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Abstract 

Federally regulated environmental effects monitoring (EEM) programs have been 

implemented for pulp and paper and metal mining effluents in Canada. With the recent 

development of large pulp mills in Chile, Brazil, and Uruguay, there has been increased attention 

on developing EEM programs in these areas. Unlike the EEM program in Sweden, which 

regulates species selection and timing of sampling, there have been no such restrictions in 

Canada, resulting in the use of more than 65 species for EEM programs. The objective of this 

research is to study the reproductive biology of fish species to improve EEM study designs to 

assess reproductive impairment in fishes. Optimal sampling periods to detect reproductive 

impacts for species used in Canada's EEM program were determined based on the reproductive 

strategies of the sentinel species. It was determined that 72% of EEM studies using small-bodied 

fish species were conducted outside of the reproductive period of the sentinel species, limiting 

the usefulness of the reproductive assessment. Seasonal studies on changes in gonad size, liver 

size, and condition in seven small-bodied fishes were conducted to gain further insight into the 

biology of these species. Methods to predict the reproductive strategies of fish species were 

tested by studying prespawning gonad weight: body weight relationships and oocyte size and 

development stage in species in Atlantic Canada. In South America, basic life history 

characteristics for many species are unknown, but are necessary to consider when designing an 

effective EEM study. A review of basic life history information of several abundant fish species 

was conducted to assist in the development of an EEM program for a pulp mill on the Uruguay 

River. Gonad size relationships and histological analyses of ovaries of abundant species on the 

Uruguay River were studied to identify an optimal species to use as a sentinel for assessing 

reproductive impairment in fishes. 
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1. Introduction 

1.1. General Introduction 

Studies since the 1980s on the effects of pulp and paper mill effluents on fish health have 

identified reproductive impairment in fishes exposed to effluent (Munkittrick et al. 1991; 

McMaster et al. 2006). An environmental effects monitoring (EEM) program was developed by 

the Canadian government in the early 1990s to monitor the potential impacts of pulp mill 

effluents on fish populations (Munkittrick et al. 2002). One component of the EEM program is 

to conduct a fish population survey. The objective of the fish population survey is to assess 

indicators of fish health ( energy storage, reproduction, growth, and survival) in two sentinel fish 

species with statistical comparisons made between reference and exposure sites. There has been 

ongoing research on the design on the EEM fish population studies ( e.g., Munkittrick 1992; 

Munkittrick et al. 2000; 2010). 

The Canadian government has also implemented an EEM program for the metal mining 

industry (Ribey et al. 2002) and a federal program is in development and under consideration for 

municipal wastewater (Kilgour et al. 2005). The EEM monitoring philosophy is also being used 

internationally for monitoring impacts of point and non-point source effluents ( e.g., Saizar et al. 

201 O; Sumith and Munkittrick 2011 ). With the increased global use of fish population 

monitoring comes a need to refine the design of these fish surveys so as to: 1) optimize the 

assessment of fish health ( e.g., Munkittrick et al. 2010), and 2) guide the design of monitoring 

programs in countries currently without EEM programs ( e.g., Chiang et al. 201 O; Sumith and 

Munkittrick 2011 ). 

1.2. Impacts of Pulp and Paper Mill Effluent on Fishes 

The first studies on the impacts of pulp and paper mill effluents on fishes were conducted in 

Sweden in the 1980s. Decreased gonad size, a decrease in the proportion of mature fish 

developing gonads, and increased condition (weight relative to length) were observed in fish 



exposed to primary-treated bleached kraft effluent (Sandstrom et al. 1988). Andersson et al. 

(1988) also observed decreased gonad size, increased liver size, elevated liver mixed-function 

oxidase activity, metabolic imbalance, disturbed ion balance, and weakened immune systems in 

fish exposed to pulp mill effluent in Sweden. These findings prompted studies examining the 

impacts of pulp and paper mill effluent on fishes in Canada. The first Canadian studies were 

conducted at Jackfish Bay, Lake Superior and identified similar impacts on fish exposed to 

primary-treated bleached kraft effluent (McMaster et al. 1991; Munkittrick et al. 1991 ). The 

Jackfish Bay studies identified decreased gonad size, increased age-at-maturity, decreased 

fecundity, a reduction in the expression of secondary sex characteristics, decreased circulating 

and gonadal production of reproductive steroids, and increased liver size, liver mixed-function 

oxidase activity, and condition in effluent exposed fish (McMaster et al. 1991; Munkittrick et al. 

1991). 

Since the early 1990s, the impacts of pulp and paper mill effluent on fish populations have 

been studied extensively. Studies in Canada over the past two decades have identified similar 

impacts to those observed at Jackfish Bay at many different mills and using several different 

sentinel species (reviewed in McMaster et al. 2006; Hewitt et al. 2008). Studies are in progress 

to determine the specific compounds in the effluent that are altering the reproductive potential of 

fishes (e.g., Scott et al. 2011; Milestone et al. 2012). 

1.3. Environmental Effects Monitoring 

The Federal Fisheries Act, passed in 1971, protects the aquatic environment from potential 

impacts of pulp and paper mill effluent (McMaster et al. 2006). In response to the observed 

effects of pulp mill effluent on fishes in the early 1990s, the Canadian government made 

amendments to the Pulp and Paper Effluent Regulations under the Federal Fisheries Act 

(McMaster et al. 2006). These amendments provided further protection to receiving 

environments by implementing stricter effluent discharge limits on biological oxygen demand 
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and total suspended solids, which required the installation of secondary effluent treatment 

systems at many mills (Munkittrick et al. 2002; McMaster et al. 2006). All pulp and paper mills 

in Canada are now required to conduct EEM studies to assess the effectiveness of the new 

discharge regulations (Courtenay et al. 2002; Munkittrick et al. 2002). 

The EEM program requires mills to fund and conduct studies to assess potential impacts of 

their effluent on receiving environments by monitoring effects on fish, fish habitat, and the use 

of fish as a resource (Lowell et al. 2005). The pulp and paper program is structured into what has 

been defined as "cycles", such that a mill must conduct an EEM study once every three to four 

years (Hewitt et al. 2003). One requirement of the EEM program is to conduct an adult fish 

population survey where indicators of energy storage (condition and relative liver weight), 

energy use (weight-at-age and relative gonad weight), and survival (age) are assessed in at least 

two sentinel species, and a minimum of one reference site is surveyed for statistical comparisons 

(Courtenay et al. 2002; Munkittrick et al. 2002). Sentinel species are chosen with characteristics 

that optimize the ability of the monitoring program to detect effects (see Munkittrick et al. 

2000). An effect is defined in the program to be a statistical difference (at a significance level of 

0.05) in a measured endpoint that exceeds a pre-defined critical effect size. Effect sizes are 

calculated as a difference between exposure and reference means, relative to the reference site 

mean. The critical effect sizes in the EEM program are defined as 25% for all endpoints with the 

exception of condition ( critical effect size of I 0%) (Munkittrick et al. 2009). The program 

follows a tiered monitoring approach where results from the previous study are used to make 

monitoring decisions for the next cycle of monitoring. For example, if the same effects are 

observed in two consecutive cycles then the mill begins targeted monitoring studies to determine 

the extent and magnitude of effects, prior to initiating investigation of cause studies. The 

objective of investigation of cause studies is to identify and remove the source of the observed 

effect or to reduce the effect to an acceptable level (Hewitt et al. 2005). By contrast, if no effects 

are observed in two consecutive cycles, the mill can skip a cycle of monitoring. 
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Other components of an EEM study may consist of some <>r all of the following (in addition 

of the adult fish population survey): a benthic invertebrate community survey, a study of dioxins 

and furans in fish tissues, a fish or shellfish tainting study, effluent toxicity testing, and an 

assessment of water and sediment quality downstream of the effluent discharge (Lowell et al. 

2003 ). The objective of the program is to assess whether environmental impacts on fish or 

benthic invertebrates still exist when the discharger complies with effluent regulations 

(Courtenay et al. 2002; Munkittrick et al. 2002). 

Results from the fish population surveys from the first three cycles of monitoring from the 

pulp and paper EEM program identified a consistent average effect pattern at mills across the 

country (Lowell et al. 2005; Barrett et al. 2010). This pattern showed increased condition, liver 

size, and growth and decreased gonad size in fish at effluent exposed sites. This effect pattern is 

consistent with nutrient enrichment in combination with metabolic disruption. Fishes collected 

in areas receiving effluent are growing faster, storing energy, (response of nutrient enrichment) 

but are unable to convert that energy into reproduction (response of metabolic disruption) 

(Barrett et al. 2010). 

1.4. Environmental Effects Monitoring on the Uruguay River 

There has been recent development of large modem pulp mills in South America over the 

past few years while mills in North America have closed. The construction of a large pulp mill 

began in 2005 near Fray Bentos in Uruguay, which lies on the Uruguay River, bordering 

Argentina. The mill began production in November 2007 with an approximate production 

capacity of one million air dried metric tonnes of pulp per year and discharges its effluent into 

the Uruguay River at a rate of approximately 0.80 m3/s (EcoMetrix 2010). The construction of 

the pulp mill created an international conflict between Argentina and Uruguay over concerns 

about environmental pollution. Before this, in 1975, the two countries signed a bilateral 

agreement to manage various uses of the Uruguay River (Pakkasvirta 2008). The agreement 
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states that any projects that could impact navigation, water flow, or water quality must be agreed 

upon bilaterally (Pakkasvirta 2008). Argentina argued that Uruguay failed to inform Argentina 

of the construction of the mill. The conflict resulted in a permanent blockade on the international 

bridge between Fray Bentos and Argentina until 2010 when the International Court of Justice 

ruled that there was no evidence that the mill polluted the river so closing the mill would be 

unjustified (ICJ 2010). 

In 2005, the mill near Fray Bentos began monitoring water quality, sediment organic matter, 

plankton, benthic invertebrate and fish communities, fish populations, and bioaccumulation of 

dioxins in fish (Saizar et al. 2010). A well designed monitoring program could be used to 

potentially resolve the international dispute over the Uruguay River. There are serious 

challenges to developing a monitoring program using fishes in South America because of the 

lack of baseline information on the fish populations and communities in many areas. Baseline 

information ( e.g., spawning period, size-at-maturity, and mobility) is necessary to design an 

effective monitoring program. The Neotropical region has t~e most diverse fish fauna in the 

world, with more than 4475 species identified and at least 1550 more to be described (Reis et al. 

2003 ). More than 250 different species of fish have been described from the Uruguay River 

(Zaniboni Filo and Schulz 2003; Teixeira de Mello et al. 2011); fish communities vary along the 

river with changes in season. Many of the species are captured in low abundance and the biology 

and life history of many species are unknown. Designing an EEM program involves selecting a 

sentinel species with characteristics that increase the sensitivity for detecting environmental 

impacts (Munkittrick et al. 2000), and this will be difficult in the Uruguay River where basic life 

history information (e.g., longevity, diet, and size-at-maturity) is lacking. 

1.5. Study Design Issues in Environmental Effects Monitoring Fish Surveys 

Small-bodied fishes are more commonly being used in EEM fish surveys. It is presumed 

that small-bodied fishes are less mobile than large-bodied fishes. Decreased mobility of a 
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sentinel species increases the potential exposure to the effluent and increases the ability to detect 

effects. Only 10% of fish surveys used small-bodied fishes in cycle one of Canada's EEM 

program from the pulp and paper industy. This percentage increased to 26% and 34% for cycles 

two and three, respectively (Barrett et al. 2010). In many small-bodied fishes gonadal 

development begins a few months prior to spawning. Assessments of fish reproduction should 

be conducted during this gonadal growth phase of a reproductive cycle. When the gonads are 

sampled outside the period of development, the relative gonad weight endpoint does not provide 

an estimate of reproduction potential. A review of the pulp and paper EEM program revealed 

that many studies were conducted outside of the gonadal growth phase of the annual 

reproductive cycle of the sentinel species used (Barrett et al. 2010). The majority of studies that 

used small-bodied fishes were conducted in the fall, a period when the gonads in these species 

had not begun gonadal development for the following spawning season (Barrett et al. 2010). 

1.6. Statement of Problem 

The reproductive endpoint in the Canadian EEM fish population survey is relative gonad 

weight. The endpoint is assessed statistically among sampling sites using analysis of covariance 

with log10(gonad weight) as the response variable and log10(body weight) as the covariate. The 

mean relative gonad weight is used as a measure of the reproductive potential of the population 

of the species. Since female gametes are usually the limiting factor for the reproductive potential 

of a population (Helfman et al. 2009), the focus of the reproductive endpoint in EEM studies is 

on females. 

The reproductive strategy of a fish includes the number of breeding opportunities for the 

species. A fish may be a single spawner (has a single spawning event per year once it reaches 

sexual maturity) or a multiple spawner (multiple spawning events per year). The ovary weight of 

a fish measured just before the spawning period in a single spawner provides an estimate of the 

total annual reproductive potential of the individual as the volume of the ovaries during the 
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prespawning period would be primarily comprised of mature ( or developing) oocytes to be 

spawned in the current reproductive season. The ovary weight measured during a period when 

the ovaries are not developing does not provide an estimate of the reproductive potential in the 

individual. In multiple spawning fishes, the ovary weight measured just before the spawning 

period provides an estimate of the reproductive potential of the individual near the beginning of 

its prolonged spawning period. The ovary weight measured during the spawning period is, on 

average, lower than the prespawning ovary weight (based on seasonal changes in the 

gonadosomatic index for several species (Barrett and Munkittrick 2010)) and provides an 

estimate of the remaining reproductive potential of an individual but excludes oocytes that have 

already developed and were spawned. The ovary weight measured during a period when the 

ovaries are not developing does not provide an estimate of the reproductive potential in the 

individual. With reproductive impacts being identified as a concern in the pulp and paper EEM 

program, sampling periods must be standardized so reproductive impacts in the selected sentinel 

species can be properly assessed. 

While there has been an increase in the use of small-bodied fishes as sentinels in EEM 

studies in Canada, the biology of many small-bodied species has not been well studied. Given 

the increased use of small-bodied fish species, there is a need to gather data on small-bodied 

species to improve EEM study designs. 

While these general concerns have been identified for the design of EEM programs in 

Canada, they extend to the design of monitoring programs in any region. Further challenges have 

been revealed designing a monitoring program to assess reproductive impacts in fish populations 

in the Uruguay River. 

Environmental monitoring of fish at the pulp mill on the Uruguay River near Fray Bentos 

began in 2005 and is currently conducted by a Finnish consulting firm using a population level 

sentinel species approach similar to Canada's EEM program for pulp and paper mills. The 

trompudo catfish (/heringichthys labrosus) was chosen by the consulting firm as a sentinel 
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species because it was abundant and easy to collect (Saizar et al. 2010) without consideration of 

the biology of the species (e.g., spawning time, reproductive strategy, mobility, and age to 

maturation). The sampling protocol includes a population survey every April and December that 

assesses the endpoints of condition, relative gonad and liver weight, concentrations of 

chlorinated phenols and resin acids in bile, and concentrations of dioxins in muscle tissue. 

Failing to consider the reproductive biology of the trompudo catfish has likely resulted in an 

inadequate assessment of the potential reproductive impacts on this species. The challenge is that 

the climate of Uruguay lacks well defined seasons. Thus, unlike in Canada, many fishes in South 

America spawn throughout the year, complicating the assessment of impacts on reproduction, an 

endpoint of interest when evaluating the effects of pulp and paper effluent on fishes. 

1. 7. Objectives and Organization of Thesis 

A review of the literature for studies on seasonal changes in gonad size among the 65 

species used in Canada's EEM program revealed few data for small-bodied fishes. Research on 

the biology of small-bodied fishes is needed to optimize the design of EEM programs to assess 

reproductive impacts and this was the focus of Chapter 2 of this thesis. Seasonal data on the 

changes in condition, liver size, and gonad size were collected in seven different species in 

Atlantic Canada (Chapter 2: Reproductive strategies and seasonal changes in the somatic indices 

of seven small-bodied fishes in Atlantic Canada in relation to study design for environmental 

effects monitoring). The objectives of this research were to assess temporal changes in relative 

gonad size, relative liver size, and condition in these small-bodied fishes and to identify optimal 

sampling times to assess reproductive impacts in these fishes. The overall objective of this thesis 

is to improve the design of EEM studies to assess reproductive impacts in fishes, a response 

commonly observed in fishes exposed to pulp and paper mill effluent. The determination that 

many EEM fish surveys were conducted outside of the reproductive period of the sentinel 

species (Barrett et al. 2010) identified a need for standardized sampling times for all 65 species 
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in the EEM program to optimize the assessment of reproductive impacts in fishes. To achieve 

this, a review of the literature was conducted to obtain details of reproductive biology for all fish 

species that have been used in EEM studies in Canada in Chapter 3 (Seasonal reproductive 

patterns and optimal sampling periods for sentinel fish species used in environmental effects 

monitoring programs in Canada). Seasonal reproductive patterns (patterns in the timing of 

gonadal growth and the duration of the spawning season) for Canadian fish species were 

identified based on the reproductive strategy ( single spawning or multiple spawning) of the 

species and the timing of gonadal recrudescence (when the gonads develop for the next breeding 

season). Optimal sampling periods to detect reproductive impacts were developed for each 

reproductive pattern based on periods when gonads were developing and variability in relative 

gonad size was low within a reproductive cycle. Species specific sampling periods were assigned 

for the 65 species based on the reproductive strategy of the species. 

The reproductive strategies of all fish species are not known and thus an optimal sampling 

period cannot be determined without knowledge of the reproductive strategy of the species. The 

next objective of this thesis was to identify a method to predict the reproductive strategy (single 

spawning or multiple spawning) of a given fish species so an optimal sampling period can be 

determined. Three methods were assessed for classifying fishes as single spawners or multiple 

spawners from a single sample of females collected prespawning (Chapter 4, Reproductive 

strategies of fishes: An evaluation of methods to classify fishes as single spawners or multiple 

spawners ). Models were developed to classify species as single or multiple spawners. 

The final objectives of this research project were to: I) review the biology of the trompudo 

catfish that is being used as a sentinel for a monitoring program on the Uruguay River near Fray 

Bentos and to make study design recommendations to optimize the ability to detect reproductive 

impacts in this species, and 2) assess the suitability of other abundant fishes on the Uruguay 

River for use as sentinels to assess reproductive impacts of industrial effluents (Chapter 5, An 

evaluation of the suitability of abundant fishes for use as sentinels for environmental effects 
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monitoring for a pulp mill on the Uruguay River). This research involved conducting a literature 

review on the biology of abundant fish species in the Uruguay River. Data on many species were 

lacking so a sample of fishes was collected during their predicted reproductive period and 

ovaries were examined using histology to determine the species' reproductive strategy. 

Recommendations ~ere made on improving the current study design for the monitoring program 

to improve the ability to detect potential reproductive impacts in the trompudo catfish and for 

developing an optimal EEM program to assess reproductive impacts in fishes in the Uruguay 

River. 
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2. Reproductive strategies and seasonal changes in the somatic indices of seven small

bodied fishes in Atlantic Canada in relation to study design for environmental effects 

monitoring 

2.1. Abstract 

Small-bodied fishes are more commonly being used as sentinel species in environmental 

effects monitoring (EEM) studies. There is a lack of understanding of the biological 

characteristics of many small-bodied species, which hinders study designs for monitoring 

studies. For example, 72% of fish population surveys in Canada's EEM program for pulp and 

paper mills that used small-bodied fishes were conducted outside of the species' reproductive 

period. This resulted in an inadequate assessment of the EEM program's primary effect endpoint 

(reproduction) for these studies. The present study examined seasonal changes in liver size, 

gonad size, and condition in seven freshwater and estuarine small-bodied fishes in Atlantic 

Canada. These data were used to examine differences in reproductive strategies and patterns of 

energy storage among species. Female gonadal recrudescence in all seven species began 

primarily in the two month period in the spring before spawning. Male gonadal development 

was concurrent with females in five species; however, gonadal recrudescence began in the fall in 

male three-spined stickleback ( Gasterosteus aculeatus) and slimy sculpin ( Cottus cognatus ). The 

spawning period for each species was estimated from the decline in relative ovary size after its 

seasonal maximum value in the spring. The duration of the spawning period reflected the 

reproductive strategy (single vs multiple spawning) of the species. Optimal sampling periods to 

assess reproductive impacts in each species were determined based on seasonal changes in 

gonad size and were identified to be during the prespawning period when gonads are developing 

and variability in relative gonad size is at a minimum. 
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2.2. Introduction 

Although many studies have been conducted on the life histories and reproductive strategies 

of several large commercially important fishes such as lake trout (Salvelinus namaycush, Esteve 

et al. 2008), walleye (Sander vitreus, Malison et al. 1994; Henderson et al. 1996), Greenland 

halibut (Reinhardtius hippoglossoides, Rideout et al. 1999; Junquera et al. 2003; Gundersen et 

al. 2010), and European hake (Merluccius merluccius, Muma and Motos 2006; El Habouz et al. 

2011 ), there has been relatively little research conducted on many small-bodied fishes, most 

likely because they have little commercial value. A few small-bodied fishes have been 

extensively studied in the laboratory and are used as model species. For example, the three

spined stickleback (Gasterosteus aculeatus) is used as a model in evolutionary studies (Peichel 

2005) and the fathead minnow (Pimephales promelas) is frequently used in toxicology studies 

(Ankley and Villeneuve 2006). The life histories of many species, such as the fourspine 

stickleback (Apeltes quadracus) have not been as extensively studied (Baker et al. 2010). 

Although small-bodied fishes play an important role in aquatic ecosystems, traditional fisheries 

management strategies tend to focus on sport fishes and commercially important fishes and 

neglect research and management of small-bodied fishes (Adams and Schmetterling 2007). 

Over the past decade there has been an increase in the use of small-bodied fishes in 

environmental assessments because they are abundant, easy to capture, and have a presumed 

limited home range (Munkittrick et al. 2002; 2010). The use of small-bodied fishes in Canada's 

environmental effects monitoring (EEM) programs for pulp mills and metal mines has increased 

since the programs were developed (Munkittrick et al. 2010). Studies on the impacts of oil sand 

deposits (e.g., Tetreault et al. 2003), municipal wastewater (e.g., Weber et al. 2008, Tetreault et 

al. 2011), and agricultural practices (e.g. Gray et al. 2005, Finley et al. 2013) have also used 

small-bodied fishes. Limited mobility has been shown in many small-bodied fish species such as 

mottled sculpin (Cottus bairdii, Hill and Grossman 1987), longnose dace (Rhinichthys 

cataractae, Hill and Grossman 1987), slimy sculpin (Cottus cognatus, Gray et al. 2004), and 
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mummichog (Fundulus heteroclitus, Skinner et al. 2012). A relatively small home range 

facilitates interpretation of EEM fish surveys (limited movement of individuals between 

sampling sites) compared to using larger, more mobile species (Munkittrick et al. 2000). 

Basic life history information on sentinel species is essential for design and interpretation of 

data in EEM studies (Galloway and Munkittrick 2006). Factors influencing the selection of 

species and study designs are longevity and age to maturation (Munkittrick 1992), mobility, 

reproductive strategy, and spawning period (Barrett and Munkittrick 2010), and seasonal 

variability in the measured endpoints (Galloway and Munkittrick 2006). The endpoints 

commonly used in EEM fish surveys are indicators of energy storage ( condition and relative 

liver weight), energy usage (weight-at-age and relative gonad weight) and survival (age) (Lowell 

et al. 2005). Reproductive impacts have been observed in fishes exposed to pulp and paper mill 

effluent thus the relative gonad weight has been a key endpoint for pulp and paper EEM studies. 

