7.10E+01 ±  3.55E+01 n/a n/a 
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Taxonomic groups HP RIV 

Trachelomonas sp1. 5.28E+05 ±  5.78E+05 3.19E+05 ±  2.06E+05 

Trachelomonas sp2. 5.33E+02 ±  1.84E+02 n/a n/a 

Trachelomonas 

volvocina 2.03E+05 ±  1.50E+05 2.54E+05 ±  2.60E+05 

Rhodophyta 

    Audouinella cf. pygmaea 2.46E+06 ±  4.91E+06 3.28E+06 ±  6.16E+06 

Audouinella hermannii 1.96E+05 n/a 1.96E+05 ±  2.12E+05 

Audouinella sp. 1.49E+04 n/a 2.16E+05 ±  4.11E+05 

Batrachospermum sp. n/a n/a 6.77E+06 ±  8.34E+06 
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APPENDIX 2: Average abundance of zooplankton species (individuals/m3) 

between HP (head pond) and RIV (downstream river) habitats (n/a = 1 or 0 

sample) 

  HP RIV 

Arthropoda         

Alona rustica n/a n/a 2.35E+02 n/a 

Alona sp1. 4.85E+01 n/a n/a n/a 

Bosmina longirostris 5.94E+03 ±  8.03E+03 2.99E+03 ±  5.39E+03 

Calanidae sp. 4.33E+02 ±  3.58E+02 2.10E+02 ±  2.59E+02 

Chydorus sphaericus n/a n/a 1.38E+02 ±  9.78E+01 

Cyclopidae sp. 1.50E+03 ±  1.47E+03 8.38E+02 ±  9.29E+02 

Daphnia mendotae 2.85E+01 n/a n/a n/a 

Daphnia parvula 3.66E+01 n/a n/a n/a 

Daphnia pulex n/a n/a 9.55E+00 n/a 

Daphnia retrocurva 1.06E+03 ±  9.68E+02 1.65E+03 ±  2.80E+03 

Diacyclops nanus 1.07E+02 n/a n/a n/a 

Diaphanosoma 

brachyurum 4.31E+02 ±  2.25E+02 n/a n/a 

Eubosmina coregoni n/a n/a 1.91E+02 n/a 

Eucyclops agilis 2.14E+03 ±  2.64E+03 3.16E+02 ±  3.58E+02 

Eucyclops speratus 4.52E+02 ±  4.62E+02 1.96E+02 ±  1.86E+02 

Harpacticoidae sp. n/a n/a 9.23E+01 ±  1.13E+02 

Holopedium 

gibberum 1.07E+02 n/a n/a n/a 

Leptodiaptomus 

minutus 1.07E+02 n/a n/a n/a 

Leptodora kindti 2.72E+02 n/a 2.93E+02 n/a 

Mesocyclops edax 1.48E+03 ±  3.54E+03 1.76E+02 ±  1.25E+02 

Moina micrura 3.19E+02 ±  1.86E+02 8.80E+02 n/a 

Nauplius 9.96E+03 ±  6.76E+03 2.70E+03 ±  3.29E+03 

Simocephalus 

vetulus 1.32E+02 ±  1.71E+00 1.37E+02 ±  4.34E+00 

Skistodiaptomus 

oregonensis 6.10E+02 ±  4.17E+02 n/a n/a 

Skistodiaptomus 

reighardi 7.92E+02 ±  4.97E+02 n/a n/a 

Rotifera 

    Anuraeopsis fissa 5.79E+02 ±  6.13E+02 2.15E+02 ±  1.58E+02 
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  HP RIV 