The reproductive strategy of a fish includes many aspects of its reproductive biology ( e.g., 

number of breeding opportunities, mating system, and parental care; Wootton 1990; Helfman et 

al. 2009). Most fishes are iteroparous, spawning more than once per life cycle. Iteroparous fishes 

may be single spawners with one spawning event per reproductive cycle or multiple spawners 

with more than one spawning event per reproductive cycle (Nufiez and Duponchelle 2009). 

Many small-bodied fishes in Atlantic Canada are multiple spawners which complicates the 

interpretation of the reproductive endpoint. Moreover, the variability in the ovary weight: body 

weight relationship in multiple spawning fishes is typically high, resulting in large sample sizes 

in study designs to detect critical effect sizes in relative gonad size between sampling sites 

(Galloway and Munkittrick 2006). 

There is considerable seasonal variability in liver size, gonad size, and condition ( e.g., 

during the spawning season) in all fish species. The mean relative gonad size is used as an 

indicator of the reproductive potential of a population in the EEM program. It was found that 

72% of studies using small-bodied fishes in Canada's pulp and paper EEM program were 
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conducted outside of the reproductive period of the species (Chapter 3). Relative gonad weight 

measured outside of the reproductive period of the fish ( e.g., measured in the fall for 

spring/summer spawners) does not provide an estimate of the reprodvctive potential of the fish. 

Refinements to sampling designs are necessary to ensure the reproductive endpoint is assessed at 

the appropriate period in the reproductive cycle of the species. There is very little published 

information available about changes in organ sizes and condition, and the optimal times for 

detecting potential reproductive impacts in small-bodied fishes. 

The objectives of the present study are to: 1) assess temporal changes and seasonal 

variability in relative gonad size, relative liver size, and condition in seven small-bodied 

freshwater and estuarine fishes in Atlantic Canada, and 2) identify optimal sampling times to 

assess reproductive impacts in these species. Data on seasonal changes in gonad size, liver size, 

and condition were collected from slimy sculpin, Northern redbelly dace (Chrosomus eos), 

blacknose dace (Rhinichthys atratulus), fourspine stickleback, three-spined stickleback, Atlantic 

silverside (Menidia menidia), and golden shiner (Notemigonus crysoleucas) in Atlantic Canada. 

2.3. Materials and Methods 

2.3.1. Fish Collections 

Slimy sculpin and blacknose dace were collected using a backpack electrofisher (Smith

Root Type VII) and dip nets in the upper Kennebecasis River, near Portage Vale, New 

Brunswick (45° 49' 37''N, 65° 13' 9"W) monthly from May 2003 to May 2004 (slimy sculpin) 

and in Scoodic Brook, Upham, New Brunswick ( 45° 29' 30"N, 65° 38' 54"W) monthly from 

April to September 2006 (blacknose dace). Collections of Northern red belly dace were taken 

from Crystal Lake, Saint John, New Brunswick (45° 18' 5"N, 66° 3' 30"W) monthly from 

August 2005 to August 2006 using baited minnow traps set for 24 hours. Fourspine stickleback 

and three-spined stickleback were collected using a beach seine in Trout River, Prince Edward 

Island (46° 26' 57"N, 63° 27' 53"W) monthly from April to August 2010 (fourspine stickleback) 
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and monthly from April to September 2009 (three-spined stickleback). Fall collections for these 

stickleback species were made once each month in October and November 2011. Atlantic 

silverside were collected from April to November 2009, in Saint John, New Brunswick (45° 15' 

36''N, 66° O' 59"W) using a beach seine. Golden shiner were collected monthly from Glenfinnan 

Lake, Prince Edward Island ( 46° 17' 40"N, 62° 57' 11 "W) using a beach seine from April to 

August 2010 and fall collections were taken in 2011. Measurements of fork length ( or total 

length for fishes without a forked caudal fin)(± 1 mm), body weight(± 0.01 g), gonad weight(± 

0.001 g), and liver weight(± 0.001 g) were recorded for each individual. Target sample sizes 

were 20 individuals per species, per sex, per collection date. 

2.3.2. Data Analysis 

2.3.2.1. Somatic Indices and Spawning Period 

The gonadosomatic index (GSI) and hepatosomatic index (HSI) were calculated as ( organ 

weight) x (body weightr1 
x 100. Condition factor (K) was calculated as 100 000 x (body 

weight) x (lengthr3 where body weight is measured in g and length in mm. The spawning period 

for each species was determined to be the period of decline in mean female GSI following its 

seasonal maximum value. The duration of the decline in mean female GSI was used as an 

indicator for the number of breeding events (i.e., single spawning or multiple spawning) per 

season for the species. A decline in mean GSI of less than one month was used to suggest that a 

species is a single spawner and a decline of more than one month was used to suggest that a 

species is a multiple spawner. 

The seasonal GSI, HSI, and K data were plotted against the sampling date by species and 

sex. The sampling date was converted to a number between O and 12 ( e.g., January 1 = month 

value O and March 15 = month value 2 + (15 - 1)/31 = 2.45). In the figures, the month values for 

GSI and HSI were adjusted +O .1 and -0 .1, respectively for each species/sex combination so the 

error bars didn't overlap each other. 
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2.3.2.2. Optimal Sampling Periods 

Optimal sampling periods were assigned for each species based on seasonal changes in 

female gonad size that would allow the relative gonad weight to be used as an indicator of 

reproductive potential for the population. The focus was on females since female gametes (not 

male gametes) are usually the limiting factor in the reproductive potential of a population 

(Helfman et al. 2009). The factors used to determine optimal sampling periods for each species 

(in order of importance) were: I) period of high (relative to seasonal maximum) relative gonad 

size (i.e., the gonads are developing for the next breeding season and mean relative gonad weight 

reflects the relative reproductive potential of the population), and 2) low variability in mean 

relative gonad size (lower variability will translate into lower lethal sample sizes to detect a 

critical effect size when conducting an EEM study). The coefficient of determination (k) from 

the regression oflog10(gonad weight) on log10(body weight) was used as a measure of variability 

to identify periods of low variability. 

Sample size requirements to detect a 25% difference in relative gonad size between two 

sampling sites were calculated based on an analysis of covariance with log10( ovary weight) as 

the response variable and log10(body weight) as the covariate. The calculation is outlined in 

Munkittrick et al. (2010). For power analyses, the probability of Type I error and probability of 

Type II error were. set equal to O. I . 

2.4. Results 

2.4.1. Temporal Changes in GSI, HSI, and K 

2.4.1.1. Slimy Sculpin 

Mean GSI, HSI, and K in female slimy sculpin increased from January to March (Figure 

2-IA). Mean HSI peaked in March (4.1%) then decreased from March to May as Kand GSI 

increased to their seasonal maximums (K 1.09; GSI 27%) ip May. The spawning period was 
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identified to occur within a one month period between May and June where a steep decrease in 

mean GSI from 27% to approximately 1 % was observed. Average condition remained fairly 

consistent over the summer, while HSI dropped after spawning to its seasonal minimum (0.97%) 

in September. 

Similar seasonal trends in Kand HSI were observed for male sculpin (Figure 2-2A), 

although the seasonal maximum mean HSI observed in March was 2.0% (approximately half the 

magnitude of females). K peaked prespawning in May (K = 1.2) and dropped by 18% to 0.98 in 

June. Gonadal recrudescence in males began in the fall. A maximum mean GSI (2.2%) was 

observed in November and gonad size decreased slightly until May (1.6%) where a steep drop in 

GSI corresponding to the spawning period was observed from May to June. 

2.4.1.2. Northern Redbelly Dace 

A short period of gonadal recrudescence was identified in the spring for Northern redbelly 

dace, where GSI increased nearly three-fold over a one month period from April to May. 

Seasonal changes in female gonad size revealed a prolonged spawning period of four months 

where GSI dropped from its seasonal maximum of 12% in May to its minimum of 1.4% in 

September. Mean HSI in female Northern redbelly dace increased from January to March 

(Figure 2-IB), peaked in March (3.6%) then decreased gradually throughout the spawning 

period (with the exception of an increase in the month prior to spawning from April to May) to a 

seasonal minimum in October ( 1.3% ). K followed a cyclical pattern, where it decreased early in 

the year to 0.83 in April and increased to 0.99 just prior to the beginning of the spawning period. 

K decreased to a minimum of 0.82 during the spawning period and increased again at the end of 

the spawning period to·0.94. 

Male Northern redbelly dace exhibited seasonal trends similar to females for all three 

indices (Figure 2-2B). K followed the same cyclical pattern as females where it decreased early 

in the year to 0.85 in April and increased to 0.94 just prior to the beginning of the spawning 
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period. K decreased to a minimum of 0.86 during the spawning period and increased again at the 

end of the spawning period to 1.03. Average liver size peaked in March (HSI 2.7%) and mean 

gonad size peaked in May prior to spawning (GSI 2.0%). As with females, seasonal changes in 

GSI revealed a short period of gonadal recrudescence the month prior to the spawning period 

and a gradual decrease in GSI over four months indicative of a prolonged spawning period. 

2.4.1.3. Blacknose Dace 

Gonadal recrudescence in female blacknose dace began just prior to the beginning of the 

spawning period (Figure 2-1 C), where a sharp increase in mean GSI was observed from the end 

of April (7.9%) to its seasonal maximum in late May (17%). Gonad size decreased over a period 

of approximately two months, indicative of the spawning period. Liver size increased sharply 

prespawning and peaked approximately one month after the beginning of the spawning period 

(meari HSI= 3.9%) and dropped again after the spawning period. Condition factor also peaked 

in May (mean K = 1.2) and decreased throughout the summer to the minimum observed value in 

September (mean K = 0.96). 

Gonad size in male blacknose dace peaked before the spawning period in late May (mean 

GSI = 0.92%) and decreased over a period of three months to 0.36% in late August (Figure 

2-2C). The pattern of gonadal recrudescence was unclear since fall and winter data were not 

collected. Mean HSI followed a pattern similar to females, and peaked (HSI = 1.1 % ) 

approximately one month after the beginning of the spawning period and dropped at the end of 

the spawning period. There were no obvious patterns observed for condition factor where mean 

values varied between 0.96 and 1.1. 

2.4.1.4. Fourspine Stickleback 

In females gonadal recrudescence began just prior to the beginning of the spawning period 

(Figure 2-ID) where a sharp increase in mean GSI was observed from early April (4.1%) to the 

seasonal maximum value in late May ( 11 % ). Gonad size decreased over a period of two to three 
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months indicative of a prolonged spawning period. Average liver size peaked approximately one 

month after the beginning of the spawning period (HSI= 3.2%). Average condition followed a 

similar trend as GSI, increasing prespawning and peaked at the beginning of the spawning 

season in May (K = 0.85) and decreased throughout the spawning season to 0.80 in August. 

Mean GSI in males increased from 0.21 % in April to a seasonal maximum of 1. 7% in late 

May concurrent with the seasonal maximum mean GSI for females (Figure 2-2D). GSI dropped 

from late May to August concurrent with the females and indicative of a prolonged spawning 

period. In male fourspine stickleback, mean liver size peaked in April (HSI = 1.8% ), decreased 

as the spawning period approached, and increased throughout the spawning period to 2. 7% in 

October. Male K increasing prespawning and peaked at the beginning of the spawning season in 

May (K = 0.82), increased to 0.84 in July and dropped to 0.80 in August. 

2.4.1.5. Three-spined Stickleback 

Gonadal recrudescence in females began just prior to the beginning of the spawning period 

(Figure 2-IE) where a sharp increase in mean GSI was observed from late April (8.0%) to the 

seasonal maximum value (26%) in early June. A decline in GSI was observed over a period of 

approximately two to three months indicative of a spawning period from June -August. Mean 

liver size peaked approximately one month after the beginning of the spawning period (HSI = 

5.6%) and dropped to 2.6% in October. Average condition peaked at the beginning of the 

spawning season (K = 0.99) and decreased throughout the spawning season and fell to a 

minimum of0.73 in November. 

Average gonad size in males peaked (GSI = 0.59%) prespawning, concurrent with the 

seasonal maximum female GSI (Figure 2-2E). GSI then decreased gradually during the 

spawning period (June to August). Mean GSI increased after the spawning period and reached 

its maximum observed value of 1.2% in October. Liver size was variable in three-spined 

stickleback, varying between 1. 7 and 2.5% with no obvious seasonal trends. Mean K increased 
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from 0.71 in late April to 0.88 in early June. Mean K dropped to 0.79 (10% lower than 

prespawning) at the end of the spawning season and was stable through the fall sampling. 

2.4.1.6. Atlantic Silverside 

Gonadal recrudescence in male and female Atlantic silverside occurred over a short period 

prior to the spawning period (Figure 2-1 F and Figure 2-2F). Mean GSI peaked at a similar time 

in June for both sexes (9.5% for females and 8.7% for males).The duration of the spawning 

season appeared to occur over an approximate six week period (mid-June to the end of July) 

based on the decrease in female GSI. In females, mean HSI increased to 4. 7% in late June, 

decreased until September (2.1 % ) before increasing in the fall to a maximum observed value in 

November (5.3%). Changes in average male liver size followed a similar trend increasing in the 

fall to a maximum observed value in October (HSI = 4.6%) but did not increase prespawning. In 

both males and females, K increased from 0.45 in April to 0.57 prespawning and varied between 

0.5 and 0.6 until November when the last fish were collected. 

2.4.1.7. Golden Shiner 

Gonadal recrudescence in males and females began in the month prespawning (Figure 2-1 G 

and Figure 2-2G). Among females, mean GSI increased from 1. 7% to 8.2% from the end of 

April to the end of May. Females reached their seasonal maximum GSI (8.7%) in early July and 

males reached their seasonal maximum GSI in late May. The spawning period was predicted to 

be from mid-to-late June to August (where female GSI decreased to 1.5%). Males followed a 

similar pattern as females where mean GSI increased from 0.2% to 2.6% from the end of April 

to the end of May and dropped during June to August (the predicted spawning period). Liver 

size in both sexes peaked prespawning at the end of May (mean HSI= 1.7% and 1.2% for 

females and males, respectively) and dropped during the spawning period. There were no 

obvious seasonal patterns in K but the maximum mean K values for both sexes were observed 

prespawning at the end of May. 
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2.4.2. Temporal Variability in Ovary Weight: Body Weight Relationships 

The coefficient of determination (R2
) from the regression of log10( ovary weight) on 

log1o(body weight) is plotted versus adjusted month (months adjusted so that the month value of 

5 corresponds to maximum GSI within the cycle) in Figure 2-3. R2 showed a decreasing trend 

leading up to the spawning period for black.nose dace, fourspine stickleback, Atlantic silverside, 

and golden shiner with reasonably high values (R2 > 0.7) 4-6 weeks prespawning. R2 values for 

three-spined stickleback showed no seasonal trend, varying between 0.03 and 0.82 during the 

months prespawning. During the spawning season, R2 values were lower than prespawning 

values and increased in the fall to approximate prespawning values. In Northern redbelly dace, 

the variability in the ovary weight: body weight relationship was high (R2 < 0.3) prespawning, 

and the maximum prespawning R2 values were qbserved in January and at the beginning of the 

spawning period (R2 = 0.86 and 0.54, respectively). The ovary weight: body weight relationship 

in slimy sculpin showed low variability in the five month period prior to the spawning (K > 

0.8). Values dropped after spawning and gradually increased again to nearly 0.8 by the end of 

the year. 

2.4.3. Optimal Sampling Periods 

Gonadal development in females of all seven species occurred primarily during the two month 

period prior to the beginning of the spawning season. The variability in the ovary weight: body 

weight relationship was low from January to the beginning of the spawning period in slimy 

sculpin suggesting that an optimal sampling period would be in the two months prior to 

spawning. During the two month period prior to spawning, the variability in the ovary weight: 

body weight relationship was lowest during the 4 to 6 week period prespawning for black.nose 

dace, fourspine stickleback, Atlantic silverside, and golden shiner suggesting that 4-6 weeks 

prespawning is the optimal sampling period. Due to the high prespawning variability (R2 < 0.3) 

in the ovary weight: body weight relationship for three-spined stickleback and Northern redbelly 
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dace, near the beginning of the spawning period ( as close as possible to the first spawning event 

of the year) is suggested to be the optimal sampling period for these species. The optimal 

sampling periods and sample size requirements to detect a 25% difference in relative gonad size 

in females are listed in Table 2-1. 

2.5. Discussion 

2.5.1. Seasonal Changes in the Somatic Indices 

The seasonal patterns in GSI differed among the seven species examined in the present 

study and are reflective of differences in the duration of the spawning period, and for males, the 

timing of gonadal recrudescence. The spawning period for each species was· identified by the 

drop in female GSI after the seasonal maximum value. Slimy sculpin are single spawners, and in 

the present study spawned in mid-May with a short spawning period (less than 4 weeks as 

suggested by the monthly GSI data). The other six species are multiple spawners in Atlantic 

Canada with spring spawning periods of different durations (approximately 4-8 weeks for 

blacknose dace, Atlantic silverside, and golder shiner and 8 tol2 weeks for Northern redbelly 

dace, fourspine stickleback, and three-spined stickleback as suggested by the seasonal GSI data). 

These spawning periods are rough estimates based on monthly sampling and more frequent 

sampling could be conducted to obtain a better estimate of the spawning period. GSI has been 

identified as a useful tool for identifying mature ovaries in small-bodied fishes but histological 

analyses of ovaries are required to actually confirm spawning has occurred (Brewer et al. 2008). 

The trends in the seasonal changes in male GSI were similar to those for females of the 

same species except for slimy sculpin and three-spined stickleback. In these two species, 

gonadal recrudescence began at the end of the summer and reached seasonal maximum values in 

the fall. The decline in male GSI during the spring occurred concurrently with the decline in 

female GSI and could also be used to identify the spawning period. 
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The maximum GSI for females varied among the seven species and could be related to the 

reproductive strategy (single spawning versus multiple spawning) of the species. Female slimy 

sculpin had the largest prespawning mean GSI (27% ). A GSI value of this magnitude is not 

surprising as single spawning species must develop and spawn their gametes in a single annual 

event. Multiple spawners on the other hand develop multiple batches of gametes to be shed in 

multiple reproductive events during the spawning season and typically have smaller changes in 

GSI (Wootton 1979; Tyler and Sumpter 1996). The prespawning gonad size in the multiple 

spawning fishes were lower in magnitude (9-1 7%) except for the three-spined stickleback which 

obtained a prespawning mean GSI of 25%, despite being a multiple spawner with a prolonged 

spawning period. The relatively high magnitude of GSI in the three-spined stickleback could be 

related to the fecundity of the species. For example, Craig and Fitzgerald (1982) found that 

three-spined stickleback had a significantly higher fecundity than fourspine stickleback living in 

the same sampling location despite there being no difference in egg size between the two 

species. 

The reproductive investment among the males in the current study was similar among 

species (seasonal maximum GSI approximately 1-2.5%), with the exception of Atlantic 

silverside. A mean maximum GSI of approximately 8% was observed for prespawning male 

Atlantic silverside. Atlantic silverside are also unique among the seven species in that they have 

a one-year life cycle (Conover and Murawski 1982), although some individuals may survive to 

age two in Atlantic Canada (Jessop 1983). With only one spawning event per life cycle in most 

individuals, this species may invest more energy into reproduction versus somatic growth than 

other species with multiple spawning events per life cycle. 

Male slimy sculpin (Keeler and Cunjak 2007), three-spined stickleback (Sokolowska and 

Kulczykowska 2006), and fourspine stickleback (Rowland 1974) defend nests and provide 

parental care for their offspring. Although it could be hypothesized that male fishes that are 

territorial and defend nests allocate less energy to reproduction ( smaller GSI) than other fishes in 
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order to maintain energy reserves during the nesting period, there was no evidence to support 

this hypothesis from the data collected in the present study. However, the timing of gonadal 

recrudescence differed among two of the three male species that provide parental care for their 

offspring relative to the other species examined. Gonadal recrudescence in male slimy sculpin 

and three-spined stickleback began in late fall (as opposed to spring). It may be advantageous for 

these male fishes to invest energy into reproduction during the fall so energy stores can be more 

easi,y maintained in the spring and during the breeding season when males are guarding nests. 

Males in some guarding species (e.g., round goby (Neogobius melanostomus), Macinnis and 

Corkum 2000) do not feed while guarding nests and thus the energetic demands of gonadal 

development and parental care may be too much to occur together in the spring. The difference 

between the male gonadal development in fourspine stickleback and the other two guarding 

species could be related to the difference in the energetic demands of nesting. Nesting for male 

fourspine stickleback may not be as energetically demanding as they maintain their condition 

throughout the spawning period and begin gonadal recrudescence in the spring. Condition in 

male three-spined stickleback and slimy sculpin dropped significantly ( 10% and 18%, 

respectively) during the spawning period. The high energetic demands of nesting may require 

these fishes to invest energy into somatic maintainence in spring which would explain why they 

begin gonadal development in the fall. 

Two different prespawning patterns in HSI were observed among the seven species for both 

sexes. Liver sizes in slimy sculpin and N orthem red belly dace increased from January to March 

and decreased leading up to the spawning period and the end of summer. The winter increase in 

liver size suggests that these fishes could be actively feeding (and hence storing energy) under 

ice cover, and that these liver stores may play a major role in female gonad development in the 

early spring. Both species show major increases in ovary size in April or May, early in the spring 

period in New Brunswick. During these winter months secondary yolk accumulation begins in 

the oocytes (Sokolowska and Kulczykowska 2006). HSI decreased prespawning in females of 
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both species as ovary size increased sharply which could be a result of yolk production as some 

secondary yolk components are synthesized in the liver (Sokolowska and Kulczykowska 2006). 

In the other five species, maximum liver size occurred in both males and females at the 

beginning of the spawning period or shortly after the beginning of the spawning period. Patterns 

of seasonal changes in HSI for all species were similar between males and females except for 

three-spined stickleback where liver size increased throughout the spawning period and reached 

its seasonal maximum in October. It is unclear whether this increase in HSI is related to the 

onset of gonadal recrudescence as this pattern was not observed for male slimy sculpin which 

also begin gonadal growth in the fall. 

The seasonal changes in liver size among Atlantic silverside were unique among the seven 

species examined in the present study. HSI increased post-spawning and peaked in the late fall. 

Schultz and Conover (1997) found that energy storage in Atlantic silverside in Northern 

populations (including Nova Scotia) increased in the fall and energy levels deplete over winter 

and increase again in the spring breeding season. This unique pattern may be explained by the 

fact that Atlantic silverside is an annual species. Young-of-the year Atlantic silverside grow 

rapidly and reach full adult size by November (Conover and Ross 1982) so the fish sampled in 

the fall of one year may be a different cohort than the fish sampled in the spring of the same 

year. 

K increased in the early spring and peaked before the beginning of the spawning period. K 

dropped during the spawning period in females for all species except Atlantic silverside. Both 

male and female silverside maintained their condition during the spawning period. In general, 

the temporal trends in condition among females and males of the same species were similar 

except for fourspine stickleback. Male fourspine stickleback maintained their condition 

throughout the spawning period while condition in the other male nest guarders (three-spined 

stickleback and slimy sculpin) dropped by 10% and 18% respectively during the spawning 

period as discussed above. 
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2.5.2. Optimal Sampling Periods 

The problem identified in the EEM program is that studies using small-bodied fishes were 

conducted outside of the reproductive period of the species (many studies were conducted in the 

fall outside of the reproductive period). Gonadal recrudescence begins quickly in spring prior to 

spawning in small-bodied species, leaving only a short window of time to sample developing 

gonads. Another challenge using small-bodied species for monitoring is that many species are 

multiple spawners. Relative gonad size can be highly variable in prespawning multiple spawners 

which can require large sample sizes (as high as 80 to 150 females per site in some situations) 

for study designs to detect the critical effect size of a 25% difference in relative gonad size 

between sites (Galloway and Munkittrick 2006). 

The variability in the prespawning ovary weight: body weight relationship is higher (i.e., 

low R2 from the regression of log10( ovary weight) vs log10(body weight)) on average in multiple 

spawners compared with single spawners (Chapter 4). It is hypothesized that the low variability 

observed in single spawners results from the high synchrony in the development of a single 

batch of oocytes in the ovary. The increased variability in multiple spawners is hypothesized to 

result from a lack of synchrony among individuals in the development of the second batch of 

oocytes in multiple spawning fishes (Galloway and Munkittrick 2006). The assessment of the 

changes in R2 from the regression of log10{ ovary weight) on log10(body weight) in the current 

study support these hypotheses. The R2 for slimy sculpin, a single spawner, is high (>0.8) for 

several months prespawning. In contrast, Atlantic silverside, fourspine stickleback, golden 

shiner, and blacknose dace show a decreasing trend in R2 (i.e., variability increasing) as the 

spawning period approaches. The lack of a pattern among three-spined stickleback and Northern 

redbelly dace may be related to the asynchronous oocyte development in these fishes. The 

maximum spring R2 values in these two species occurred near the beginning of the spawning 

period when the first batch of oocytes for the season may be approaching spawning condition. 
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Optimal sampling periods to assess reproductive impacts in the seven species in the present 

study were identified as the period with low variability in the ovary weight: body weight 

relationship (high R2 from the regression oflog10(ovary weight) on log10(body weight)) during 

the prespawning gon'adal recrudescence period. Power analyses revealed that if sampled during a 

period of low variability, sample size requirements to detect a 25% difference in gonad size 

(using a=~= 0.1) could be below 20 for most species which is the recommended sample size if 

no estimate of variability is available for a power analysis in the study design (Munkittrick et al. 

2010). Sample size requirements for the periods of minimum variability for Northern redbelly 

dace and golden shiner were 28 and 56, respectively. Methods to reduce these sample size 

requirements include restricting the size and age offish compared (Galloway and Munkittrick 

2006) to reduce the variability in relative ovary size. 

2.5.3. General 

The recommended optimal sampling periods suggested for each species in the present study 

were based on the data collections from a single study site over a single reproductive cycle. 

Patterns of ovarian development are expected to vary spatially across populations of a species 

and temporally over sequential reproductive cycles within a population of a species. The primary 

factor initiating and terminating spawning in temperate fishes is water temperature (Wootton 

1976) which varies considerably from year to year. For example, the spawning date for cod 

(Gadus morhua) in Atlantic Canada has been observed to vary by as much as 60 days across 

four decades and spawning time was highly correiated with water temperature (Hutchings and 

Myers 1994 ). The availability of food is the primary factor determining the proportion of 

oocytes that mature (Wootton 1976) which is also variable from year to year and thus influences 

the magnitude of GSI obtained by a fish. Atlantic silverside collected in Massachusetts reached a 

maximum GSI of nearly 20% while silverside in the present study reached a maximum GSI of 

about half the magnitude (9.5%). Seasonal changes in female GSI ofthree-spined stickleback 
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and Altantic silverside are compared to data from other populations in Figure 2-4 and illustrate 

the variability in the timing of spawning, duration of the spawning period, and maximum GSI 

within a species. 

2.6~ Conclusion 

The major flaw that has been identified in the design of sampling programs using small

bodied fishes is the timing of sampling. The majority of studies that used small-bodied fishes in 

Canada's EEM program were conducted in the fall when gonads are not developing (Barrett et al 

2010). An additional challenge to using small-bodied fishes to assess reproductive impacts is 

that many species are multiple spawners and have high variability in the ovary weight: body 

weight relationship which can lead to high (> 100) sample size requirements to assess a 25% 

change in relative gonad size between sites (Galloway and Munkittrick 2006). The small-bodied 

fishes examined in the present study began gonadal recrudescence in the two months prior to 

spawning in the spring. The ovary weight: body weight relationship showed low variability 

prespawning in slimy sculpin and the optimal sampling period was during the two months 

prespawning for this species. Variability in the ovary weight: body weight relationship increased 

during the prespawning period as GSI reached its seasonal maximum in blacknose dace, 

fourspine stickleback, Atlantic silverside, and golden shiner and the optimal sampling period 

was 4-6 weeks prespawning for these species. The ovary weight: body weight relationship 

showed high variability prespawning in Northern redbelly dace and three-spined stickleback and 

the period of lowest variability was near the beginning of the spawning period ( the optimal 

sampling period) for these species. 
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Table 2-1. Optimal sampling periods and sample size requirements to detect a 25% change in relative gonad size between two sampling sites. 

Species Optimal Sampling Collection Date Standard Deviation7 Sample Size 

Period1 Within Optimal Period 

Slimy sculpin 0-8 weeks March 0.0611 9 

April 0.0808 14 

May 0.0443 6 

Northern redbelly dace 0 weeks May 0.1170 28 

w 
'° Blacknose dace 4-6 weeks April 0.0533 7 

F ourspine stickleback 4-6 weeks April 0.0957 19 

Three-spined stickleback 0 weeks June 0.0711 11 

Atlantic silverside 4-6 weeks May 0.0938 18 

Golden shiner 4-6 weeks May 0.1724 56 

1 relative to the beginning of tl}e spawning period 

2 standard deviation of the residuals from the regression of log1o( ovary weight) on log1o(body weight) 
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index (GSI). Shaded region represents approximate spawning period. Month values for HSI and GSI have been slightly shifted for graphical 

purposes. 
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Figure 2-2. Temporal changes (means± SE) for male A) slimy sculpin (coitus cognatus), B) Northern redbelly dace (Phoxinus eos), C) blacknose 

dace (Rhinichthys atratus), D) three-spined stickleback (Gasterosteus aculeatus), E) fourspine stickleback (Apeltes quadracus), F) Atlantic 

silverside (Menidia menidia), and G) golden shiner (Notemigonus crysoleucas) condition (K), hepatosomatic index (HSI), and gonadosomatic 
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index (GSI). Shaded region represents approximate spawning period. Month values for HSI and GSI have been slightly shifted for graphical 

purposes. 
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blacknose dace(<>), threespine stickleback ( o ), fourspine stickleback (o), Atlantic silverside (~), 

and golden shiner ( • ). Vertical line at Adjusted Month = 5 indicates the beginning of spawning 
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maximu.m seasonal GSI) is month value 5 for all species. 
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3. Seasonal reproductive patterns and optimal sampling periods to assess reproductive 

impacts in fishes used in environmental effects monitoring programs in Canada 

3.1. Abstract 

Canada's environmental effects monitoring (EEM) program is currently in its fifth cycle of 

monitoring for the pulp and paper industry and second cycle of monitoring for the metal mining 

industry. More than sixty different sentinel species have been used in the EEM fish population 

surveys and reproductive impacts have been identified as an issue of concern in the pulp and 

paper program. A review of the literature was conducted to obtain details of the reproductive 

biology of each fish species that has been used in EEM studies in Canada. Using available data 

on seasonal changes in relative gonad size, five seasonal reproductive patterns were observed for 

Cana~ian fish species based on reproductive strategy (single spawning versus multiple 

spawning) and the timing of gonadal recrudescence. Optimal sampling periods were identified 

for each reproductive pattern based on periods when gonads were developing and the variability 

in relative gonad size was low. The reproductive strategy, spawning time, spawning temperature, 

and optimal sampling period were listed for each sentinel fish species as well as data on 

longevity, age and size-at-maturity, and mobility. Examination of the fish surveys using small

bodied species from the EEM pulp and paper program revealed that 72% of these studies were 

not conducted within the developed optimal sampling period and the magnitude of impacts may 

be underestimated by failing to sample at the optimal time. 

3.2. Introduction 

3.2.1. Environmental Effects Monitoring 

Environmental effects monitoring (EEM) programs in Canada were implemented for the 

pulp and paper industry in the early 1990s (Munkittrick et al. 2002) and for the metal mining 

industry in the late 1990s (Ribey et al. 2002), and have been considered for municipal 

wastewater effluents (Kilgour et al. 2005) and other sectors. The Canadian EEM program is a 
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mandatory, regulated, industry-funded, cyclical monitoring program to assess whether mills and 

mines in compliance with their effluent discharge regulations are associated with environmental 

impacts on fish or benthic invertebrates (Courtenay et al. 2002; Munkittrick et al. 2002; Ribey et 

al. 2002). One requirement of the EEM program is to conduct an adult fish population survey by 

assessing indicators of energy storage ( condition and liver size), energy usage (growth and 

gonad size), and survival (age) using at least two sentinel species and a minimum of one 

reference site for statistical comparisons (Courtenay et al. 2002; Munkittrick et al. 2002). Other 

components of an EEM study may consist of some or all of the following (in addition to the 

adult fish population survey): a benthic invertebrate community survey, a study of dioxins and 

furans in fish tissues, a tainting study, effluent toxicity testing, and an assessment of water and 

sediment quality. Detailed descriptions of these components can be found in Lowell et al. 

(2003). 

The pulp and paper and the liquid metal mining effluent EEM programs are currently in 

their fifth and second cycles of monitoring, respectively. The results from the first three cycles 

of fish monitoring for the pulp and paper program revealed that many studies were conducted 

outside of the reproductive period when ova were not developed, especially for small-bodied fish 

species (Barrett et al. 2010). Other issues included collecting immature fish (Lowell et al. 2003; 

2005) which limited the assessment of the reproductive endpoint. This prompted a need to 

develop standardized sampling times for the EEM program and to assess the influence of 

sampling times on the fish response patterns in the pulp and paper program. 

More than sixty different sentinel species have been used in the first four cycles of the pulp 

and paper EEM program and the first cycle of the metal mining EEM program (Lowell et al. 

2005; 2007). The EEM technical guidance document recommends that species be chosen site 

specifically based on residency, abundance of mature individuals, species for which permits can 

be obtained, suitability for measurements including age, and species that are most exposed to the 

effluent (Environment Canada 2005). After completion of the first cycle of the pulp and paper 
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program it was recommended that study designs include the use of one large-bodied and one 

small-bodied species (defined as having a median size-at-maturity of< 150 mm) because of 

concerns that large-bodied species may be more mobile in most situations (Munkittrick et al. 

2002). The current guidance for sampling times recommends that species that migrate to spawn 

are sampled outside of the spawning season (to ensure exposure) except for fish in which ova 

mature rapidly for which the sampling time is suggested to be prespawning (Environment 

Canada 2005). 

3.2.2. Reproductive Strategies of Fishes 

The reproductive strategy of a species is the overall set of reproductive traits common to a 

species (Wootton 1990; Murua and Saborido-Rey 2003; Helfman et al. 2009) and includes the 

number of breeding opportunities. lteroparous species vary in the number of spawning events 

per year, the duration of the spawning season, and the interval between spawning events 

(Helfman et al. 2009). Different reproductive strategies include spawning once a year, spawning 

multiple clutches within a year (Rinchard and Kestemont 1996), spawning daily (Shimizu 1997), 

and "skip" spawning (fish not spawning every year once they reach sexual maturity; Rideout et 

al. 2005). The number of spawning events is not fixed within a species and can differ among 

populations ( e.g., smallmouth bass (Micropterus dolomieui), Raffetto et al. 1990; American shad 

(Alosa sapidissima), Legett and Carscadden 1978) and within a population as environmental 

conditions change annually ( e.g., winter flounder (Pseudopleuronectes americanus ), Burton and 

Idler 1984; smalleye shiner (Notropis buccula), Durham and Wilde 2008). The spawning season 

for many fishes in temperate regions is the spring and summer, although some species spawn in 

the autumn and winter. The primary factor in the timing of reproduction appears to be conditions 

favoring larval growth and survival (Helfman et al. 2009). The timing and duration of gonadal 

recrudescence varies among species and are influenced by environmental cues such as 

photoperiod and temperature (De Vlaming 1975; Quintana et al. 2004), and other environmental 
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conditions such as water level and salinity (Schugardt and Kirschbaum 2004; Bailly et al. 2008), 

food availability (De Vlaming 1971), stress (Billard et al. 1981; Schreck et al. 2001), and 

pollutant concentrations (Lam 1983; Kime 1995). There is also evidence suggesting some 

species have an endogenous clock that controls reproductive activities (Lam 1983; Helfman et 

al. 2009). Different cues must be used to initiate gonadal recrudescence and spawning as 

environmental conditions during these two periods are typically different. Three broad patterns 

of ovarian development have been described by Wootton ( 1979) for temperate fish species: 1) 

fall and early winter spawners with ovarian development occurring rapidly in the late summer 

and fall and maximum GSI reached just prior to spawning, 2) late winter and spring spawners 

with ovarian development in the fall and winter and maximum GSI reached in late winter, and 3) 

late spring and summer spawners with ovarian development occurring rapidly just prior to 

spawnmg. 

3.2.3. Optimal Sampling Periods 

Factors important to consider in determining an optimal sampling period to assess 

reproductive impacts include potential migratory behaviour (Munkitttrick et al. 2010) and the 

cycle of gonadal development (Chapter 2) of the sentinel species. The annual reproductive cycle 

was studied in seven small-bodied fishes in Atlantic Canada (Chapter 2). Gonadal recrudescence 

in these fishes occurred prespawning, primarily over a two month period. Optimal sampling 

periods to assess reproductive impacts in these seven species were determined to be during the 

two months prespawning. The factors used to determine optimal sampling periods were: 1) a 

period when gonads were developing so relative gonad weight can be used as an indicator of the 

relative reproductive potential of the population, and 2) a period when variability in the ovary 

weight: body weight relationship is low so sample size requirements are low to detect a 25% 

difference in relative gonad size between sites. The periods of low variability in the ovary 

weight: body weight relationship were related to the reproductive strategy of the species. 
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3.2.4. Objectives 

The objectives of the present study were to: 1) develop optimal sampling periods to assess 

reproductive impacts for the 65 different fish species used in Canada's EEM program, and to 2) 

assess the influence of sampling period on the national pattern of effects observed in Canada's 

EEM program for pulp and paper mills. A literature review was conducted to obtain data on the 

reproductive strategy, spawning time, and water temperature at spawning for the 65 species to 

aid in determining the spawning period. Data on seasonal changes in relative gonad size from 22 

of the 65 species were used to develop broad seasonal reproductive patterns for Canadian fish 

species based on the species' reproductive strategy and timing of gonadal recrudescence. 

Optimal sampling periods to detect reproductive impacts were identified for each reproductive 

pattern based on periods when gonads were developing and when variability in relative gonad 

size is low (as in Chapter 2). Species specific sampling times were assigned based on the 

reproductive pattern, although there were some exceptions due to the ability to collect fish ( e.g., 

during ice cover) and timing of seasonal migrations. A meta-analysis of the fish survey 

responses from the first three cycles of the pulp and paper EEM program was conducted to 

assess the influence of sampling outside of the recommended time frame for small-bodied and 

large-bodied species. 

3.3. Methods 

3.3.1. Literature Review 

A list of sentinel species used in the pulp and paper and metal mining EEM fish population 

surveys was obtained from Lowell et al. (2005) and Lowell et al. (2007), respectively. A 

literature review was conducted to obtain details of the reproductive strategy and life history for 

each of the 65 species (Error! Reference source not found.Error! Reference source not 

found. and Table 3-2). Data were obtained from general fish biology books and publications 

obtained from Web of Science searches. 
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A literature review was also conducted to obtain data on seasonal changes in gonad size for 

each species. Publications were obtained from a Web of Science search and by using an internet 

search engine. They were restricted to studies conducted in the field in temperate climates. 

3.3.2. Reproductive Strategies 

Each of the 65 species used in EEM studies were iteroparous ( spawning more than once 

during a life cycle). For the purpose of this study, the reproductive strategy was categorized as 

single spawning or multiple spawning. Single spawners were defined as species that spawn only 

a single time per year, show group-synchronous oocyte development, and have a short spawning 

period. Multiple spawners were defined as species that spawn multiple clutches of eggs per 

reproductive period. Multiple spawners were classified as having asynchronous oocyte 

development if literature was available to support this pattern of oocyte development. If the 

pattern of oocyte development was not known ( could be group synchronous or asynchronous) 

then the reproductive strategy was classified as multiple spawning. 

When a reproductive strategy of a species was not obtained from the literature, seasonal 

changes in female gonadosomatic indices (GSI = (gonad weight) x (body weightr1 x 100) from 

published studies were used to identify the reproductive strategy. If the reduction in GSI 

(indicative of the spawning period) occurred over a period ofless than one month then the 

species was considered a single spawner and if it was longer than one month the species was 

considered a multiple spawner (as in Chapter 2). 

Other details of the species' reproductive strategies obtained from the literature review were 

whether the species exhibits skip spawning (i.e., has been known to spawn at two or three year 

intervals or some individuals may not spawn each year after reaching sexual maturity) and 

whether the male or female spawner guards a nest and/or provides parental care to the eggs or 

young. 
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3.3.3. Seasonal Reproductive Patterns 

Published data on seasonal changes in female GSI were available for 22 species. Two 

different data sets were available for five of the 22 species. Data on seasonal changes in male 

GSI were available for 13 of the 22 species. The GSI data were reported in tables or values were 

estimated from figures in the literature. The GSI estimations were obtained from figures using 

the measure tool in PixeLINK Capture SE software by measuring the distance between the x

axis (sample date) and a point and scaling the measurement relative to the y-axis (GSI) of the 

figure. 

The seasonal maximum GSI value varied among studies and species. The GSI data were 

standardized to a percentage of the maximum female GSI value for each data set for females. 

This standardization was performed so GSI values for all fish could be compared on the same 

relative (to the maximum seasonal GSI) scale. Male GSI values were standardized in a similar 

way but to a percentage of half the maximum female GSI value so the data could be plotted 

clearly with the female GSI values on the same plot. 

Plots of the standardized GSI versus time were used to identify female seasonal 

reproductive patterns. Five different reproductive patterns were suggested from the plots based 

upon the duration of the spawning periods (reflective of single spawning or multiple spawning) 

and the timing of gonadal recrudescence. GSI reached its seasonal maximum value prespawning 

for single spawners and dropped quickly (within a month), indicative of a short spawning period. 

Three patterns were observed among single spawners based upon the timing of gonadal 

recrudescence: 1) initiation of gonadal recrudescence immediately after spawning (0-2 months 

after spawning and 10-12 months before the next spawning season), 2) initiation of gonadal 

recrudescence shortly after spawning ( 4-6 months after spawning and 6-8 months before the next 

spawning season), and 3) initiation of gonadal recrudescence just prior (0-4 months) to the next 

spawning season. GSI reached its seasonal maximum value prespawning for multiple spawners 

and dropped gradually ( over more than a month) indicative of a prolonged spawning period with 
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more than one spawning event. Two reproductive patterns for multiple spawning species were 

observed based on the duration of the spawning season. The multiple spawning patterns were 

categorized by the duration of the spawning period: I) short spawning period ( one to two 

months), or 2) long spawning period (more than two months). 

Seasonal GSI curves were created for each reproductive pattern after adjusting for variation 

in the timing of maximum GSI for each species. These variations are associated with different 

environmental conditions from varying sampling locations and sampling years as well as 

different spawning seasons ( e.g., fall versus spring) for different species. Sampling dates were 

labeled using a scale of O - 12 (representing months of the year), where the first day of each 

month in a year is represented by an integer from Oto 11 ( e.g., January I st= month value O and 

March 15th= month value 2 + ( 15 - I )/31 days = 2.45). The month values were then adjusted so 

the maximum GSI value occurred at the same time month value 12 (see below). 

A locally-weighted scatterplot smoothing (LOWESS) technique (Cleveland 1979) was used 

to fit a curve to the data to represent the average trends in GSI over time for each seasonal 

reproductive pattern. LO WESS is a type of non-parametric regression that enhances the visual 

perception of patterns in plots using a series of locally weighted linear regressions (Cleveland 

1979). The use of this technique assumes that the GSI values of neighbouring time values are the 

best indicators of what the GSI value should be at a given time value (Trexler and Travis 1993). 

The month values were adjusted such that the maximum GSI value for each species occurred at 

the month value of 12 (Figure 3-1 to Figure 3-5) before performing the smoothing as GSI values 

post-spawning would not be a good indication of GSI values prespawning. The parameter/(/= 

fraction of all points to be used in the regression of the point to be smoothed) was chosen to be 

0.25 (GSI data over a three month period used to determine GSI at a single time value). The 

number of iterations of the fitting procedure required to smooth outlier effects in most data is 

two (Cleveland 1985), thus two iterations were used in the fitting procedures. A tri-cube 

weighting function was used that assigns a greater weight to points closest to the point to be 
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smoothed in the regression. This weighting function and its properties are described in detail in 

Cleveland ( 1979), Cleveland and Devlin ( 1988), and Martinez and Martinez (2005), but briefly it 

assigns a weight w = ( 1 - u3)3 to each point in the selected fraction/ of all points. The parameter 

u is the ratio of: 1) the distance between the point to be smoothed and the selected point in the 

fraction/ of all points, and 2) the maximum distance between the point to be smoothed and the 

points within the fraction/ of all points. All plots and LO WESS curves were created using 

Minitab 15 software (State College, PA). 

3.3.4. Optimal Sampling Periods 

Optimal sampling periods were identified for each reproductive pattern. The focus was on 

females since female gametes (not male gametes) are usually the limiting factor determining the 

reproductive potential of a population (Helfman et al. 2009). The optimal sampling period was 

identified as a period when: I) gonads were developing such that mean relative gonad weight 

could be used as an indicator of reproductive potential for the population, and 2) variability in 

the ovary weight: body weight is expected to be low. 

The variability in the prespawning ovary weight: body weight relationship was low for 

slimy sculpin (Chapter 2) and for 8 other single spawning species sampled during the 

prespawning period (Chapter 4). The variability in this relationship has been shown to be higher 

in multiple spawners (Galloway and Munkittrick 2006; Chapter 4). It has been shown that the 

variability in prespawning relative gonad size increases as the spawning period approaches in 

some species that do not show asynchronous oocyte development (Galloway and Munkittrick 

2006; Chapter 2). The variability in relative gonad size is high in species exhibiting 

asynchronous spawning (e.g., mummichog (Fundulus heteroclitus), Sarasquete et al. 1997; 

three-spined stickleback (Gasterosteus aculeatus), Sokolowsha and Kulczykowska 2006; 

Northern redbelly dace (Phoxinus eos) and three-spined stickleback, Chapter 2). It is observed 
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that variability reaches its minimum value during the spawning period for these species when 

GSI is at its maximum. 

The male and female LOWESS curves for each seasonal reproductive pattern were 

combined into a plot for each pattern (Figure 3-6 to Figure 3-10) to illustrate the optimal 

sampling period within the reproductive cycle. The months adjusted such that the spawning 

season corresponds to late spring/summer (adjusted so that maximum GSI occurs at a month 

value that corresponds to the spawning period for a majority of species that follow that pattern). 

These curves were created by adjusting the months from Figure 3-1 to Figure 3-5 and overlaying 

a curve using the curve auto-shape function in Microsoft PowerPoint 2003 (Microsoft 

Corporation, WA) to create the peaks at the maximum GSI values. 

3.3.5. Influence of Sampling Time on EEM Pulp and Paper Endpoint Responses 

Results from the first three cycles of the pulp and paper EEM program were examined to 

determine the number of fish surveys that were conducted outside of the developed optimal 

sampling periods. Cycle four data were not included because many of the sites with the largest 

responses were triggered into investigation of cause monitoring and did not complete a fish 

survey. 