Ascomorpha ecaudis 4.69E+02 ±  3.73E+02 2.79E+02 ±  3.08E+01 

Ascomorpha ovalis 2.79E+03 ±  3.41E+03 n/a n/a 

Ascomorpha sp1. 1.07E+02 n/a n/a n/a 

Ascomorpha sp2. 1.98E+03 n/a n/a n/a 

Asplanchna 

priodonta 1.11E+03 ±  1.43E+03 1.29E+02 ±  8.20E+01 

Brachionus 

calyciflorus 2.98E+02 ±  4.29E+00 n/a n/a 

Collotheca sp1. 2.79E+02 ±  1.08E+01 1.64E+02 ±  9.09E+01 

Colurella sp1. n/a n/a 9.55E+00 n/a 

Conochilus unicornis 5.98E+02 ±  2.41E+02 2.35E+02 ±  3.07E+02 

Euchlanis alata n/a n/a 7.26E+01 ±  2.64E+01 

Euchlanis sp1. n/a n/a 1.98E+01 n/a 

Euchlanis sp2. n/a n/a 9.55E+00 n/a 

Euchlanis sp3. n/a n/a 1.45E+02 n/a 

Euchlanis triquetra 1.91E+02 n/a 1.15E+02 ±  5.63E+01 

Filinia longiseta 4.11E+03 ±  4.06E+03 3.94E+02 ±  3.60E+02 

Filinia terminalis 8.56E+02 ±  1.01E+03 9.92E+01 ±  7.61E+01 

Gastropus sp1. 4.81E+01 n/a n/a n/a 

Gastropus stylifer 9.75E+01 n/a n/a n/a 

Kellicottia 

bostoniensis 1.99E+02 ±  1.51E+02 2.72E+02 ±  3.15E+02 

Kellicottia 

longispina 6.74E+02 ±  6.42E+02 4.68E+02 ±  5.19E+02 

Keratella cochlearis 

f. tecta 1.18E+03 ±  1.64E+03 2.21E+02 ±  1.62E+02 

Keratella hiemalis 1.69E+02 n/a n/a n/a 

Keratella quadrata 5.90E+02 n/a n/a n/a 

Keratella sp1. 3.56E+04 ±  5.18E+04 9.18E+03 ±  6.46E+03 

Keratella 

taurocephala 1.61E+02 n/a n/a n/a 

Keratella testudo 4.87E+01 n/a n/a n/a 

Lecane flexilis n/a n/a 6.11E+01 n/a 

Lecane leontina n/a n/a 9.55E+00 n/a 

Lecane lunaris 2.85E+01 n/a n/a n/a 

Lepadella sp1. 1.29E+03 ±  1.94E+03 1.72E+02 ±  1.71E+02 

Lepadella sp2. n/a n/a 1.43E+02 ±  1.14E+02 

Lophocharis sp1. n/a n/a 1.91E+01 n/a 
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  HP RIV 

Monostyla bulla n/a n/a 2.35E+02 n/a 

Monostyla lunaris n/a n/a 1.53E+02 ±  1.57E+02 

Notholca sp1. n/a n/a 1.45E+02 n/a 

Notholca squamula n/a n/a 4.86E+02 ±  4.10E+02 

Notommata sp1. n/a n/a 2.37E+02 ±  2.20E+02 

Ploesoma hudsoni 1.51E+03 ±  1.73E+03 3.90E+02 ±  3.54E+02 

Ploesoma lenticulare 7.31E+01 ±  7.14E+01 5.58E+02 ±  4.56E+02 

Ploesoma sp1. 3.42E+03 ±  5.23E+03 3.48E+03 ±  4.82E+03 

Ploesoma truncatum 2.59E+03 ±  6.73E+03 4.27E+02 ±  3.79E+02 

Polyarthra 

dolichoptera 6.62E+03 ±  7.21E+03 3.08E+03 ±  4.70E+03 

Polyarthra major 6.54E+04 ±  1.02E+05 1.35E+04 ±  1.61E+04 

Polyarthra remata 9.10E+03 ±  1.63E+04 4.73E+03 ±  7.28E+03 

Pompholyx sp1. 4.81E+01 n/a n/a n/a 

Pompholyx sulcata 2.41E+02 n/a 1.89E+01 ±  1.33E+01 

Rotaria sp1. n/a n/a 1.22E+03 ±  1.85E+03 

Rotaria sp2. n/a n/a 7.88E+02 ±  7.82E+02 

Rotaria sp3. n/a n/a 4.12E+02 ±  2.38E+02 

Rotaria sp4. n/a n/a 1.40E+02 n/a 

Synchaeta sp1. 6.24E+03 ±  1.14E+04 2.13E+04 ±  5.18E+04 

Synchaeta sp2. 2.98E+03 ±  8.16E+03 1.97E+03 ±  2.12E+03 

Trichocerca 

cylindrica 1.88E+02 n/a 1.71E+02 ±  1.41E+02 

Trichocerca 

multicrinis 1.49E+03 ±  1.45E+03 4.00E+02 ±  3.83E+02 

Trichocerca 

porcellus 5.35E+02 ±  5.06E+02 3.07E+02 ±  5.00E+02 

Trichocerca 

rousseleti 1.15E+03 ±  2.32E+03 1.58E+02 ±  8.99E+01 

Trichocerca similis 3.93E+02 ±  3.02E+02 8.76E+01 ±  4.57E+01 

Trichocerca sp1. 2.28E+02 n/a 1.91E+02 n/a 

Trichotria pocillum n/a n/a 6.11E+01 ±  7.29E+01 
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