To determine the influence of sampling time on the EEM pulp and paper effect endpoint 

responses, a meta-analysis of the data from the first three cycles of the pulp and paper program 

was performed by separating studies by sampling time (whether they were sampled during the 

optimal periods provided in this review or outside of the optimal periods). Meta-analyses have 

been used previously to analyze the EEM fish survey data (Lowell et al. 2005; 2007; Barrett et 

al. 2010) to identify national response patterns. Briefly, the procedure combines the measures of 

effects from the individual studies into an overall measure of effect standardized as the 

magnitude of effect compared to reference, divided by the pooled standard deviation. The 

Hedges' d effect size was used, which is scale free and is simply a standardized difference of 
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exposure and reference means, multiplied by a correction factor to correct for the bias of the 

effects of small sample sizes observed in some studies (Hedges and Olkin 1985; Rosenberg et al. 

2000). The meta-analysis expresses results as 95% confidence intervals for the cumulative 

(across all studies) effect size. The meta-analyses were conducted using Meta Win 2.0 software 

(Sinauer Associates, MA). 

These five effect endpoints were analyzed for each mill using analysis of covariance 

(ANCOVA) using log10 transformed data, except for age which was analyzed without 

transformation using analysis of variance. Weight-at-age was analyzed using body weight as the 

response and age as a covariate, relative gonad weight and relative liver weight were analyzed 

using organ weight as the response and body weight as a covariate, and condition was analyzed 

using body weight as the response and body length as a covariate (See Barrett et al. (2010) for 

detailed descriptions of the statistical analyses for the EEM fish survey data). The effect sizes 

were calculated as differences ( exposure - reference) using the least squares means from the 

ANCOV A model for each endpoint or simply as differences in means for the age endpoint. 

The fish responses from the first three cycles of the pulp and paper EEM data were highly 

variable (Barrett et al. 2010). Due to the variability among responses, a meta-analysis was also 

performed by separating studies by sampling time and sentinel body size. To further reduce 

variability in the responses, only data from studies using white sucker ( Catostvmus commersoni) 

and longnose sucker ( Catostomus catostomus) species were included in the meta-analysis for 

large-bodied species. These two species account for 54% of all surveys using large-bodied 

fishes. Small-bodied species used in the meta-analysis consisted of strictly freshwater species. 

Studies using the mummichog (Fundulus heteroclitus) and the three-spined stickleback 

(Gasterosteus aculeatus) were therefore omitted from the analysis to reduce variability. 
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3.4. Results 

3.4.1. Optimal Sampling Periods 

Single spawners showed three different patterns based on the timing of gonadal 

recrudescence (Figure 3-1 to Figure 3-3). For species that initiate gonadal recrudescence 

immediately or shortly after spawning (Figure 3-2 and Figure 3-3) relative gonad size can be 

assessed when the gonads begin developing. These species are spring spawners and also migrate 

to spawn and thus sampling in late fall is identified as the period when gonads are developing 

and ensures maximum exposure to effluent (limited mobility). For species that initiate gonadal 

recrudescence prior to spawning, 0-6 weeks prespawning is suggested as the optimal period. The 

gonads are developing during this period and variability in the ovary weight: body weight 

relationship should be low. 

Gonadal recrudescence among multiple spawners began in the two months prespawning for 

all species (Figure 3-4 and Figure 3-5). Two patterns from the seasonal changes in female GSI 

were observed based on the duration of the spawning period. Species that had a long spawning 

period were also identified as having asynchronous oocyte development. Close to the beginning 

of the first spawning event was chosen as the optimal sampling time for species following this 

pattern as variability in relative gonad weight has been observed to be lowest near the beginning 

of the spawning period for these species (Chapter 2). For species with a short spawning season 

4-6 months prespawning was selected as the optimal sampling period as variability in relative 

gonad size should be at its minimum during this period (Chapter 2). 

These optimal sampling periods are identified relative to the reproductive cycle of females 

for each seasonal reproductive pattern (Figure 3-6 to Figure 3-10). The reproductive cycle of 

males show that male gonads are also developing during the same period as females and it would 

be appropriate to assess reproductive impacts in males during theses periods as well. 
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Using the reproductive strategies obtained from the literature and the optimal sampling 

periods identified from the seasonal reproductive patterns, species specific sampling times were 

assigned and are provided for each species in Error! Reference source not found.Error! 

Reference source not found .. The sampling times are primarily based on the seasonal 

reproductive patterns. 

3.4.2. Influence of Sampling Time on EEM Pulp and Paper Endpoint Responses 

In total, 43% of all fish surveys (118 of 275) were conducted outside of the optimal 

sampling period. Also, 72% ( 42 of 58) and 35% (76 of 217) of studies were conducted outside of 

the optimal sampling period that used small-bodied and large-bodied fishes, respectively. 

In general, the responses followed a similar pattern for all endpoints when separated by 

sampling time (i.e., conducted during the optimal sampling periods versus outside the optimal 

period) (Figure 3-11 ). The magnitude of effect for relative gonad weight and age was not 

significantly different between sampling times (95% confidence intervals overlap). The 

responses of condition and weight-at-age were significantly greater in magnitude for fish surveys 

conducted outside of the optimal sampling period and the magnitude of the increase in relative 

liver weight was lower for the studies conducted outside of the optimal sampling period. 

The meta-analysis for small-bodied fishes revealed significant differences in responses by 

separating studies by sampling time (Figure 3-12). The response pattern for small-bodied species 

sampled during the optimal period was that of significant increases in condition, relative liver 

weight, and relative gonad weight at exposure sites compared to reference sites, a response 

consistent with nutrient enrichment. This pattern differs for studies sampled outside of the 

recommended sampling times where the responses were of a smaller magnitude. Also, the 

average response for studies using small-bodied species sampled outside of the optimal period 

was a significant decrease in relative gonad weight rather than an increase in this endpoint. 
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Insufficient age data were available for small-bodied species to include the responses of age and 

weight-at-age in the meta-analysis. 

Ninety five percent confidence intervals for the cumulative effect sizes for the two sucker 

species (represented as large-bodied species in Figure 3-12) showed no significant differences in 

effects for the responses of condition, relative liver weight, and age between sampling periods 

(95% confidence intervals overlap). Studies conducted outside of the optimal sampling period 

showed a significantly greater magnitude of effect of decreased gonad size and increased 

weight-at-age. 

3.5. Discussion 

3.5.1. Reproductive Patterns and Optimal Sampling Periods 

Fishes show a wide range of reproductive strategies. For simplicity, the reproductive 

strategies used to classify a species in this review were single spawners, multiple spawners, and 

multiple spawners that showed evidence of asynchronous oocyte development (based on some 

type of supporting data) and species were generally assigned to a single strategy. In reality, 

reproductive strategies of fishes are complex and can vary among populations of the same 

species and can vary within a population from year to year as the availability of resources and 

environmental conditions vary. For example, both single and multiple spawning have been 

observed to occur within the same species under different environmental conditions (Fox 1978) 

and both asynchronous and synchronous spawning have been observed in the same population of 

smalleye shiner under different annual stream flow conditions (Durham and Wilde 2008). Clutch 

size among banded darters (Etheostoma zonale) varies by more than 300% in three 

geographically isolated populations in central and northern Arkansas (Guill and Heins 1996). 

These examples illustrate that reproductive strategies and magnitude of reproductive investment 

are not fixed with a species or population, but basic knowledge of the reproductive strategy of a 

species can be used to optimize the study design for EEM studies to detect reproductive impacts. 
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For example, species that have been shown to be skip spawners may be problematic in EEM 

studies. Sample size requirements for these species may be much greater as developing fish 

cannot typically be distinguished from resting fish during collection. 

The timing of reproductive activities in fishes is variable both temporally and spatially. 

Water temperature and photoperiod are the primary factors inducing spawning activity in 

temperate regions (Helfman et al. 2009). Spawning time and spawning temperatures were 

collected in the literature review and are provided in Error! Reference source not 

found.Error! Reference source not found. to assist in determining optimal sampling periods. It 

is strongly recommended that field assessment procedures be conducted in an iterative fashion, 

as in the Canadian EEM program, so that programs can be adjusted as site-specific information 

on the reproductive biology of the species are developed. 

Sampling of immature and resting fish has been a consistent issue in the fish population 

surveys for both the pulp and paper and metal mining EEM programs (Munkittrick et al. 2002; 

Lowell et al. 2005, 2007). The optimal sampling periods, the age-at-maturity, and the size-at

maturity data that have been provided in this review will contribute to mitigating this issue. The 

life history characteristics provided for each species should be considered with.some caution 

though. These characteristics can vary among populations within a species ( as discussed above) 

and because of differing environmental conditions, geographic location, resource availability, or 

population genetic differences. Species characteristics provided in this review may be useful in 

designing studies, but if the regional biology of a species is known, then this information would 

be most useful for study designs. For example, differences in life history characteristics ( e.g., 

lifespan, age-at-maturity, and size-at-maturity) are known to differ for some species at higher 

latitudes (Scott and Crossman 1973). In these cases if data from previous EEM studies are 

available, these could be used to determine site-specific life history details. 

The seasonal reproductive patterns were created using a limited number of studies herein. 

Extending these patterns to characterize the seasonal reproductive patterns of other fishes is done 
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by making several assumptions. The seasonal GSI data used to create the LOWESS curves for 

the reproductive patterns were collected from many different regions, some outside of Canada 

but within similar latitudes. It is assumed that the species from these studies follow a similar 

general pattern in Canadian environments. It is assumed that the patterns of all fish species used 

in the EEM studies can be grouped into 5 broad categories. Multiple spawning fishes were 

assumed to follow only two reproductive patterns based on the duration of the spawning periods 

short (1-2 months) or long (more than 2 months). The multiple spawning species with long 

spawning periods were all species than exhibited asynchronous oocyte development and this was 

used to determine optimal sampling periods. There is no evidence of a link between the duration 

of the spawning period and oocyte development pattern and it would be expected that fishes with 

asynchronous oocyte development could have a short spawning period. It is also assumed that 

species in the same genus will follow a similar pattern when species-specific sampling periods 

were assigned. The seasonal reproductive patterns are broad and optimal sampling periods are 

determined from generalizations made from data from a few species. Site specific differences are 

expected to occur within a species that would deviate from the optimal sampling period 

described in this review. 

3.5.2. Influence of Sampling Time on EEM Pulp and Paper Endpoint Responses 

While EEM studies progressed after the first cycle to include small-bodied species in their 

designs, basic biological information on these species was either not available or was overlooked 

when sampling times were determined for some study designs. While reproductive impacts have 

been determined to be a consistent and significant response in the first four cycles of the EEM 

program for the pulp and paper industry (Lowell et al. 2005; Tessier et al. 2009; Barrett et al. 

2010), the majority of studies (72%) that used small-bodied fishes were conducted outside of the 

optimal period to assess reproductive impacts. This has been because of a number of factors, 
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including a desire for fish to be collected at the same sampling time as the EEM benthic 

invertebrate samples (fall). 

The responses for the five EEM effect endpoints from the first three cycles of pulp and 

paper monitoring showed a wide range of variability (Barrett et al. 2010). The results from meta

analyses in the present study suggest that some of this variability may be a result of sampling 

time. Significant differences in the responses for small-bodied fishes were observed for the three 

endpoints of condition, relative liver weight, and relative gonad weight after separating 

responses by sampling period. Perhaps the most surprising difference is that of an increase in 

gonad size on average for small-bodied fishes sampled during the optimal period. This positive 

increase in gonad size is consistent with a response pattern of nutrient enrichment without the 

metabolic disruption that has been observed as the national average pattern for Canadian pulp 

and paper mills (Lowell et al. 2003, 2005; Barrett et al. 2010). This evidence suggests that small

bodied fishes may respond differently to stressors than large-bodied fishes, but more data are 

needed to make stronger conclusions. 

The responses for white sucker and longnose sucker (large-bodied species in Figure 3-12) 

differed significantly with respect to timing of sampling for the endpoints of growth and 

reproduction. For both endpoints, studies conducted outside of the optimal sampling period 

showed differences of a greater magnitude. The studies using these two species that were 

sampled outside of the optimal period were nearly all conducted during the late summer and 

early fall when gonads are not developing or are in very early stages of development. 

Reproductive impacts may be greater in the earlier stage of gonadal recrudescence or perhaps 

absolute differences in relative gonad weights are not proportional to maximum relative gonad 

weights which inflate exposure differences earlier in the season. The difference in the magnitude 

of relative gonad size between sampling periods of these large-bodied fishes could also simply 

be a result of study variation or some form of natural variability. 
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3.6. Conclusion 

Optimal sampling periods to assess reproductive impacts in fishes were .identified based on 

patterns of ovarian development for fish species used in Canada's EEM program. Species 

specific sampling periods, detailed of the reproductive biology the species, and life history 

characteristics were listed for the 65 species used in Canada's EEM program. This 

standardization of sampling time has the potential of reducing variability among studies and 

improving comparability of data between studies. Sampling during the optimal period will 

enable the reproductive endpoint (relative gonad weight) to be used as an indicator of the 

reproductive potential of the fish population and can reduce the variability in gonad weight: 

body weight relationships for multiple spawning species, thus reducing lethal sample sizes 

required to detect the 25% difference in gonad size among sites. These optimal sampling periods 

in combination with the maturity data also provide the potential to increase the number of 

successful fish surveys by reducing the lethal sampling of immature and non-developing fish. 

Meta-analyses of the EEM fish survey data by sampling period and species body size from three 

cycles of monitoring in the pulp and paper program revealed some significant differences in 

responses due to sampling outside of the optimal period. The magnitude of impacts on relative 

gonad size may be underestimated by failing to sample at the recommended time for small

bodied fishes and may be overestimated for large-bodied fishes. 
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Table 3-1. Reproductive strategy, spawning time, spawning temperature, and optimal sampling periods for sentinel fish species used in pulp and 

paper and metal mining environmental effects monitoring fish population surveys. 

Family Repro- Source Spawn Source Spawn Source Sampling Common name ductive Timeb Temp." Periodd 
Genus and Sl!._ecies Strategt (months) (OC) 

Catostomidae 
White sucker S(I) Geen et al. ( 1966) 5-6 Scott and Crossman 10-12 Roberge et al. (2002) Late fall Catostomus commersoni (1973) 
Longnose sucker S(I) Geen et al. ( 1966) 4-5 Scott and Crossman 5-15 Roberge et al. (2002) Late fall 00 Catostomus catostomus (1973) l,O 

Largescale sucker S(I) Mccart and Aspinwall 5-6 Mccart and Aspinwall 10-12 McCart and Aspinwall Late fall Catostomus (1970) (1970) (1970) 
macrocheilus 
Bridgelip sucker S(I) Murdoch et al. (2005) 6 Coad (1995) 6-13 Dauble (1980) Late fall Catostomus columbianus 
Silver redhorse S(I) Reid (2006) 6 Scott and Crossman 10-14 Reid (2006) Late fall Moxostoma anisurum (1973) 
Shorthead redhorse S(I) Reid (2006) 5-6 Scott and Crossman 10-15 Reid (2006) Late fall Moxostoma (1973) 
macrole[!_idotum 

Centrarchidae 
Rock bass S/M,G Gross and Nowell (1980); 5-6 Coad (1995) 20.5-26 Becker (1983) 4-6 wks Ambloplites rupestris Coad (1995) 
Pumpkinseed sunfish S/M,G Fox and Crivelli (1998); 5-8 Danylchuk and Fox 19.4 Becker (1983) 4-6 wks Lepomis gibbosus (Becker ( 1983)) (1994) 
Smallmouth bass S(I), G Coad (1995) 5-6 Coad (1995) 12-24 Coad (1995) 0-6 wks Micro[!_terus dolomieui 

Cottidae 
Mottled sculpin S(I), G Coad (1995) 5 Coad (1995) 5-16 Coad (1995) 0-6 wks Cottus bairdii 



Family Repro- Source Spawn Source Spawn Source Sampling 
Common name ductive Timeb Temp.c Periodd 
Genus and Sf!..ecies Strategt (months) (OC) 
Slimy sculpin S(I), G Coad (1995) 5 Becker (1983) 5-10 Coad (1995) 0-6 wks 
Cottus cognatus 
Torrent sculpin S(I), G Thomas (1973) 4-6 Coad (1995) >5? 0-6 wks 
Cottus rhotheus 
Spoonhead sculpin S?, G Coad (1995) 5-7 Coad (1995)) 4-6 Coad (1995) 0-6 wks 
Cottus ricei 
Shorthorn sculpin S,G Ennis ( 1970) 11-12 Ennis ( 1970) 3-5 Ennis (1970) 0-6 wks 
Myoxocephalus scorpius 
Longhorn sculpin S(GSI) Morrow (1951) 11, 12, 1 Morrow (1951) 3-5? 0-6 wks 
Myoxocephalus G? 

"° octodecimspJnosus 
0 

C rinidae 
Carp M McCrimmon ( 1968) 5-8 Coad (1995) 17-23 Swee and McCrimmon 4-6 wks 
Cyprinus carpio (1966) 
Fallfish S? 5 Coad (1995) 16.6 Scott and Crossman 0-6 wks 
Semotilus corpora/is (1973) 
Creek chub S(GSI) Powles et al. ( 1977) 4-7 Coad (1995) 12.8-17 Becker (1983) 0-6 wks 
Semotilus atromaculatus 
Peamouth S(GSI) Gray and Daub le (2001) 4-7 Coad (1995) 10-15 Roberge et al. (2002) 0-6 wks 
Mylocheilus caurinus 
Lake chub S? 4-8 Coad (1995) 14 Scott and Crossman 0-6 wks 
Couesius plumbeus (1973) 
Longnose dace M Roberts and Grossman 4-8 Coad (1995) 11 Coad (~995) 4-6 wks 
Rhinichthys cataractae (2001) 
Blacknose dace M Galloway and 5-6 Coad (1995) 21 Becker ( 1983) 4-6 wks 
Rhinichthys atratu/us Munkittrick (2006) 
Pearl dace SorM? 3-6 Coad (1995) 17.2- Becker ( 1983) 4-6 wks 
Margariscus margarita 18.3 
Redbelly dace A Carroll (2007) 6-8 Coad (1995) 13 Coad (1995) Spawn 
Phoxinus eos 
Spottail shiner SorM? 5-7 Coad (1995) 18.3 Scott and Crossman 4-6 wks 
Notropis hudsonius (1973) 



Family Repro- Source Spawn Source Spawn Source Sampling 
Common name ductive Timeb Temp.c Timed 
Genus and species Strategt (months) (OC) 
Mimic shiner s Stewart and Watkinson 5-8 Coad (1995) ? 0-6 wks 
Notropis volucel/us (2004) 
Emerald shiner M? 6-9 Coad (1995) 20.1- Campbell and 4-6 wks 
Notropis atherinoides 23.2 MacCrimmon 1970) 
Blacknose shiner M Roberts et al. (2006) 6-8 Becker (1983) ? 4-6 wks 
Notropis heterolepis 
Common shiner S(I) Page and Magnin ( 1978) 5-7 Coad (1995) 16 Coad (1995) 0-6 wks 
Luxilus cornutus 
Golden shiner M Galloway and 5-8 Coad (1995) 20-27 Becker ( 1983) 4-6 wks 
Notemigonus Munkittrick (2006) 

\0 crysoleucas 
Redside shiner S? or M? Coad (1995) 5-8 Coad (1995) 14.5-18 Gray and Dauble (2001) 4-6 wks 
Richardsonius balteatus Gray and Dauble 
Bluntnose minnow A Gale (1983) 4-8 Coad (1995) 20 Scott and Crossman Spawn 
Pimephales notatus (1973) 
Fathead minnow A Jensen et al. (2001) 4-8 Coad (1995) 15.6 Scott and Crossman Spawn 
Pimephales promelas (1973) 

Esocidae 
Northern pike S(GSI) Treasurer (1990) 3-4 Becker (1983) 4.4 Scott and Crossman Late fall 
Esox lucius (1973) 

Family Repro- Source Spawn Source Spawn Source Sampling 
Common name ductive Timeb Temp.c Timed 
Genus and species Strategy0 (months) (OG) 

Gadiformes 
Burbot S,K MacPhail and 12, 1-3 MacPhail and 1-4 MacPhail and Late fall 
Lota Iota Paragamian (2000) Para~amian (2000) Paragamian (2000) 

Gasterosteidae 
Brook stickleback A,G Moodie (1986); Coad 4-8 Coad (1995) 8 Coad (1995) Spawn 
Culaea inconstans (1995) 



Family Repro- Source Spawn Source Spawn Source Sampling 
Common name ductive Timeh Temp.c T' d lille 
Genus and species Strategt (months) (°C) 
Three-spined stickleback A,G Sokolowsha and 4-10 Coad (1995) ? Spawn 
Gasterosteus acu/eatus Kulczykowska (2006) 
Ninespine stickleback A,G Copp et al. 2002 5-7 Coad (1995) 11.5 Scott and Crossman Spawn 
Pungitius pungitius (1973) 

Hiodontidae 
Goldeye s Pankhurst et al. (1986) 5-7 Coad (1995) 10-12.8 Coad (1995) Late fall 
Hiodon alosoides 
Mooneye S(I) Glenn and Williams 4-6 Coad (1995) 10-13 Glenn and Williams Late fall 
Hiodon terg_isus (1976) (1976) 

\0 
N Ictaluridae 

Brown bullhead S(GSI), Rosenblum et al. ( 1987); 5-7 Coad (1995) 20 Coad (1995) 0-6 wks 
Ameiurus nebulosus G Coad (1995) 
Channel catfish S(I), G Coad (1995) 5-7 Becker (1983) 21-30 Coad (1995) 0-6 wks 
lctalurus [!_Unctatus 

Percidae 
Walleye S(GSI) Malison et al. ( 1994) 4-5 Becker (1983) 5.6-10 Becker ( 1983) Late fall 
Sanders vitreus 
Yellow perch S(GSI) Henderson et al. (2000) 4-5 Becker (1983) 6.7-19 Becker ( 1983) Late fall 
Percaflavescens 
Iowa darter S(I), G Coad (1995) 5,6 Coad (1995) 16.4 Scott and Crossman 0-6 wks 
Etheostoma exile (1973) 
Johnny darter S,G Speare ( 1965); Coad 4-6 Coad (1995) 10 Coad (1995) 0-6 wks 
Etheostoma nigrum (1995) 
Logperch S(I) Simon and Wallus (2006) 6 Coad (1995) 10-15 Simon and Wallus 0-6 wks 
Percina ca[!!odes __ ~-··__@)06) 

Percoesidae 
Trout-perch M Becker (1983) 5-8 Coad (1995) 15.6-20 Becker (1983) 4-6 wks 
Percopsis omiscomaycus 



Family Repro- Source Spawn Source Spawn Source Sampling 
Common name ductive Timeb Temp.c T" d lille 
Genus and Sf!..ecies Strategy0 (month&_ (OC) 

Salmonidae 
Lake trout s Coad (1995) 8-12 Coad (1995) 8-11 Coad (1995) 0-6 wks 
Salvelinus namaycush 
Brook trout s Blanchfield and Ridgway 8-12 Coad (1995) <11 Blanchfield and 0-6 wks 
Salvelinus fontina/is (1997) Ridgway ( 1997) 
Arctic char S(I), K Dempson and Green 8-12 Coad (1995) 1-3 Dempson and Green 0-6 wks 
Salvelinus alpinus ( 1985), Roberge et al. (1985) 

(2002) 
Dolly varden S(I) Hagen and Taylor (2001) 9-11 Roberge et al. (2002) 8 Roberge et al. (2002) 0-6 wks 

"° Salvelinus ma/ma 
w Bull trout S(I) Coad (1995) 8-10 Coad (1995) 5-9 Roberge et al. (2002) 0-6 wks 

Salvelinus confluentus 
Cutthroat trout S(I) Scott and Crossman 2-5 Roberge et al. (2002) 5-6 Trotter (1989) Late fall 
Sa/mo c/arki (1973) 
Rainbow trout s Grier et al. (2007) 3-5 Becker (1983) 5-13 Becker ( 1983) Late fall 
Oncorhynchus mykiss 
Arctic grayling S(I) Northcote (1995) 5-7 Coad (1995) 5-10 Coad (1995) Late fall 
Thymallus arcticus 
Mountain whitefish S(I) Coad (1995) 9-10 Coad (1995) 3-5 Roberge et al. (2002) 0-6 wks 
Prosopium williamsoni 
Round whitefish S(I) Becker (1983) 11-12 Coad (1995) 2.8-4.4 Becker ( 1983) 0-6 wks 
Prosopium cylindaceum 
Lake whitefish S(I) Coad (1995) 10,11 Qadri (1968) 8 Coad (1995) 0-6 wks 
Coregonus c/upeaformis 
Cisco S(I) Henault and Fortin 9-11 Roberge et al. (2002) <4 Becker ( 1983) 0-6 wks 
Coreg_onus artedii (1991) 

Atherinidae 
Atlantic silverside M Conover (1984) 4-7 Coad (1995) 9-12 Conover and Kynard 4-6 wks 
Menidia menidia (1984) 



I.O 
.,I:::,. 

Family Repro- Source Spawn Source Spawn Source Sampling 
Common name ductive Timeh Temp.c Timed 
Genus and species Strategy° (months) -- -- ---- (OC) 

Fundulidae 
Mummichog A Shimizu ( 1997) 4-8 Scott and Crossman 15-30 Day and Taylor (1984) Spawn 
Fundulus heteroclitus (1973) 

Pleuronectidae 
Winter flounder S,K Harmin et al. ( 1995); 5,6 Harmin et al. ( 1995) 3 Harmin et al. (1995) Late fall 
Pseudop/euronectes Burton and Idler (1984) 
americanus 

Labridae 
Cunner S(I) Dew (1976) 7,8 Pottle and Green (1979) 11.5- Wicklund (1970) 0-6 wks 
Tautog_olabrus adse_ersus 18.3 

Pholidae 
Rock gunnel S,G Proudfoot ( 197 5) 12,1,2 Sawyer ( 1967) <7 Sawyer (1967) Late fall 
Pho/is g_unnellus 

Table 3-1. Footnote 

Reproductive strategies: s; single spawner; M, multiple spawner; A, multiple spawner with asynchronous oocyte development; K, exhibit "skip" 

spawning; G, guard nests and/or provide some form of parental care to their eggs or young; (GSI), strategy was decided based on GSI data over a 

reproductive cycle; (I), strategy implied or some evidence supporting a particular strategy (e.g. duration of spawning season);?, data were 

unavailable to support a reproductive strategy, the strategy was predicted based on observations by the authors of ova sizes in mature ovaries. 



'° Vi 

Spawning time: Integers from I to 12 to indicate the months in which the species is known or is believed to spawn in Canada. Ranges correspond 

to all months in that range (e.g., 5-7 corresponds to May, June, and July). 

Spawning temperature: Single temperature in combination with> or< signs, threshold at which a species has been known to initiate spawning 

activities; Single temperature without > or < sign simply corresponds to a single spawning temperature provided in the literature; Range of 

temperatures, range at which spawning activities has been observed;?, spawning temperature data were unavailable or values were predicted based 

on data for other species of the same genus. 

Sampling periods: Late fall, as late as possible before ice cover; 0-6 wks, zero to six weeks before the first spawning event; 4-6 wks, four to six 

weeks before the first spawning event; Spawn, close to the first seasonal spawning event. 



Table 3-2. Lifespan, age- and size-at-maturity, and mobility for sentinel fish species used in pulp and paper and metal mining environmental effects 

monitoring fish population surveys. 

Family Life span° SQurce Age (years) and Source Mobilityc Source 
Common name (years) [Size (mm) at 
Genus and species Maturityt 

Catostomidae 
White sucker 15 Mahon (1984) 4 [253] Mahon (1984); Becker Migrate Geen et al. ( 1966) 
Catostomus commersoni (1983) 
Longnose sucker 24 Scott and Crossman 6 [240] Scott and Crossman Migrate Geen et al. ( 1966) 

"° 
Catostomus catostomus (1973) (1973) 

O"I Largescale sucker 15 Roberge et al. (2002) 5M 6F [190] Roberge et al. (2002); Migrate Schmetterling and 
Catostomus macrocheilus Coker et al. (2001) McFee (2006) 
Bridgelip sucker 9 Dauble (1980) 6 [350] Dauble (1980) Migrate Murdoch et al. (2005) 
Catostomus columbianus 
Silver redhorse 14 Becker ( 1983) 5 [323] Becker (1983) 
Moxostoma anisurum 
Shorthead redhorse 14 Scott and Crossman 3 [272] Scott and Crossman 
Moxostoma (1973) (1973); Becker (1983) 
macrole[!_idotum 

Centrarchidae 
Rock bass (streams) 5-6 Coad (1995) 3-4 [54] Coad (1995); Coker et Resident Gerking (1953) 
Ambloplites rupestris al. (2001) 
Rock bass (lakes) 13 Coad (1995) 4-9 [54] Coad ( 1995); Coker et 
Ambloplites rupestris al. (2001) 
Pumpkinseed sunfish 9 Mahon (1984) 2 [59l Mahon (1984); Becker 
Lepomis gibbosus (1983) 
Smallmouth bass 18 Coad (1995) 4-6(F) 3-4(M) Coad ( 1995); 
Micropterus dolomieui [264] Becker (1983) 



Family Life spana Source Age (years) and Source Mobility" Source 
Common name (years) [Size (mm) at 
Genus and Sf!._ecies Maturi!}:'.t 

Cottidae 
Mottled sculpin 6 Coad (1995) 2-3 [60] Coad ( 1995); Resident Hill and Grossman 
Cottus bairdii Becker (1983) (1987) 
Slimy sculpin 7 Coad (1995) 3-4 [50] Coad ( 1995); Resident Cunjak et al. (2005) 
Cottus cognatus Becker (1983) 
Torrent sculpin 4 Coad (1995) 2 [53] Coad ( 1995); Coker et Migrate Thomas ( 1973) 
Cottus rhotheus al. (2001) 
Spoonhead sculpin 6 Coad (1995) 2 [68] Coker et al. (200 1) 
Cottus ricei 

"'° Shorthorn sculpin 15 Ennis (1970) 5-7 [200] Ennis (1970) 
-..J Myoxocephalus scorpius 

Longhorn sculpin 11 Morrow (1951) 3 [24M 23F] Morrow (1951); 
Myoxocephalus Beacham ( 1982) 
octodecims[!_inosus 

Cyprinidae 
Carp 20 Becker ( 1983) 3-4M 4-5F [356M Swee and Mccrimmon 
Cyprinus carpio 432F] (1966) 
Fallfish 10 Coad (1995) 2-4M 3-5F [166] Coad (1995); Coker et 
Semotilus corpora/is al. (2001) 
Creek chub 5 Mahon (1984) 2 [60M, 65F] Mahon (1984); Powles 
Semotilus atromaculatus et al. ( 1977) 
Peamouth 7 Roberge et al. (2002) 3M, 4F [249] Coad (1995); Coker et 
Mylocheilus caurinus al. (2001) 
Lake chub 5 Scott and Crossman . 3 [108] Scott and Crossman Migrate* Coad (1995) 
Couesius plumbeus (1973) (1973); Becker (1983) 
Longnose dace 5 Coad (1995) 2 [74] Mahon ( 1984 ); Becker Resident Hill and Grossman 
Rhinichthys cataractae (1983) (1987) 
B lacknose dace 4 Coad (1995) 2 [49] Mahon (1984); Becker 
Rhinichthys atratulus (1983) 
Pearl dace 4 Mahon ( 1984) 2 [94] Mahon (1984); Becker 
Margariscus margarita (1983) 



Family Life spana Source Age (years) and Source Mobilityc Source 
Common name (years) [Size (mm) at 
Genus and sp_ecies Maturi~t 
Redbelly dace 3 Mahon (1984) 1 [46] Mahon (1984) 
Phoxinus eos 
Spottail shiner 4 Scott and Crossman 1 [55] Scott and Crossman 
Notropis hudsonius (1973) ( 1973 ); Becker ( 1983) 
Mimic Shiner 2 Becker ( 1983) 1 [35] Becker (1983) 
Notropis volucellus 
Emerald shiner 4 Becker (1983) 1 [42] Becker ( 1983) 
Notropis atherinoides 
Blacknose shiner 3 Carlander (1969) 1 [24] Becker (1983) 
Notropis hetero/epis 

"° 
Common shiner 5 Mahon (1984) 1 [74] Mahon ( 1984 ); Becker 

OC) Luxilus cornutus (1983) 
Golden shiner 7 Mahon ( 1984) 2 [64] Mahon (1984); Scott 
Notemigonus crysoleucas and Crossman ( 1973) 
Redside shiner 7 Coad (1995) 3 [69] Coad (1995); Coker et 
Richardsonius balteatus al. (2001) 
Bluntnose minnow 3 Mahon (1984) 1 [50] Mahon (1984); Becker 
Pimepha/es notatus (1983) 
Fathead minnow 4 Mahon (1984) 1 [54] Mahon ( 1984 ); Becker 
Pimep_hales p_romelas (1983) 

Esocidae 
Northern pike 12 Scott and Crossman 3 [534] Mahon ( 1984 ); Becker Migrate Becker (1983) 
Esox lucius (1973) (1983) 

Gadiformes 
Burbot 13 Scott and Crossman 3 [370] Scott and Crossman Migrate Scott and Crossman 
Lota Iota (1973) (1973) (1973) 

Gasterosteidae 
Brook stickleback 3 Coad (1995) 1 [50] Coad ( 1995); Becker Migrate* Becker (1983) 
Culaea inconstans (1983) 



Family Life spana Source Age (years) and Source Mobilityc Source 
Common name (years) [Size (mm) at 
Genus and se_ecies Maturi~]b 
Three-spined stickleback 3 Coad (1995) 1 [37] Coad (1995); Coker et Migrate* Harvey et al. ( 1997) 
Gasterosteus aculeatus al. (2001) 
Ninespine stickleback 3 Coad (1995) 1 [35] Coad ( 1995); Scott and Migrate* Harvey et al. ( 1997) 
Pungitius e_ungitiu~ Crossman (1973) 

Hiodontidae 
Goldeye 17 Coad (1995) 7-lOF, 6-9M [320] Coad (1995); Coker et Migrate Coad (1995) 
Hiodon alosoides al. (2001) 
Mooneye 11 Coad (1995) 4-5F, 3M [320] Coad (1995); Coker et Migrate Coad (1995) 
Hiodon tergisus al. (2001) 

"° "° Ictaluridae 
Brown bullhead 18 Coad (1995) 3 [161] Becker (1983) 
Ameiurus nebulosus 
Channel catfish 15 Becker ( 1983) 8 [250-280(F) 280- Coad (1995) 
Ictalurus p_unctatus 

----
3 lO(M)] 

Percidae 
Walleye 20 Scott and Crossman 4 [328] Scott and Crossman Migrate Becker ( 1983) 
Sanders vitreus (1973) (1973) 
Yellow perch 10 Scott and Crossman 4 [175] Scott and Crossman Migrate Becker (1983) 
Perea flavescens (1973) (1973); Becker (1983) 
Iowa darter 4 Coad (1995) 1 [43] Mahon (1984) 
Etheostoma exile Becker (1983) 

a Johnny darter 4 Coad (1995) 1 [37] Mahon (1984) 
Etheostoma nigrum Becker (1983) 
Logperch 4 Coad (1995) 2 [106] Carlander (1969) 
Percina cap_rodes 

Percoesidae 
Trout-perch 4 Becker ( 1983) 2 [78] Carlander ( 1969) Migrate* Coad (1995) 
Percoe_sis omiscomaycus 



Family Life spana Source Age (years) and Source Mobilitl Source 
Common name (years) [Size (mm) at 
Genus and species Maturity]b 

Salmonidae 
Lake trout 20 Becker (1983) 5 [510] Becker (1983) Migrate Coad (1995) 
Salvelinus namaycush 
Brook trout 20 Coad (1995) 2-3 [156] Coad ( 1995); Becker Migrate Coad (1995) 
Salvelinus fontina/is (1983) 
Arctic char 24 Roberge et al. (2002) 10-15 [363] Coad (1995); Coker et Migrate, Roberge et al. (2002) 
Salvelinus alpinus al. (2001) Anadromous 
Dolly varden 20 Roberge et al. (2002) 3-6 [206] Roberge et al. (2002); Migrate, Hagen and Taylor 
Salvelinus ma/ma Coker et al. (2001) Anadromous (2001) 

- Bull trout 19 Coad (1995) 2-6 [385] Coad (1995); Migrate Coad (1995) 
0 Salvelinus conjluentus 0 

Cutthroat trout 10 Coad (1995) 3 [363] Coker et al. (2001) Migrate, Trotter ( 1989) 
Sa/mo clarki Anadromous 
Rainbow trout 8 Scott and Crossman 4 [349] Scott and Crossman Migrate Becker (1983) 
Oncorhynchus mykiss (1973) ( 1973 ); Car lander 

(1969) 
Arctic grayling 22 Coad (1995) 7 [326] Scott and Crossman Migrate Northcote (1995) 
Thymallus arcticus (1973); Coker et al. 

(2001) 
Mountain whitefish 29 Coad (1995) 3-4 [230] Coad ( 1995); Coker et 
Prosopium williamsoni al. (2001) 
Round whitefish 14 Becker (1983) 2-7 [305-381] Coad ( 1995); Becker Migrate, Becker (1983); Morin 
Prosopium cylindaceum (1983) Anadromous * et al. (1982) 
Lake whitefish 17 Scott and Crossman 2-8 [236] Coad ( 1995); Carlander Migrate*, Qadri 1968; Morin et 
Coregonus clupeaformis (1973) (1969) Anadromous * al. (1982) 
Cisco 16 Roberge et al. (2002) 2-3 [216-302] Becker (1983) Migrate*, Becker (1983); Morin 
Coregonus artedii Anadromous * et al. ( 1982) 

Atherinidae 
Atlantic silverside 2 Scott and Scott ( 1988) 1 Scott and Scott ( 1988) Migrate Scott and Scott 
Menidia menidia (1988} 



0 

Family Life span° Source Age (years) and Source Mobilityc Source 
Common name (years) [Size (mm) at 
Genus and species Maturi~t 

Fundulidae 
Mummichog 4 Coad (1995) 1-2 [38F, 32M] Coad (1995) Resident Skinner et al. (2005) 
Fundulus heteroclitus 

Pleuronectidae 
Winter flounder 14 Burton and Idler (1984) 6.5 [250] Kennedy and Steele 
Pseudopleuronectes (1971) 
americanus 

Labridae 
Cunner 14 Nitschke et al. (2001) 2 [80] Dew ( 1976); Pottle and 
Tautogolabrus adspersus Green (1979) 

Pholidae 
Rock gunnel 14 Proudfoot (1975) 3 [125] Vallis et al. (2007) Migrate Vallis et al. (2007) 
Pho/is g_unnellus 

Table 3-2. Footnote 

Life span: Estimated life span or maximum reported age (whichever was available) 

Age- and length-at-maturity: Separated by sex (F, female; M, male), Square brackets are used to separate the length from age. 

Mobility: Resident, research is available to suggest the species has a small home range; Migratory, research is available to suggest the species is 

known to follow a seasonal migration; Anadromous, species has an anadromous form; *, there is evidence that species migrations may be site

specific ( e.g., for lacustrine populations and not riverine populations). 
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Figure 3-1. Standardized GSI versus adjusted month LOWESS curves for single spawners 

(female on left; male on right) that initiate gonadal recrudescence just prior to the next spawning. 

Species included in figure are brown bullhead (•;Burke et al. 1985), channel catfish (o; Kumar 

et al. 2000), channel catfish ( <>; Banks et al. 1999), common shiner (A; Page et al. 1978), johnny 

darter ('v; Propst and Carlson 1989), pike ( o; Treasurer 1990), rainbow trout (x; Olsson et al. 

1987), and slimy sculpin ( +; Brasfield 2007). 

102 



1.0 1.0 

8 

0.8 ... 0.8 ... 
~ 

... . . 
~ ... <> 

r·6 • r·6 H • <> D 
D • <> . 

<> Iii 0.4 ~ Iii 0.4 ... <> iii ~ iii 
~ . 

0.2 ... • 0.2 • .... 
~ 

0.0 0.0 
8 0 

D 

2 6 10 12 0 6 10 12 
Adjusted Month Adjusted Month 

Figure 3-2. Standardized GSI versus adjusted month LOWESS curves for single spawners 

( female on left; male on right) that initiate gonadal recrudescence shortly after spawning. 

Species included in figure are cisco (•; Henault and Fortin 1991), walleye (o; Matison et al. 

1994 ), walleye ( O; Henderson et al. 1996), winter flounder ( •; Harmin et al. 1995), and yellow 

perch (V; Henderson et al. 2000). 
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Figure 3-3. Standardized GSI versus adjusted month LO WESS curves for single spawners 

(female on left; male on right) that initiate gonadal recrudescence immediately after spawning. 

Species included in figure are goldeye (•; Pankhurst et al. 1986) and mooneye (o; Glenn and 

Williams 1976). 
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Figure 3-4. Standardized GSI versus adjusted month LOWESS curves for multiple spawners 

with few spawning events (female on left; male on right). Species included in figure are Atlantic 

silverside (•;Conover 1985), black.nose dace (o; Munkittrick, unpublished data), black.nose 

shiner ( <>; Roberts et al. 2006), black.nose shiner ( ~; Roberts et al. 2006), pumpkinseed (V; 

Burns 1976), and trout-perch (o; Muth 1975). 
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Figure 3-5. Standardized GSI versus adjusted month LOWESS curves for multiple spawners 

with many spawning events (female on left; male on right). Species included in figure are brook 

stickleback(•; Braekevelt and McMillan 1967), mummichog (o; Sarasquette et al. 1997), 

Northern redbelly dace {O; Carroll 2007 ), Northern redbelly dace (A; Carroll 2007), three-spine 

stickleback ('v; Wootton 1976), and three-spine stickleback (o; Sokolowsha and Kulczykowska 

2006). 
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male ( dotted line) single spawners that initiate gonadal recrudescence shortly after spawning. 
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Figure 3-8. Standardized GSI versus adjusted month LOWESS curves for female (solid line) and 

male ( dotted line) single spawners that initiate gonadal recrudescence just after spawning. 

Approximate spawning period shaded and optimal sample time hatched. 
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Figure 3-9. Standardized GSI versus adjusted month LOWESS curves for female (solid line) and 

male (dotted line) multiple spawners that spawn few times per season. Approximate spawning 

period shaded and optimal sample time hatched. 
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Figure 3-10. Standardized GSI versus adjusted month LOWESS curves for female (solid line) 

and male (dotted line) multiple spawners that spawn many times per season. Approximate 

spawning period shaded and optimal sample time hatched. 
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Figure 3-12. 95% confidence intervals for the cumulative effect sizes of comparisons from fish 

population surveys from the first three cycles of the pulp and paper EEM program. Effects by 

endpoint are expressed as exposure - reference and separated by sampling time (R = sampled 

within the recommended (optimal) sampling time and N = not sampled within the recommended 

sampling time) and by sentinel body size (L = large-bodied and S = small-bodied). Average 

number of studies are 141 and 12 respectively for large and small-bodied fishes sampled at the 

recommended time and 39 and 69 respectively for large and small-bodied fishes sampled outside 

of the recommended sampling times. 
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4. Reproductive strategies of fishes: An evaluation of methods to classify fishes as single 

spawners or multiple spawners 

4.1. Abstract 

Three methods of predicting the reproductive strategy ( annual single spawning or multiple 

spawning) of fishes were assessed using prespawning data collected from 18 different species in 

Atlantic Canada. The first method is based on the hypothesis that the variability in the ovary 

weight: body weight relationship in prespawning females is higher in multiple spawners. There 

was evidence to support this hypothesis and a binary logistic regression model correctly 

classified the reproductive strategy of 16 of the 18 species. The second method compares the 

proportion of oocytes in different stages of development in the prespawning phase for the 18 

different species. Many single spawners contained cortical alveolar oocytes and could not be 

distinguished from multiple spawners thus a binary logistic regression model could not classify 

species very well. The third method assessed the distribution of oocyte sizes during the 

prespawning season. The distribution of oocyte sizes was expressed as the proportion of oocytes 

falling within sequential deciles and these proportions were used as predictors of the 

reproductive strategy in a binary logistic regression model. The model had a high (95%) 

classification rate for individual fish and correctly classified the reproductive strategy of all but 

one of the 18 species. Recommendations are provided for classifying the reproductive strategy of 

a species with unknown reproductive strategy based on these methods. 

4.2. Introduction 

The reproductive strategy of a species is the overall set of reproductive traits ( e.g., number 

of breeding opportunities, mating system, gender system, etc.) common to a species (Wootton 

1990; Muma and Saborido-Rey 2003; Helfman et al. 2009). Fishes can be classified as 

semelparous (spawning once per life cycle; e.g., Pacific salmonids of the genus Oncorhynchus, 

Quinn 2005) or iteroparous (having multiple reproductive events per life cycle; e.g., the 
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mummichog (Fundulus heteroclitus), Shimizu, 1997). Among iteroparous species, fishes have 

been classified based on the number of spawning events per reproductive cycle as ( annual) 

single spawners and (annual) multiple spawners (Nufiez and Duponchelle 2009) or equivalently 

as total spawners and batch spawners (Brown-Peterson et al. 2011 ). Reproductive strategies are 

not fixed within a species and can vary among populations ( e.g., American shad (Alosa 

sapidissima); Leggett and Carscadden 1978) or within a population with fluctuations in 

environmental conditions (e.g., smalleye shiner (Notropis buccula); Durham and Wilde 2008) or 

exposure to contaminants ( e.g., white sucker ( Catostomus commersoni); Vajda et al. 2008). The 

variations in reproductive strategies resulting from changes in environmental conditions have 

been termed "reproductive tactics" and are assumed to be adaptive (Muma and Saborido-Rey 

2003 ). Despite the potential for variability in reproductive strategies within a species, the 

reproductive strategies of fishes can be classified broadly based on different components of their 

breeding systems (see Wootton 1990; Muma and Saborido-Rey 2003; Helfman et al. 2009). 

Reproductive strategies of females include the synchrony of oocyte development and 

females of a species can be categorized as synchronous ( all oocytes develop and ovulate from 

the ovary at the same time), group-synchronous ( two or more cohorts of oocytes; one of which is 

fairly synchronous and is defined as a "clutch"), and asynchronous ( oocytes of all stages are 

present with no dominant cohort) (Wallace and Selman 1981; Muma and Saborido-Rey 2003). 

Synchronous oocyte development is characteristic of semelparous fishes, group-synchronous 

oocyte development is observed in both single spawners and multiple spawners, and 

asynchronous development is observed in multiple spawners (Brown-Peterson et al. 2011 ). 

The patterns of oocyte development also reflect fecundity type ( determinate or 

indeterminate). The annual fecundity for single spawners can be estimated by the standing stock 

of oocytes in advanced stages of development during the prespawning period (Hunter et al. 

1985). Single spawners therefore have determinate fecundity and a hiatus of oocytes can be 

identified in the distribution of oocyte sizes between primary growth and secondary growth 
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oocytes, allowing for an estimation of the annual fecundity by counting secondary growth 

oocytes (Hunter et al. 1985; Brown-Peterson et al. 2011). Multiple spawners may have 

determinate fecundity ( spawn few clutches; no recruitment of oocytes into vitellogenesis once 

spawning begins) or indeterminate fecundity (repeated recruitment of oocytes into vitellogenesis 

during the spawning season) (Hunter et al. 1992; Muma and Saborido-Rey 2003; Brown

Peterson et al. 2011 ). 

Knowledge of the reproductive strategies of fishes can be important for estimating annual 

fecundity and reproductive potential (Muma and Saborido-Rey 2003; Ganias et al 2004), and 

implementing population management strategies (Rideout et al. 2005). Reproductive strategies 

also influence the design and interpretation of environmental effects monitoring (EEM) studies 

that use fishes as sentinels (Chapter 3). Many EEM studies are conducted using small-bodied 

fishes as sentinels and the reproductive biology of many small-bodied species has not been 

previously studied (Chapter 2). The reproductive endpoint for these EEM studies is relative 

gonad weight which is used as an indicator of reproductive potential. The interpretation of this 

endpoint is appropriate for single spawners but is not reflective of annual reproductive potential 

in multiple spawners. In this work, a method is developed to quickly and cost-effectively 

determine the reproductive strategy (i.e., single spawning or multiple spawning) of a species to 

facilitate the interpretation of the relative gonad weight endpoint in these EEM studies and 

determine the optimal period to assess reproductive impacts in fishes (Chapter 3). 

The objective of the present study is to assess three methods of classifying iteroparous fishes 

as single spawners or multiple spawners from a single sample of females collected prespawning 

and to develop a model to classify species as single or multiple spawners. The reproductive 

strategies of seven of 65 species used in Canada's environmental effects monitoring program are 

not confirmed (Chapter 3 ). The reproductive strategy of a species can be estimated by 

conducting studies on seasonal changes in gonad size ( e.g., Chapter 2) or determined by 
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conducting histological analyses of ovaries periodically throughout the spawning period ( e.g., 

Chiang et al. 2012). It is not time nor cost efficient to conduct such studies for each species. 

The first method is based on the hypothesis that the variability in the ovary weight: body 

weight relationship in prespawning females is higher in multiple spawners than single spawners. 

It is predicted that the increased variability is due to the asynchrony of the development of the 

second clutch of oocytes before the beginning of the spawning season in multiple spawners 

(Galloway and Munkittrick 2006). The second method compares the proportion of oocytes in 

different stages of development in the prespawning phase. It is hypothesized that multiple 

spawners collected prespawning will contain oocytes in multiple secondary growth stages as 

multiple spawners can be identified by the presence of vitellogenic oocytes of different sizes 

smaller than full sized oocytes (Nufiez and Duponchelle 2009). The third method assesses the 

distribution of oocyte sizes during the prespawning season. It is hypothesized that single 

spawners will exhibit a size hiatus of oocytes between primary growth and secondary growth 

oocytes (Hunter et al. 1985) that will distinguish single spawners from multiple spawners. Each 

method is assessed using a binary logistic regression model to classify species as single or 

multiple spawners. 

4.3. Materials and Methods 

4.3.1. Fish Collections 

Female fish of several abundant freshwater and estuarine species were collected during the 

predicted prespawning period in Atlantic Canada using a target sample size of 20 individuals per 

species; different methods were used and samples were collected during the prespawning 

seasons of 2009-2012. A list of species, collection methods, and sampling dates are listed in 

Table 4-1. The prespawning period was estimated to be 0-4 weeks before the predicted first 

spawning event of the season (spawning periods obtained from Error! Reference source not 

found. (Chapter 3) and Scott and Crossman (1973)). Although the target sampling period was 
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prespawning, postovulatory follicles were observed in the ovaries of some individuals, 

indicating that they had already begun spawning. Measurements of length(± 1 mm; fork length 

for fishes with a forked caudal fin; total length for fishes without a forked caudal fin) as well as 

total body weight(± 0.001 g for small-bodied species (mean body length< 150 mm);± 0.1 g for 

large-bodied species (mean body length> 150 mm)) and ovary weight(± 0.001 g) were 

recorded. Complete ovaries (for some small-bodied species) or a cut section (-20 mm long) from 

the middle the ovary was collected from approximately 6 females per species, placed in a Histo

cassette and fixed in 10% buffered formalin for histological analyses. 

4.3.2. Gonadal Histology and Oocyte Analysis 

Histological preparations of ovaries were conducted at the Atlantic Veterinarian College at 

the University of Prince Edward Island, Canada. Preserved ovary samples (n = 1-8 per species; 

see Table 4-2) were embedded in paraffin, cut at 5 µm sections through the middle of the 

specimen, and stained with haematoxylin and eosin. One slide was prepared for each sample (N 

= 111 ). Oocyte developmental stages were assessed using a light microscope (five or ten times 

magnification). Oocyte diameters were estimated by taking the mean of two perpendicular 

measurements of the approximate diameter of the oocyte measured through the center of the 

oocyte. At least the first 150 oocytes ( or all oocytes on the slide when there were fewer than 150 

oocytes; occurred with some three-spined stickleback ( Gasterosteus aculeatus ), fourspine 

stickleback (Apeltes quadracus), and slimy sculpin (Cottus cognatus) slides) that were sectioned 

through the nucleus (to reduce bias towards larger oocytes) were measured and staged. 

Measurements were made using the measure tool in PixeLINK Capture SE software and 

standardized using a micrometer slide. 

' A five stage classification was used based on the oocyte development stages described by 

Blazer (2002). The pre-vitellogenic or primary growth (stage I) oocytes include chromatic 

nucleolar oocytes with a single nucleolus and perinucleolar oocytes with multiple nucleoli. 
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Cortical alveoli (stage II) oocytes are considered pre-vitellogenic and are identified by cortical 

alveoli deposited in the peripheral cytoplasm of the oocyte. Early-vitellogenic (stage III) oocytes 

show the first signs of yolk globules or granules with cortical alveoli still dominant within the 

cytoplasm. In mid-vitellogenic (stage IV) oocytes, yolk globules are abundant in the cytoplasm 

and the cortical alveoli are pushed to the periphery of the oocyte. Mature (stage V) oocytes have 

yolk globules that are fused into a homogeneous mass and include hydrated oocytes. The stage V 

oocytes also included those undergoing germinal vesicle migration and germinal vesicle 

breakdown. Postovulatory follicles were only observed for some multiple spawners but the 

ovaries of these individuals also contained oocytes of all stages I to V. The staging is equivalent 

to the standardized terminology for staging oocytes presented by Brown-Peterson et al. (2011) 

such that Stage I = primary growth; Stage II = cortical alveolar; Stage III = primary and 

secondary vitellogenesis; Stage IV = tertiary vitellogenesis; Stage V = oocyte maturation. 

It has been shown in many species that the region of the ovary (anterior, middle, and 

posterior) selected for sectioning is not important (Perez et al. 1992; Rinchard and Kestemont 

1996; Blazer 2002; Lefler et al. 2008). In the present study ovaries were sectioned through the 

middle of the tissue sample and it was assumed that the oocyte development stages were 

randomly distributed throughout the ovary. 

4.3.3. Data Analysis 

4.3.3.1. Variability in Ovary Weight: Body Weight Relationship 

The coefficient of determination (R2
) from the regression of log10( ovary weight) on 

log10(body weight) was used as a measure of the variability of the ovary weight: body weight 

relationship for each of the 18 species (Table 4-2). A binary logistic regression was performed 

with reproductive strategy as the dichotomous response variable ( single spawner = 0 and 

multiple spawner = 1) and R2 as the predictor variable. The fitted values of the model are the 

predicted probabilities that a species is a multiple spawner (i.e., the fitted value p = the 
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probability that the species is a multiple spawner and ( 1 - p) is the probability the species is 

single spawner based on the model). The model can be used to classify a species as a single or 

multiple spawner by using a predicted probability cutoff of 0.5, or a value that balances the 

sensitivity of the model (i.e., the percentage of true multiple spawners classified as multiple) and 

the specificity of the model (i.e., the percentage of true single spawners classified as single). 

4.3.3.2. Oocyte Staging 

The maximum stage of development (stage IV or stage V) varied among species and among 

individuals within a species (Table 4-2). Data from individuals that were not in an advanced 

stage of development (i.e., did not have stage IV or V oocytes) were excluded from the analysis 

and are not included in the samples sizes in Table 4-2 ( occurred for some Atlantic silverside 

(Menidia menidia) and pumpkinseed sunfish (Lepomis gibbosus)). A binary logistic regression 

was performed with reproductive strategy as the dichotomous response variable (single spawner 

= 0 and multiple spawner= 1 ). The predictor variables were the proportion of oocytes in stage I, 

stage II, stage III, and stages IV and V pooled together. The proportion of oocytes in stage IV 

and V were pooled due to the variability in the maximum stage of development among 

individuals that would create biases. This predictor variable was omitted from the model as it is 

a linear combination of the other three predictors. The values (proportions) for each predictor 

variable were arcsine square root transformed before analysis. 

4.3.3.3. Oocyte Diameter Distributions 

A binary logistic regression was performed with reproductive strategy as the dichotomous 

response variable ( single spawner = 0 and multiple spawner = 1 ). The predictor variables were 

the proportion of oocytes with diameters that fall between the (i - t l and ith decile where i runs 

from 1 to 9. The predictor variables correspond to the relative frequencies from a histogram with 

10 bins (omitting the relative frequency of the 10th bin) and represent the shape of the 

distribution of oocyte diameters. Only 9 variables are necessary to represent the distribution as 

120 



the proportion of oocytes with diameters between the 9th decile and the maximum diameter (i.e., 

the proportion of oocytes in the 10th bin of the histogram) is a linear combination of the values of 

the 9 predictor variables. The values (proportions) for each predictor variable were arcsine 

square root transformed before analysis. Data from individuals that did not have stage IV or V 

oocytes were excluded from the analysis as discussed above. 

The binary logistic regression classifies individual fish; therefore the mean value was 

calculated for each predictor variable across individuals of a species to assess the predictive 

ability of the model to classify a species as a single spawner or multiple spawner. 

4.4. Results 

4.4.1. Variability in Ovary Weight: Body Weight Relationship 

A binary logistic regression model was fit using the R2 from the regression of log10( ovary 

weight) on log10{body weight) for 18 species. The constant (/Jo= 13.67) and the predictor R2 (/J1 

= -16.92) for the model were near significant (p-values 0.055 and 0.054, respectively). The 

likelihood ratio test was significant (G2 = 11.31, df = 1,p = 0.0008) and the Hosmer-Lemeshow 

goodness-of-fit test suggested there is no evidence that the model does not fit the data (p = 

0.802). Using a predicted probability (of being a multiple spawner) cut-off of 0.5 to classify 

species, 4 of the 18 species (mummichog and blacknose dace (Rhinichthys atratulus) would be 

misclassified as single spawners and alewife (Alosa pseudoharengus) and creek chub (Semotilus 

atromaculatus) would be misclassified as multiple spawners). A plot (not shown) of the 

sensitivity (i.e., the percentage of true multiple spawners classified as multiple) and specificity 

(i.e., the percentage of true single spawners classified as single) versus predicted probability cut

off identified a value of approximately 0.6, as the intersection of the two curves, a value that 

approximately balances the sensitivity and specificity. Using a predicted probability cut-off of 

0.6 the model correctly classified 16 of the 18 species. Mummichog and blacknose dace were the 
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two species that were misclassified (multiple spawners classified as single spawners). The 

predicted probability cutoff of 0.6 corresponds to an R2 of approximately 0.78 (see Figure 4-1). 

4.4.2. Oocyte Staging 

The proportions of oocytes in each of the developmental stages were obtained for 111 ovary 

samples. One section of the ovary of an individual for each species is illustrated in Figure 4-2 to 

show the oocyte development stages. The coefficients for the logistic regression model are listed 

in Table 4-3 and predictors X1 and X2 were significant. The likelihood ratio test evaluated using 

the three predictors was significant (G2 = 77.07, df= 3,p < 0.0001); however, the Hosmer

Lemeshow goodness-of-fit test suggested the model does not fit the data (p = 0.002). A plot of 

the reproductive strategy versus the predicted probability of being a multiple spawner (Figure 

4-3) showed that the model would have low specificity (i.e., would classify many single 

spawners as multiple spawners) regardless of the chosen predicted probability cut-off. 

4.4.3. Oocyte Diameter Distributions 

The coefficients for the logistic regression model are listed in Table 4-4. The predictors X3, 

X 4, and X 7 were significant. The likelihood ratio test evaluated using all nine predictors was 

highly significant (G2 = 102.94, df= 9,p < 0.0001). The Hosmer-Lemeshow goodness-of-fit test 

suggested there is no evidence that the model does not fit the data (p = 0. 780). The model with a 

predicted probability cut-off of 0.5 correctly classified the reproductive strategy of 95.5% of the 

111 individual fish. The model sensitivity was 98. 7% (76 of 77 true multiple spawners classified 

correctly) and the model specificity was 88.24% (30 of 34 true single spawners classified 

correctly). A plot of the reproductive strategy versus the predicted probability is provided in 

Figure 4-4. 

A plot of the sensitivity and specificity versus predicted probability cut-off (not shown) 

identified a value of approximately O. 71 as the intersection of the two curves, a value that 

approximately balances the sensitivity and specificity. Using a cut-off of 0.71 for the predicted 
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probability, the model also correctly classifies the reproductive strategy of 95.5% of the 

individual fish with sensitivity of 94.81 % (73 of 77 true multiple spawners classified correctly) 

and specificity 97.06% (33 of 34 true single spawners classified correctly). 

The logistic regression models were created using data from individual fish but the objective 

was to classify species. The predictive ability of the model to classify the reproductive strategy 

of a species was assessed by evaluating the model using the average values across species for 

each of the predictor variables. All 25 species listed in Table 4-2 (some duplicated) were 

correctly classified using the probability cutoff of 0.5 and 0.71 with the exception of 

pumpkinseed sunfish which was labeled as a single spawner but classified as a multiple spawner. 

4.5. Discussion 

4.5.1. Variability in Ovary Weight: Body Weight Relationship 

The binary logistic regression model has a high classification rate ( 16 of 18 species) using a 

predicted probability cut-off of 0.6 which corresponded to a cut-off of 0. 78 for R2
• The model 

suggests that the reproductive strategy of a species can be classified as a multiple spawner if R2 

< 0.78 or a single spawner if R2 > 0.78. The predicted probability (p) that a species is a multiple 

spawner can be determined by evaluating the function: 

p = ( .. ) 
1 

- /Jo+/J..x 
+e 

where xis the observed R2 value and Po = 13.67 and /l1 = -16.92. 

Using the logistic regression model, the reproductive strategies of mummichog and 

blacknose dace were misclassified. Mummichog are multiple spawners with asynchronous 

oocyte development (Lister et al. 2011 ). Mummichog can easily be identified as multiple 

spawners during the prespawning and early spawning season when oocytes can be observed in 

multiple size ranges from macroscopic examination of ovaries pressed between two microscope 

slides (personal observation). The mummichog ovaries examined in the present study contained 
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hydrated oocytes, few stage III and IV oocytes, groups of stage I and II oocytes, and some 

postovulatory follicles. The presence of mature oocytes and postovulatory follicles suggest that 

the fish were collected after the the first spawning event of the season and were preparing for the 

next spawning event. McMullin et al. (2009) sampled mummichog every second day during the 

prespawning period in Southern New Brunswick and observed R2 values ranging from 0.502 to 

0.778 (consistent with a multiple spawner using the model presented herein) from May 16th to 

June 21st (the prespawning period). Once GSI reached its maximum seasonal value and 

spawning began, the authors observed R2 values of 0.882 and 0.932, suggesting that just after the 

first spawning event of the season the variability in the ovary weight: body weight relationship 

can be quite low and is consistent with observations in the present study. 

Blacknose dace (R2 = 0.880) are also multiple spawners (Galloway and Munkittrick 2006) 

and were misclassified as single spawners based on the model developed herein. Other studies 

on blacknose dace collected from streams in May in New Brunswick also showed low variability 

in the prespawning ovary weight: body weight relationship (R2 = 0.97 and 0.80 on May 5th and 

May 20th, 2003; Galloway and Munkittrick 2006; R2 = 0.85 on May 24th 2006 and R2 = 0.90 and 

0.76 on May 24th and 25th 2007; Munkittrick unpublished data; R2 = 0.92 on May 27th 2010; 

Barrett and Munkittrick unpublished data). The most advanced stage of oocytes from the 

blacknose dace ovaries examined in the present study was stage IV. The ovaries contained few 

( < 1 % ) stage III oocytes and showed groups of stage I and II oocytes. During the prespawning 

period, low variability may be observed in the ovary weight: body weight relationship because 

only one batch of vitellogenic oocytes is developing and the oocyte development pattern is 

group-synchronous. Galloway and Munkittrick (2006) observed a decrease in the R2 to 0.43 in 

mid-June once the second batch of vitellogenic oocytes began to develop. 

Although the logistic regression model presented was a good fit and could correctly classify 

all but two species, the predictor variable (k) was not significant (p = 0.054). The number of 

species should be increased to obtain a better model and a better estimate of the predicted 
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probability cutoff to classify species. Using the model herein, it may be appropriate to suggest 

would suggest using a predicted probability cut-off values of 0.1 and 0.9 to classify species. If 

the predicted probability of a species being a multiple spawner is > 0.9 then classify the species 

as multiple. If it is.< 0.1, classify the species as single. If it is between 0.1 and 0.9 then more 

evidence is needed to obtain a confident prediction. The predicted probability values of 0.9 and 

0.1 correspond to R2 values of approximately 0.68 and 0.94 respectively. 

The coefficient of determination (R2
) from a simple linear regression is a measure of the 

variability in the response variable explained by the predictor variable. Its magnitude is 

dependent on the variability in the observed values of the predictor variable. This relationship 

must be considered when sampling. A good spread of values of the predictor variable must be 

obtained to get a valid estimate of the R2 to use in the model. For example, if a large-bodied fish 

species is sampled using gill nets, multiple mesh sizes must be used to obtain a sample of 

weights that are representative of the mature female population. Failing to do so will lead to a 

narrow range of weight values and lead to a lower R2
• 

4.5.2. Oocyte Staging 

Despite having significant predictors, the binary logistic regression model using the oocyte 

stages as predictors did not fit the data. Figure 4-3 showed that the model would have classified 

many single spawners as multiple spawners and therefore would have low specificity. The 

ovaries of the single spawner species in the present study contained one mode of advanced 

vitellogenic oocytes, a reserve of primary oocytes, some individuals contained cortical alveolar 

(stage II) oocytes, and some even contained few (<l %) early vitellogenic (stage III) oocytes. The 

ovaries of the single spawners that would have been misclassified contained stage II oocytes 

with similar proportions to the most advanced stage of oocytes present in the ovary. Cortical 

alveolar (stage II) oocytes typically continue through the remaining stages of development 

during the current breeding season (Murua and Saborido-Rey 2003); however, stage II oocytes 
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have been observed throughout the annual reproductive cycle in single spawners ( e.g., striped 

bass (Morone saxatilis), Specker et al. 1987; rainbow trout ( Oncorhynchus mykiss), Grier et al. 

2007). Specker et al. (1987) suggest that cortical alveolar oocytes in striped bass can be recruited 

from the batch of primary oocytes more than a year before the oocytes will be spawned. Few 

stage III oocytes were observed in the single spawners and cannot be considered to be a 

developing batch of oocytes to be spawned. These oocytes will most likely be re-absorbed 

through atresia after the spawning period. 

The presence of stage II oocytes in the ovaries of females in the present study varied among 

species and among individuals within a species and could not be used effectively to classify the 

reproductive strategy of a species. Smallmouth bass, yellow perch, slimy sculpin, and white 

sucker all contained few or no stage II oocytes. The slide from one white sucker ovarian section 

contained 4% stage II oocytes while the slides from the other white sucker individuals had no 

stage II oocytes present (Figure 4-SA). Creek chub (Figure 4-5B), lake chub, fallfish, and 

alewife, contained batches of stage II oocytes with proportions similar in magnitude or smaller 

than the proportion of the most advanced stage of oocytes present in the ovary. This differed 

from those multiple spawners that contained only two batches of secondary oocytes such that the 

proportions of stage II oocytes were higher than the proportions of the most advanced stage of 

oocytes present in the ovary. 

Creek chub have been reported to spawn over a two week period in Manitoba (Moskenko 

1972) and up to three weeks in Ontario (Powles et al. 1972). Despite the long spawning period, 

only one mode of developing oocytes are spawned per season, evidence that creek chub is a 

single spawner (Powles et al. 1972). In estimating fecundity in the creek chub, Powles et al. 

( 1972) made the observation that the number of maturing oocytes found in the spring was about 

half of the number of developing oocytes observed in the fall. The batch of developing oocytes 

in the fall averaged 0.58 mm in diameter, only slightly larger than the average diameter of stage 

II oocytes in the present study (0.47 mm), suggesting that the oocytes observed in the fall were 
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at least stage II. This suggests that creek chub begin gonadal recrudescence in the fall which has 

been observed in many single spawners (Chapter 3) and at some point during the winter or early 

spring only a portion of the developing oocytes are recruited into vitellogenesis, leaving some 

oocytes in the cortical alveolar stage at the time of spawning. The presence of two modes of 

oocytes (one mature and one with diameters between 0.4 and 0.8 mm) prespawning was also 

observed by Schemske ( 197 4) in creek chub from Illinois. Powles et al. ( 1972) suggest that 

creek chub may have a mechanism that retards oocyte development and regulates the number of 

maturing oocytes each season, explaining the observation of two modes (maturing and stage II) 

of oocytes in the spring which would explain the presence of stage II oocytes in the ovaries of 

single spawners collected prespawning. 

Alewifes also contained stage II oocytes prespawning. The alewives that were sampled in 

the present study were anadromous. Although spawning may occur over an extended period of 

time due to variations in the arrival of migrating females, individuals spawn their eggs over a 

period of a few days (DFO, 2012) and are considered single spawners. The possibility of 

multiple spawning in the species that we have classified as single spawners cannot be ruled out 

since these species were not sampled throughout the spawning period; however, it is speculated 

that the cortical alveolar oocytes present in the ovaries of these species prespawning will not be 

recruited into vitellogenesis within the observed breeding season. Ii is also speculated that the 

few ( <1 % ) of stage III oocytes in the single spawners will be re-absorbed through oocyte atresia 

after spawning. 

4.5.3. Oocyte Diameter Distributions 

The identification of a hiatus of oocytes in the oocyte size distributions between the primary 

oocytes and a synchronously developing batch of vitellogenic oocytes is a method of identifying 

species with determinate fecundity (Hunter et al. 1985). The shape of the oocyte size frequency 

distribution during the prespawning period can be used as an indicator of oocyte development 
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pattern (i.e., synchronous, group-synchronous, or asynchronous development) (Murua and 

Saborido-Rey 2003). In the present study the prespawning frequency distribution of oocyte 

diameters were used as predictors of the reproductive strategy (i.e., single spawning versus 

multiple spawning). The predictor variables of the binary logistic regression are equivalent to the 

relative frequencies of a histogram of the oocyte diameters with IO bins. The logistic regression 

model was significant, fit the data well, and had a good classification rate. The significance of 

the coefficients of X3 and X4 implies that the proportions of oocytes between the second and 

fourth decile are strong predictors of the reproductive strategy. Oocytes in this size range for a 

given species would correspond to oocytes in stages II or III. 

The interpretation of the values of the coefficients is not straightforward as the response 

variable is fit as a log odds of being a multiple spawner in the logistic regression model and the 

predictor variables were arcsine square root transformed; however, it can be stated that higher 

proportions of oocytes between the second and fourth deciles (i.e., higher values of the 

predictors for X3 and X4) will lead to a higher log odds (since the coefficients are positive and of 

relatively large magnitude) of being a multiple spawner and a higher log odds results in a higher 

predicted probability of being a multiple spawner. Simply put: individuals with higher 

proportions of oocytes between the second and fourth decile are more likely to be classified as 

multiple spawners. Thus, the model is a quantitative method to identify a hiatus of oocytes 

between the primary oocytes and developing oocytes. 

The proportion of oocytes between the sixth and seventh decile may represent the mode of a 

second batch ofvitellogenic oocytes (stage III or IV depending on the maximum stage observed 

for an individual) and would be higher for multiple spawners. This could explain the 

significance of the predictor variable X7 and the positive, relatively large magnitude of the 

predicted value of the coefficient of X7. 

The predicted probability that a species is a multiple spawner can be determined using the 

binary logistic regression model by evaluating the function: 
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p = (" ""'. ) 
1 - Po+ £..JAX; 
+e 

where /l0 is the constant and /J; and X; (i runs from 1 to 9 ) are the coefficients and predictor 

variables listed in Table 4-4. The probability cut-off can be selected as 0.5 or 0. 71 which 

maximizes the sensitivity and specificity of the model, respectively. 

A hiatus of oocyte sizes can be observed between non-hydrated and hydrated oocytes in 

multiple spawners with asynchronous oocyte development (Hunter et al. 1985; Muma and 

Saborido-Rey 2003; Ganias et al. 2004). This may appear to be a caveat against using the oocyte 

size distribution to identify the reproductive strategy; however, there is still a continuous 

distribution of oocytes acro.ss stages I-IV that is more spread out than the distribution of oocytes 

in a single spawner and the hiatus of oocytes is not as wide. 

The variability in the maximum stage of development among individuals (stage IV or V) did 

not appear to significantly influence the shape of the oocyte diameter distribution. This is 

supported by the fact that the classification of individuals of the same species with different 

maximum stages of development (five species identified in Table 4-2) was the same. For those 

individuals that contained oocytes in both stages IV and V ( e.g., some mummichog), the stage V 

oocytes were only on average 2 7% bigger in diameter than the stage IV oocytes, suggesting that 

the hiatus of ovary size that develops between stage IV and V oocytes is not very wide. 

4.5.4. General 

The data used to develop the models to classify the reproductive strategy of a species were 

collected from a single sampling site in Atlantic Canada and at a single point in time during the 

predicted prespawning period. As discussed in Chapter 2 and Chapter 3 there is a great degree of 

variability in the timing of reproductive activities spatially and temporally and the reproductive 

strategies of a species are not fixed and can vary with changes in environmental conditions. The 

timing of sampling relative to the beginning of the spawning period will have an influence on the 
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proportion of oocytes in different stages of development and the variability of the ovary weight: 

body weight relationship as was observed in the mummichog. 

The binary logisitic regression models that were used to classify species as single spawners 

and multiple spawners were generated using a limited data set from Atlantic Canada. These 

models should be tested using an independent data set to support the predicted probability cut

offs presented in the present study and may not be appropriate to classify fishes from other 

climates without clear seasonality and where the spawning periods of fishes are not well defined. 

4.6. Conclusion 

It is suggested that the variability in the prespawning ovary weight: body weight 

relationship can be used to predict the reproductive strategy of a fish species. If the R2 from the 

regression of log10( ovary weight) on log10(body weight) from a sample of 20 prespawning 

females is< 0.68 then the species can be classified as a multiple spawner. If the R2 is> 0.94 the 

species can be classified as a single spawner. If the R2 is between 0.68 and 0.94, the oocyte 

diameter distribution method can be used to obtain a prediction of the reproductive strategy. To 

classify the reproductive strategy of a species, the ovaries of 6 randomly selected individuals can 

be used. A histological preparation from a section through the middle of each tissue sample can 

be obtained to measure the oocytes. The means of the proportions of oocytes with measurements 

falling between sequential deciles can be used as the predictor variables. The model can be used 

to classify a species using a predicted probability ( of being a multiple spawner) cut-off of 0.5 or 

0.71 depending on whether it is more desirable to have higher sensitivity or specificity. 
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Table 4-1. List of species, sampling dates, sampling locations, and collection methods. 

Species Common name Date Location Coordinates 1\·lethodA 

Alosa pseudo harengus Ale,vife 31/05.11 :MiramichiLake, NB 46° 27' 48'N 66° 5T 56"W s 

A.peltes quadracus Fourspine stickleback 07/05:'09 Abercrombie. NS 45° 38' lO'N 62° 41" 1 T\V s 

Apeltes q uadrac us:* Fourspine stickleback* 08/05/12 Trout River. PE 46° 26" 5TN 63° 27' 53"W s 

Catostomus commersont White sucker 13 705/10 Miramichi Lake. NB 46° 2T 30'N 66°57' 5TW G -w 
~ 

Couestus plwnbeus: Lake chub 18/05:'09 Catamaran Brook. NB 46° 52' 42'N 66° 06" 20"\V E 

Cottuscognatus Slimy sculpin 26:04/11 Portage Vale, NB 45° 49" 3TN 65 ° 13' 09"\V E 

Fzmdulus diaphanus Banded killifish 03.'06.<09 Meanans Cove, NB 45° 2T 20'N 65° 55" 49"W s 

Fzmdulus heteroclitus Mummichog 02.:05.11 Trout River, PE 46° 25' 12'N 63° 26' 28"\V s 

Gasterosteus: aculeatus Three-spined stickleback 03/06;09 Meanans Cove, NB 45° 2T 2TN 65° 56,. 13"\V s 

Gasterosteus: aculeatus * Three-spined stickleback* 08/05/12 Trout River. PE 46° 26" 5TN 63° 27' 53"W s 

Gasterosteus: 1t·heatlandi Black-spotted stickleback 07/05/09 Abercrombie. NS 45° 38" lO'N 62° 41" 1 T'W' s 



Species Common name Date Location Coordinates MethodA 

Gasterosteus wheatlandi* Black-spotted stickleback* 08/05/12 Trout River. PE 46° 26' 5TN 63° 2T 53"'\V s 

Lepomis gibbosus Punlpkinseedsunfish 10 106:'09 Yoho Lake.NB 45°4T 02'N 66° 51' 49"W F 

Lu_r:tlus cornutus Common shiner 31/05:'ll Miramichi Lake. NB 46° 2T 48'N 66° 5T 56"\V S:F 

Luxilus cornutu.s Common shiner 17/05:'12 ~firamichi Lake, NB 46° 2T 48'N 66° 5T 56"W F 

J.fentdia menidia Atlantic silverside 19/05:09 Hazen Creek. NB 45° 15' 34'N 66° 00' 58"W s -v.) 
Vl 

A/icropteros dolomieu Smallmouth bass 10/06/09 Yoho Lake. NB 45°47' 02'N 66° 51' 49"\V F 

Notemigo nus crysoleucas Golden shiner 09:'06.:09 Yoho Lake, NB 45°4T 02'N 66° 51' 49"\V s 

~votropts heterolepts Blacknose shiner 09!06:"09 Yoho Lake. NB 45° 4T OTN 66° 51' 49"W s 

Phoxinus eos N orthem redbelly dace 26,105/11 Frying Pan Lake. NB 45° 18' 18'N 66° 03' 24"W M 

Pungttius pungttius Ninespine stickleback 15i05/11 1·fidgell River. PE 46° 24' 53"N 62° 3 T 34"\V s 

Pzmgttius pungitius* Nine spine stickleback* 08i'05il2 Trout River, PE 46° 26' 5TN 63° 2T 53"W s 

Rhtntchthys atratulus Blacknose dace 26/05.:11 Scoodic Brook, NB 45° 29' 29"N 65° 38' 54"\V E 

Semotilus atromac ulatus Creek chub 26/05/09 Corbett Brook. NB 45° 55' 33'N 66° 39' 33"\V E 



Species Common name Date Location Coordinates l\·lethodA 

Semotilus corporalts Fallfish 12.:05/11 Miramichi Lake. NB 46° 2T 30'N 66° 5T sr,v G 

\E = backpack electrofisher; F = fyke net; G = gill net; M = minnow trap (baited with no access to bait); S = beach seine) 

* Additional sampling of the same species 

-v.J 

°" 



Table 4-2. List of species and reproductive strategies (M = multiple spawner; S = single spawner). N 1 and R2 are the sample size and coefficient of 

determination for regression of log10( ovary weight) on log10(body weight) respectively. N2 is the sample size for the oocyte analysis and Max Stage 

corresponds to the most advanced stage of development of the oocytes. Mean GSI corresponds to the mean GSI for the sample of size N1 where 

reported and N 2 otherwise. 

Species Common name Reproductive Strategy 1V1 R2 MeanGSI 1V[a.x Stage ~T ... 2 

Alosa pseudoharengus Ale,vife s T' ~ 0.793 14.50 I\r/v· 5 

-v.) Apeltes quadracus Fourspine stickleback M 26 0.504 8.94 V . ., 
-...J ~ 

Apeltes quadracus * Fourspine stickleback* l\·1 - - 12.16 \t= 6 

Catostomus commersoni White sucker s 11 0.838 7.88 IV 5 

Couesius plumbeus Lake chub s - - NA IV 3 

Cottuscogna.tus Slimy sculpin s 18 0.983 16.83 V 6 

Fundulus diaphanus Banded killifish M 25 0.616 10.36 V 5 

Fundulus heteroclitus Mummichog M 23 0.851 14.06 v= 6 

Gasterosteus aculeatu.s Threespine stickleback M 22 0.357 18.59 \t= 4 

Gasterosteus acuieatus * Threespine stickleback* M - - 13.77 IV/\t= 6 



Species Common name Reproductive Strategy Ni R.2 :MeanGSI Max Stage N2 

Gasterosteus wheatlandi Black-spotted stickleback M 20 0.393 12.50 \.1"= ., .., 

Gasterosteus wheatlandi Black-spotted stickleback* M 18.01 IV/\t= 6 

Lepomts gtbbosus Pumpkinseed sunfish s 13 0.860 3.84 IV .., 
..:.., 

Luxilus comutus Common shiner M 19 0.385 12.99 J\.l'" 6 

Luxtlus cornutus* Common shiner* :M - 10.16 IV 8 -v.) 
00 

}Jen tdia menidia Atlantic silverside M 18 0.633 3.42 l'l 1 

Aficropteros dolomieu Smallmouth bass s - N,:A 1\.1" 2 

;.\Totemtgonus crysoleucas Golden shiner I\.f 19 0.523 6.48 I\' 3 

.. Votropis heterolepis Blacknose shiner M 21 0.593 8.22 IV 2 

Phoxinus eos Northern redbelly dace M 20 0.736 13.58 1\.1" 6 

Pungitius pungitius Ninespine stickleback M 27 0.703 9.37 1v· .. v 2 

Pz.mgitius p u ngitius * Ninespine stickleback* M - 14.41 I\l/V'= 6 

Rhinichthys atratulus Blacknose dace M 18 0.880 12.02 1v· 6 

Semotilus atromaculatus Creek chub s 20 0.788 14.98 J\T/\t 6 



Species Common name Reproductive Strategy ~v1 Rl !\·lean GSI Max Stage .N2 

Semottlus co,poralts Fallfish s 16 0_951 6_99 :rv· 5 

NI A = not available 

#Postovulatory follicles were present in the ovaries of some individuals 

-v.l 

"° 



Table 4-3. Binary logistic regression analysis with response single spawner (0) and multiple 

spawner ( 1) for a single fish. Predictors X1, X2, and X3, correspond to the proportion of oocytes 

( arcsine square root transformed) in stage I, stage II, and stage III, respectively and X0 is the 

constant. 

Predictor 

Variable 

Coefficient 

-22.6564 

12.35389 

27.8477 

7.619488 

Standard Error 

7.063283 

4.676939 

6.766823 

3.93666 
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z 

-3.21 

2.64 

4.12 

1.94 

p-value 

0.001 

0.008 

<0.001 

0.053 



Table 4-4. Binary logistic regression analysis with response single spawner (0) and multiple 

spawner ( 1) for a single fish. X0 is the constant and predictor variables x; correspond to the 

proportion of oocytes ( arcsine square root transformed) with diameters that fall between the (i -

1 Yh and /h decile. 

Predictor Coefficient Standard Error z p-value 

Variable 

Xo -36.6084 19.7698 -1.85 0.064 

Xi 19.3210 11.5798 1.67 0.095 

X2 10.7407 9.5008 1.13 0.258 

X3 44.6758 13.9133 3.21 0.001 

X4 23.4607 10.0144 2.34 0.019 

Xs 6.0146 7.5088 0.80 0.423 

x6 -4.8145 10.3677 -0.46 0.642 

X1 22.4590 10.4932 2.14 0.03'2 

Xs -5.4720 6.5658 -0.83 0.405 

X9 8.5694 8.6432 0.99 0.321 
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Figure 4-1. Binary logistic regression model fit to the reproductive strategy (0 = single spawner; 

1 = multiple spawner) versus the coefficient of determination (R2
) from the regression of 

log10( ovary weight) vs log10(body weight). Total sample size was 18. The model with a predicted 

probability cut-off of 0.6 correctly classifies the highest proportion of species (16 of 18) and 

corresponds to a R2 of 0.78. 
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Figure 4-2. Oocyte developmental stages [pre-vitellogenic (I); cortical alveoli (II) early

vitellogenic (III), mid-vitellogenic (IV), mature (V), postovulatory follicles(#)] in A) alewife 

(Alosa pseudoharengus), B) fourspine stickleback (Apeltes quadracus), C) white sucker 

(Catostomus commersoni), D) lake chub (Couesius plumbeus) , E) slimy sculpin (Cottus 

cognatus), F) banded killifish (Fundulus diaphanus) , G) rnummichog (Fundulus heteroclitus), 

H) three-spined stickleback (Gasterosteus aculeatus), I) black-spotted stickleback (Gasterosteus 

wheatlandi), J) pumpkinseed sunfish (Lepomis gibbosus), K) common shiner (Luxilus cornutus), 

L) Atlantic silverside (Menidia menidia), M) smallmouth bass (Micropterus dolomieu), N) 

golden shiner (Notemigonus crysoleucas), 0) blacknose shiner (Notropis heterolepis), P) 

Northern redbelly dace (Phoxinus eos), Q) ninespine stickleback (Pungitius pungitius), and R) 
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blacknose dace (Rhinichthys an:atulus), S) creek chub (Semotilus atromaculatus), and T) fallfish 

(Semotilus corpora/is). Bar represents 500 µm. 
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Figure 4-3. Reproductive strategy (0 = single spawner; I = multiple spawner) versus the 

predicted probability from the binary logistic regression model with oocyte development stages 

I, II, and III as predictors. Total sample size was 111. 
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Figure 4-4. Reproductive strategy (0 = single spawner; I = multiple spawner) versus the 

predicted probability from the binary logistic regression model with predictors corresponding to 

the proportion of oocytes with diameters that fall between the (i - 1 )th and ith decile. Total sample 

size was 111. The predicted probability cut-offs of 0.5 and 0. 71 are shown to illustrate the 

misclassified observations using each value. 
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Figure.4-5. Oocyte development showing cortical alveolar (II) oocytes in prespawning single 

spawners, A) white sucker (Catostomus commersoni) B) creek chub (Semotilus atromaculatus). 

Bar represents 500 µm. 
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5. An evaluation of the suitability of abundant fishes for use as sentinels for 

environmental effects monitoring for a pulp mill on the Uruguay River 

5.1. Abstract 

A monitoring program for a large pulp mill on the Uruguay River involves fish population 

monitoring twice a year using the trompudo catfish (Jheringichthys labrosus) as a sentinel 

species. The selection of appropriate sentinel species for environmental monitoring depends 

upon some a priori knowledge of fish reproductive biology and optimal sampling periods to 

improve the ability to assess reproductive impacts. Recomendations are provided to improve 

environmental monitoring programs when there are basic information deficiencies such as data 

on size-at-maturity and the reproductive period of fishes. The biology of the trompudo is 

reviewed and histological analyses of ovaries and ovary size data reveal that the sampling for the 

monitoring program has included primarily sexually immature fish. Guidance is provided to 

optimize the monitoring program to assess potential reproductive impacts in the trompudo which 

includes identifying the size-at-maturity, the peak of the spawning period, and assessing 

additional reproductive endpoints. The biology of six (including the trompudo) abundant fish 

species in the Uruguay River was studied to assess their suitability to serve as a sentinel species 

to assess reproductive impacts in fishes. Three. species are suggested to be suitable candidates for 

sentinels for reproductive impacts in fishes (the trompudo (after refinement of the study design), 

the corvina de rio (Pachyurus bonariensis), and an armoured catfish (Loricariichthys edentatus)) 

although further studies on the reproductive biology of these species are needed to optimize the 

sensitivity of detecting reproductive impacts. 

5.2. Introduction 

Toxic responses were first observed in fishes exposed to pulp and paper mill effluent in 

Sweden in the early 1980s (reviewed in Sodergren 1992). These findings prompted studies on 

the impacts of pulp and paper mill effluent on fishes in Canada. The first Canadian studies were 
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conducted at Jackfish Bay, Lake Superior and identified reproductive impairment in fishes 

exposed to effluent (McMaster et al. 1991; Munkittrick et al. 1991 ). Since the early 1990s, the 

impacts of pulp and paper mill effluent on fish populations have been studied extensively. 

Studies in Canada have identified trends of decreased gonad size, decreased circulating and 

gonadal production of reproductive steroids, altered expression of secondary sex characteristics, 

and decreased egg production in fishes exposed to pulp and paper mill effluents (reviewed in 

McMaster et al. 2006; Hewitt et al. 2008). 

The Canadian government implemented a standardized environmental monitoring (EEM) 

program for the pulp and paper industry in the early 1990s (Munkittrick et al. 2002). The EEM 

program is a regulated, industry funded, cyclical monitoring program used to assess whether 

dischargers are causing environmental impacts on fish or benthic invertebrates despite 

complying with effluent regulations (Courtenay et al. 2002; Munkittrick et al. 2002; Ribey et al. 

2002). One requirement of the EEM program is to conduct an adult fish population survey where 

indicators of energy storage ( condition and relative liver weight), energy use ( weight-at-age and 

relative gonad weight), and survival (age) are assessed in at least two sentinel species, and a 

minimum of one reference site is surveyed for statistical comparisons (Courtenay et al. 2002; 

Munkittrick et al. 2002). Guidelines for designing EEM studies to assess the health of fish 

populations (including the selecting of sentinel species and optimal sampling times) have been 

developed (Munkittrick 1992; Munkittrick et al. 2000; 201 O; Barrett and Munkittrick 2010). 

There has been a recent development of large pulp mills in Chile, Uruguay, and Brazil. 

There are serious challenges to developing EEM programs using fishes in these countries 

because of the lack of biological data on many fish species (Chiang et al. 2010; 2012). The 

Neotropical region has the most diverse fish fauna in the world with more than 4475 species 

described and at least 1550 more to be described (Reis et al. 2003). The Uruguay River at Fray 

Bentos, Uruguay is the receiving environment for effluent discharged from a pulp mill that 

began operating in 2007. More than 250 different species of fish have been described on the 
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river (Filo and Schulz 2003; Teixeira de Mello et al. 2011) and the fish communities vary 

seasonally along the river. Many of the species are captured in low abundance and the life 

histories of many species are unknown. Moreover, the climates of Uruguay and Brazil lack the 

major seasonal differences evident in temperate regions where the EEM sampling methodologies 

were developed. Thus, unlike in Canada, many fishes in these countries spawn throughout the 

year which complicates the assessment of impacts on reproduction, an endpoint of interest when 

evaluating the effects of pulp and paper effluent on fishes. 

The primary objective of this study is to assess the suitability of abundant fishes on the 

Uruguay River at Fray Bentos for use as sentinels for a monitoring program to assess 

reproductive impacts in fishes. The objective is to provide a template for EEM design in an area 

where baseline data are lacking. The fish community of the Uruguay River is dominated by 

Characiforms and Siliriforms. Common species near Fray Bentos include sabado (Prochilodus 

lineatus), boga (Leporinus obtusidens), the pati catfish (Luciopimelodus pati), the dorado 

(Sa/minus maxillosus), and the trompudo catfish (lheringichthys labrosus) (EcoMetrix 201 O; 

Saizar et al. 2010). All of these species, with the exception of the trompudo catfish, have been 

identified as migratory species (Zaniboni Filo and Schulz 2003) and therefore would not be. 

suitable for monitoring the impacts of a point source effluent. The present study reviews the 

available biological information on six abundant fishes from collections on the Uruguay River 

near Fray Bentos. The gonad weight: body weight relationships and oocyte development in 

females of these species were assessed to identify candidates for use as sentinels for assessing 

reproductive impacts (Chapter 4). 

The second objective of this study is to review the biology of the trompudo and optimize the 

design of environmental monitoring programs using this species to assess potential reproductive 

impacts in fishes. Fish population monitoring at the Fray Bentos pulp mill began in 2005 using 

trompudo as a sentinel species because it was abundant and easy to capture (Saizar et al. 2010). 

The sampling protocol includes a population survey every April and December that assesses the 
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endpoints of condition, relative gonad and liver weight, concentrations o( chlorinated phenols 

and resin acids in bile, and concentrations of dioxins in muscle tissue. A review of the literature 

and the data collections from the present study are used to evaluate the sensitivity of the 

monitoring program to detect reproductive impairment in trompudo. 

5.3. Review of the Biology of Abundant Species 

5.3.1. Trompudo Catfish (lheringichthys labrosus) 

The trompudo is endemic to the Plata River system (consisting of the Uruguay, Paraguay, 

and Parami Rivers and their tributaries) (Liotta, 2006). It has been suggested that the species is 

non-migratory and does not exhibit parental care (Agostinho and Julio 1999; Santos et al. 2006). 

Maximum total length has been reported to be 334 mm by Fagundes et al. (2008) on the Ibicui 

River, Brazil or 245 mm standard length on the Uruugay River (Teixeira de Mello et al. 2009). 

There are no published data on the longevity of the species. 

The diet of trompudo has been well studied. Trompudo consume benthic invertebrates and 

live in a benthic habitat. Masdeu et al. (2011) identified Diptera, Copepoda, Ostracoda, Bivalvia, 

\ 

Nematoda, and Gastropoda as the dominant groups in stomach contents of individuals on the 

Uruguay River. Studies on the Parana River, in Brazil and Paraguay (Abes et al. 2001) and on 

the lbicui River, Brazil (tributary of Rio Uruguay) (Fagundes et al. 2008) also identified a diet 

dominated by aquatic insects (primarily Chironomidae) and mollusks. In addition to the diet 

described above, Fugi et al. ( 1996) found that algae composed a portion of the diet of trompudo 

on the Upper Parana River, Brazil, and Rech (2008) found trompudo stomachs to also contain 

sediment, detritus, and plant material on the Upper Uruguay River, Brazil. 

Trompudo are multiple spawners that exhibit asynchronous oocyte development and 

individuals have been observed in the reproductive phase in all months of the year with peaks in 

reproduction with the rainy season in November and December in Brazil (Santos et al. 2006; 

Suzuki et al. 2013 ). Other studies in Brazil have identified reproductive periods from September 
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to December, with peaks in reproductive activity in November (Silva, 1995; Holzbach et al. 

2009). Size-at-maturity in the Parana River system has been reported to be 197 mm for males 

and 181 mm for females (Suzuki et al. 2013 ). Santos et al. (2006) found resting ovaries to have a 

gonadosomatic index (GSI) of 0.62 ± 0.44 (mean± standard deviation) and mature ovaries have 

a GSI of 4.55 ± 2.22. Suzuki et al. (2013) found that GSI peaked annually in 

November/December with mean values varying across 2001 to 2003 from 2.5% to 4% for 

females and between 0.4% and 0. 7% for males. 

5.3.2. Misionero Catfish (Parapimelodus valenciennis) 

The misionero catfish is endemic to the Plata river system (consisting of the Uruguay, 

Paraguay, and Parana Rivers and their tributaries) (Lucena et al. 1992). The maximum age has 

been estimated to be 8 and 9 years for males and females, respectively, and the maximum total 

length 279 nim in the Punta Lara zone of the Plata River (Candia et al., 1973) or 230 mm 

standard length in the Uruguay River (Teixeira de Mello et al. 2009). The misionero catfish is 

not known to exhibit parental care (Lundberg and Littmann, 2003). It is a pelagic filter feeder 

(Gelos et al. 2010) but has also been observed to feed on crustaceans (Freyre, 1973). The 

misionero catfish is observed in all months in the Plata River near Buenos Aires, Argentina but 

with highest abundance in March to November (Candia et al., 1973). Abundance is highest in 

December compared to April on the Uruguay River at Fray Bentos (Teixeira de Mello et al. 

2011 ), suggesting that the species may migrate from the estuary to the river for feeding or 

spawning purposes. 

5.3.3. Corvina de Rio (Pachyurus bonariensis) 

Corvina de rio is endemic to the Plata River system (consisting of the Uruguay, Paraguay, 

and Parana Rivers and their tributaries) (Dufech and Fialho, 2007). Length at first maturity has 

been estimated to be 1 72 mm total length (Marques et al. 2007). Corvina de rio is a multiple 

spawner with group synchronous oocyte development (Flores and Hirt 2002; Lagemann 2009). 
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Spawning was observed to occur in the spring, with a peak of spawning activity in December 

near the border of Argentina and Paraguay (Flores and Hirt 2002) with GSI = 3 .12 ± 1. 7 5 (mean 

± standard deviation). Spawning occurred from November to January, with a peak of activity in 

November (GSI = 3.61 ± 1.43; mean± SD), on the Taquaremb6 stream in the south of Brazil 

(Lagemann 2009) and GSI was found to be correlated with photoperiod and conductivity and not 

with rainfall. 

Covina de rio are benthic feeders ~ith a diet composed of primarily Diptera and 

Ephemeroptera (Lagemann 2009). In addition to benthic invertebrates, Dufech and Fialho (2007) 

also reported that crustaceans, oligochaetes, and eggs have been found in the stomach contents 

of corvina de rio. 

5.3.4. Armoured Catfishes: Loricariichthys melanocheilus, Loricariichthys edentatus, and 

Rico/a macrops 

Among the several different armoured catfish species on the Uruguay River, Loricariichthys 

me/anocheilus, Loricariichthys edentatus, and Rico/a macrops were the three most abundant 

species in the collections in the present study. Loricariichthys melanocheilus and Rico/a 

Macrops are larger-bodied species reaching standard lengths of over 400 mm (Teixeira de Mello 

et al. 2009) and 200 mm, respectively (Reis et al. 2003), while Loricariichthys edentatus is a 

smaller-bodied species reaching standard lengths of up to 150 mm (Reis et al. 2003). There is a 

sexual dimorphism in these armoured catfish species such that the males have larger elongated 

lips (Taylor, 1983; Reis and Pereira 2000; Teixeira de Mello et al. 2011). This sexual 

dimorphism is related to the parental care in the males of these species. Spawned eggs of the 

female are attached below the labial papillae of the male and lay along the male's ventral surface 

until they hatch. 

Loricariichthys melanocheilus have been reported to feed on vegetable matter, benthic 

invertebrates, molluscs, and fish scales (Selma et al. 2007). There are no published studies on 
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the diet of Loricariichthys edentatus, but Loricariids are generally herbivorous and have a long 

intestine (Nelson 2006). Rico/a macrops are detritivores although they are also been observed to 

feed on mollusks (Garcia and Protogino 2005; Teixeira de Mello et al. 2011). The armoured 

catfishes are multiple spawners. Asynchronous oocyte development has been observed in the 

closely related Loricariichthys castaneus in Lajes Reservoir, Brazil with spawning throughout 

most of year, with peaks in August to September coinciding with low water levels and rainfall 

and increasing water temperature (Gomes et al. 2011). Seasonal maximum mean GSI values 

were 6.5% for females and< 0.4% for males (Gomes et al. 2011). Prolonged spawning periods 

have also been observed in other armoured catfish species (Loricariichthys platymetopon, 

spawning peaks from September to January (Marcucci et al. 2005); Loricariichthys spixii, 

spawning from August to November (Duarte et al. 2007)) in Brazil. 

5.4. Material and Methods 

5.4.1. Mill and Study Area 

The pulp mill near Fray Bentos is situated approximately 5 km east of the city (Figure 5-1) 

on the lower Uruguay River. The mill began production in November 2007 with an approximate 

production capacity of one million air dried metric tonnes of pulp per year (EcoMetrix 2010). 

The mill produces bleached kraft pulp produced from monoculture eucalyptus plantations 

located across western and northern Uruguay and the pulp is exported to Europe, Asia, and 

North America (Faroppa and Annala 2004). The mill has biological effluent treatment with 

activated sludge (Faroppa and Annala 2004) and the average effluent discharge rate in 2009 was 

0.80 m3/s (EcoMetrix 2010). 

The Uruguay River has a basin of approximately 365 000 km2 covering sub-tropical 

wetlands and semi-wetlands in the North and prairies in the South (Zaniboni Filo and Schulz 

2003; Faroppa and Annala 2004). It runs more than 1800 km from its source (the Pelotas River) 

near the Southern coast of Brazil, forms the border of Argentina and Brazil in the north and 

160 



Argentina and Uruguay in the south, and merges with the Parami River to form the Plata River 

estuary that opens to the Atlantic Ocean (Zaniboni Filo and Schulz 2003). The average river 

flow at Fray Bentos is 6000 m3 Is. 

5.4.2. Fish Collections 

Fishes were collected from three sampling locations in 2009 and 2011; namely, Nuevo 

Berlin (upstream reference; 32° 59' 16" S, 58° 03' 56" W), Yaguarete (near field exposure, 33° 

06' 58" S, 58° 16' 16" W), and Las Cafias (far field exposure; 33° 11' 31" S, 58° 21' 26" W) 

(Figure 5-1) using gill nets with panels of varying mesh sizes (5.0, 6.25, 8.0, 10, 12.5, 15.5, 19.5, 

24, 29, 35, 43, and 55 mm measured knot to knot). Nets were set perpendicular to the coastline 

and soaked for approximately 12 hr. In 2009, collections were made on November 26th and 

December 5th at Nuevo Berlin, November 27th and December 6th at Yaguarete, and November 

28th at Las Cafias with water temperature of approximately l 9°C. In November 2011 collections 

were made on November 26th at Nuevo Berlin, November 2ih at Yaguarete, and November 28th 

at Las Cafias. 

Fish sampling was conducted from October 19th to 21st 2011 using gill nets with panels of 

varying mesh sizes (50, 54, 57, and 64 mm measured knot to knot). Nets were set perpendicular 

to the coastline and soaked for approximately 24 hr. The water temperature during the sampling 

period was approximately 21 °C. 

Measurements of body length(± I mm; measured as standard, total, or fork length as 

indicated) and total body weight(± 0.01 g) were recorded as well as gonad weight(± 0.001 g) 

for some individuals. The gonadosomatic index (GSI) was calculated as the ratio of gonad 

weight to body weight x 100. Complete ovaries or a cut section (-20 mm long) from the middle 

of the ovary for approximately 6 females per species were placed in a Histo-cassette and fixed in 

I 0% buffered formalin for histological analyses. The focus of the gonad weight: body weight 

relationships was on females because female relative gonad size is the primary reproductive 
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endpoint in assessing reproductive impacts (Chapter 3 and 4) and the samples sizes of males in 

the present study were low. 

5.4.3. Ovarian Histology 

Histological preparations of ovaries were conducted at the Atlantic Veterinarian College at 

the University of Prince Edward Island, Canada following the same methods as in Chapter 4. 

The oocyte development stages were classified using the stages described by Blazer (2002) and 

are outlined in Chapter 4. 

5.4.3.1. Data Analyses 

Female gonad weight: body weight relationships were examined using linear regression of 

log10(gonad weight) on log10(body weight). Relative gonad size was expressed _using GSI. A GSI 

of less than 1 % can be used for most species to identify immature or resting females 

(Munkittrick et al. 2010). A priori power analyses to determine sample sizes required to detect a 

25% maximum difference in female gonad size between three sampling sites ( one-way analysis 

of covariance model; log10(gonad weight) vs log10(body weight)) were conducted using Minitab 

16 software with a=~= 0.1. 

5.5. Results 

5.5.1. Fish Collections 

The most abundant fishes in the collections in the present study were two catfish species 

lheringichthys labrosus and Parapimelodus valenciennis, a croaker Pachyurus bonariensis, and 

three armoured catfishes Loricariichthys edentatus, Loricariichthys melanocheilus, and Rico/a 

macrops. Mean length, weight and GSI data are listed by sex and site for each species in Table 

5-1 and 

Table 5-2 for the 2009 and 2011 data collections, respectively. 
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5.5.2. Gonad Weight: Body Weight Relationships and Oocyte Development 

5.5.2.1. Trompudo Catfish (Iheringichthys labrosus) 

A plot of gonad weight vs body weight for female trompudo collected in November 2009 is 

provided in Figure 5-2. All individuals but one had GSI values < 1 %. Histological examination 

of six of these individuals ( standard lengths between 126 and 189 mm) revealed that ovaries 

contained only primary oocytes indicating they had not reached sexual maturity (Figure 5-3A). 

One fish with standard length of234 mm (GSI = 4.36) was sexually mature and contained 

oocytes in the vitellogenic stage (Figure 5-3B). 

5.5.2.2. Misionero Catfish (Parapimelodus valenciennis) 

Figure 5-4 shows the gonad weight: body weight relationship for female misionero catfish 

collected in December 2009. The variability in the relationship was low (R2 = 0.904) and 

developing fish had a mean GSI of 3 .41. Histological examination of the ovaries revealed groups 

of oocytes in stages II and IV with uniform diameters for each group suggesting that oocyte 

development may be group-synchronous (Figure 5-5). Postovulatory follicles were observed in 

some individuals and oocytes were observed in stages I through IV. 

Postovulatory follicles were also observed in the ovaries of some but not all individuals 

from the October 2011 sampling, indicating that spawning had begun (Figure 5-3C and D). The 

distribution of oocytes in the secondary growth stages was similar in the December 2009 and 

October 2011 collections (Figure 5-5 and Figure 5-6). 

5.5.2.3. Corvina de Rio (Pachyurus bonariensis) 

A plot of gonad weight vs body weight for female corvina de rio collected in November 

2009 is provided in Figure 5-7. Based on gonad size, it is evident that some individuals had not 

yet reached sexual maturity and that individuals of mature size ( with GSI near the 1 % line) are 

either sexually immature or resting. Developing fish had a mean GSI of 2.94%. Histological 
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examination of ovaries revealed oocytes in stage IV and postovulatory follicles indicating 

spawning had begun (Figure 5-5). In October 2011, developing fish had a mean GSI of 1.05%. 

The most advanced oocytes were in stage IV and no postovulatory follicles were observed 

(Figure 5-3E and Figure 5-6), suggesting that the batch of stage IV oocytes could be developing 

for the first spawning event of the season. 

5.5.2.4. Armoured Catfishes: Loricariichthys melanocheilus, Loricariichthys edentatus, and 

Rico/a macrops 

The gonad weight: body weight relationships for female Loricariichthys melanocheilus, 

Loricariichthys edentatus, and Rico/a macrops collected in November and December 2009 are 

provided in Figure 5-8, Figure 5-9, and Figure 5-10, respectively. Developing Loricariichthys 

melanocheilus had a mean GSI of 4.37% and two individuals (standard lengths< 230 mm) were 

predicted to be sexually immature. All Loricariichthys edentatus individuals were in a 

reproductive state and the mean GSI was 7.63%. There was a clear separation between 

developing and non-developing (i.e. rest~ng and immature) Rico/a macrops. The mean GSI of 

developing females was 5.11 % at Yaguarete and there was little variability in the relationship. 

Histological examination of ovaries from samples in 2009 and 2011 revealed oocytes in all 

stages of development (Figure 5-1 lA, B, and C, Figure 5-5, and Figure 5-6) for the three species 

including the presence of postovulatory follicles. 

5.6. Discussion 

5.6.1. Assessing Reproductive Impacts in the Trompudo Catfish 

All female trompudo collected in November and December 2009 ( except one) had GSI 

values< 1 %. The ovaries of 8 of these individuals were examined histologically and these fish 

were determined to be sexually immature (i.e., had not yet reached sexual maturity). Figure 5-12 

shows the gonad weight: body weight relationship for female trompudo collected as part of the 
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mill's ongoing fish population monitoring from the three sampling sites in December 2008. It is 

evident that many of the fish sampled were sexually immature and those with GSI < 1 % that are 

above the predicted size-at-maturity (approximately 181 mm observed by Suzuki et al. (2013)) 

are either sexually immature or resting, and this could be confirmed by histological evaluation of 

the gonads. Sampling in April 2008 at the three sampling sites as part of the mill's monitoring 

revealed female GSI values of <l % (Teixeira de Mello, unpublished data) for all 133 individuals 

sampled. Many individuals had standard lengths > 200 mm suggesting that these individuals had 

reached sexual maturity and that trompudo is not reproductively active during April. 

The reproductive endpoint for the monitoring program for the pulp mill on the Uruguay 

River is relative gonad size. This endpoint is assessed statistically among sites using analysis of 

covariance with log10(gonad weight) as the response and log10(body weight) as the covariate. 

This endpoint is an indicator of reproductive potential when the gonads are developed and the 

fish are sampled prior to the spawning period ( or near the beginning of the spawning period for 

multiple spawners) (Barrett and Munkittrick 2010). If the relative gonad weight endpoint is 

evaluated using only sexually immature and/or resting females, the endpoint is no longer an 

indicator of reproductive potential and the endpoint cannot be used to assess reproductive 

impairment. If sexually immature or resting females are included with developing females in the 

evaluation of the gonad size endpoint, this will result in an inflated variance and will have an 

undesired influence on the estimation of the coefficients of the regressions. 

A comparison of sexually mature fish between sampling locations at a time when the gonads 

are developing can be used to obtain an appropriate estimate of the reproductive potential in 

female trompudo. Figure 5-13 shows the relationship between gonad weight and body weight for 

female trompudo collected in November 2001 and December 2003 in Brazil by Suzuki et al. 

(2013). Fish in a reproductive state (GSI > 1 %) had mean GSI values of3.86 and 5.16 for the 

November 2001 and December 2003 samplings, respectively. This suggests that when 

developing females are obtained during the peak reproductive period, the gonad size endpoint 
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can be used to evaluate reproductive potential. Based on the variability in the November 

sampling, power analyses revealed that approximately 36 females per site would be required to 

detect a maximum difference of 25% in relative gonad size. 

Identification of the size-at-maturity and peak spawning period for trompudo on the 

Uruguay River can be used to improve the design of the program to assess the reproductive 

potential oftrompudo. Female trompudo have been observed in spawning condition in all 

months of the year, with peaks in reproduction with the rainy season in November and 

December in Brazil (Silva, 1995; Santos et al. 2006; Holzbach et al. 2009; Suzuki et al. 2013). A 

similar spawning period may be expected on the Uruguay River at Fray Bentos with the 

observation oftrompudo in spawning condition in December and not in April. 

Given the nature of the data collected in December 2008 (potential combination of sexually 

immature, resting, and developing females), it may be necessary to assess multiple endpoints to 

adequately assess reproductive impacts in trompudo after the peak spawning period has been 

identified. With the potential that spawning is not synchronized within the population and 

individuals may be observed in a reproductive state throughout the year, the relative gonad 

weight endpoint may not be sufficient to assess reproductive impairment in trompudo and other 

species with similar reproductive strategies. Although a comparison of gonad size among only 

developing individuals may be appropriate, additional endpoints that could be used to assess 

reproductive impacts in trompudo are size-at-maturity, proportion of sexually mature fish in the 

resting stage, and proportion of oocytes in different stages of development for developing 

individuals. 

5.6.2. Selecting an Optimal Sentinel Species on the Uruguay River 

Several important factors to consider when selecting a sentinel species for environmental 

monitoring have been identified. These include exposure, abundance, and sensitivity to the 

stressor of interest (Munkittrick et al. 2000; 2010). From the collections on the Uruguay River 
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near Fray Bentos, seven species could be considered abundant, although increased effort or 

changes in the collection gear may be required to obtain sufficient numbers (as identified in the 

power analyses) to assess the EEM effect endpoints. Limited mobility of the species is necessary 

to ensure exposure to the stressor of interest. Species with spawning or feeding migrations are 

not desirable unless they can be collected in the sampling areas during a period when they are 

locally resident so exposure to the stressor of interest can be maximized (Munkittrick et al. 

2010). Studies investigating mobility are time consuming and expensive and the feeding strategy 

of some species may be indicative of their mobility. Benthic feeders are preferred as these 

species are typically less mobile and play an active role in the aquatic food and thus reflect local 

conditions (Munkittrick and McMaster 2000). Pelagic filter feeders are typically more mobile as 

they feed on a moving prey and may also have a seasonal feeding migration related to seasonal 

phytoplankton blooms. These traits reduce the sensitivity of a monitoring program to detect 

effects due to limited exposure of the fish and its prey to the stressor of interest. 

The presence of sexually mature individuals of both sexes is necessary to assess 

reproductive impacts in a fish species. Other important characteristics include reaching 

maturation at an early age, investing a lot of energy into reproduction (so energy demands are 

high), and short-lived (so observed impacts reflect recent changes) (Munkittrick et al. 2010). The 

maximum seasonal female GSI for the species investigated in the present study is low (3-7%) 

relative to Canadian species (maximum season GSI has high as 30% for single spawners). GSI is . 

not however an appropriate indicator of reproductive investment as the spawning seasons for 

Neotropical fishes are considerable longer due to the lack of well defined seasons. The longer 

spawning season allows for more spawning events per season and continuous spawning for some 

species. A large GSI is not necessary to provide a large reproductive output. Identification of the 

reproductive strategy and spawning period are necessary to assess reproductive potential in 

fishes (Barrett and Munkittrick 2010). 
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All species investigated in the present study were multiple spawners. Trompudo has been 

identified as having asynchronous oocytes development and corvina de rio has been identified as 

having group synchronous oocyte development. Based on the oocyte development staging 

conducted in 2009 and 2011, it is predicted that misionero catfish exhibits group synchronous 

oocyte development and that the armoured catfishes exhibit asynchronous oocyte development. 

The prediction is based on the relative proportion of secondary oocytes in different stages of 

development (stages II to V for the armoured catfishes) and the uniform sizes of the stage II and 

V batches of oocytes in misionero catfish. 

When assessing reproductive impacts, the focus is typically on females ( since female 

gametes are typically limited relative to male gametes). When selecting a species where the male 

plays a role in parental care, male condition is an important endpoint to consider for assessing 

the reproductive potential of the population. The male armoured catfishes play an important role 

in parental care where the eggs of the female are attached to the labial papillae of the males and 

lay across their ventral surface. 

The trompudo catfish appears to be a suitable candidate for use as a sentinel for 

environmental monitoring. The trompudo is a benthic feeder and although no empirical evidence 

has been provided to claim that it is a resident species, it has been suggested to be non-migratory 

(Agostinho and Julio 1999; Santos et al. 2006). The only challenge in using trompudo as a 

sentinel species for the Uruguay River will be as mentioned above, identifying the spawning 

period and collecting sexually mature individuals. Based on the reproductive period of trompudo 

in Brazil, monthly sampling from August to December at a single site should identify the peak in 

the spawning season and the use of gill nets with a larger mesh size should select larger sized 

individuals above the predicted size-at-maturity. 

The abundance of sexually mature females, the small size-at-maturity, the absence ofresting 

females, and the predicted group synchronous oocyte development of the misionero catfish are 

all characteristics that are desirable in selecting a sentinel species for assessing reproductive 
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impacts. Moreover, the variability in the gonad weight: body weight relationship in the 

December 2009 sampling was low. Power analyses revealed that only 23 individuals per site 

would be required to detect a maximum difference of 25% in relative gonad size among sites 

with a=~= 0.1. The characteristic that makes the misionero catfish a poor candidate for 

environmental monitoring is that it is a pelagic filter feeder. The seasonal changes in abundance 

of misionero catch that have been noted on the Uruguay River and the Plata River (Teixeira de 

Mello et al. 2011) suggest that this species migrates within the Plata River basin and that this 

migration may be related to foraging. 

The corvina de rio is a benthic feeder which suggests limited mobility. The most desirable 

trait of the corvina de rio for use as a sentinel for reproductive impacts is its reproductive 

strategy. Females collected in October 2011 contained early vitellogenic oocytes and had a mean 

GSI of 1.05%. In December 2009 mean GSI was 2.94% and oocytes were observed in the 

mid/late vitellogenic stage and some postovulatory follicles were observed. These GSI values 

are similar in magnitude to the seasonal GSI values observed over the reproductive cycle by 

Lagemann (2009) in Brazil (Figure 5-14), suggesting that the species follows a similar 

reproductive pattern with spawning beginning sometime between October and December. It 

appears that the corvina de rio has a different reproductive strategy compared to the trompudo. 

The spawning season appears to be clearly defined based on the seasonal changes in gonad size 

with spawning from approximately November to January. A clearly defined spawning season 

allows for an assessment of relative gonad weight prior to the first spawning event of the season. 

Lagemann (2009) found gonad size in corvina de rio was found to be correlated with 

photoperiod and conductivity and not correlated with rainfall like the trompudo. This pattern of 

gonad recrudescence is consistent with multiple spawning species in Canada where spawning 

cues are temperature and photoperiod (Barrett and Munkittrick 2010). This strategy differs from 

the trompudo (reproductive activity observed all year) in which the peak of reproductive activity 

is correlated with rainfall (Santos et al. 2006; Suzuki et al. 2013). Power analyses revealed that 
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42 individuals per site would be required to detect a maximum difference of 25% in relative 

gonad size among sites in corvina de rio with a = ~ = 0.1 based on the sampling in December 

2009 after spawning had already begun. The variability in the gonad weight: body weight 

relationship could be reduced by identifying the spawning period and sampling during the 

prespawning period as recommendedin Chapter 3 for fishes with this reproductive strategy. 

Among the three armoured catfishes, Loricariichthys edentatus may be the best species for 

environmental monitoring due to its small body size (and assumed limited mobility) and large 

investment (relative to body size) into reproduction. The armoured catfishes are benthic feeders, 

feeding on benthic invertebrates and detritus. Their sexual dimorphism and small size-at

maturity makes it easy to collect and identify sexually mature males and females. The spawning 

season must be determined to identify the optimal period for sampling. With asynchronous 

oocyte development this period is estimated to be close to the beginning of the first spawning 

event of the season (Chapter 3). Given the unique form of parental care by the males, there are 

other endpoints that could be evaluated to assess the reproductive potential of the population. 

These include male condition, proportion of males carrying eggs, and clutch size. These are 

endpoints that could be also measured non-lethally and would be practical (since mortality using 

gill nets for the armoured catfishes is low). 

5. 7. Conclusion 

Although the trompudo has many favourable characteristics for being a good sentinel 

species, it is recommended that the identification of the size-at-maturity and peak of the 

spawning period be used to optimize the monitoring program on the Uruguay River to 

adequately assess reproductive impacts in the trompudo. The reproductive strategy of the 

trompudo is such that fish may be observed in spawning condition in all months of the year with 

peaks in reproductive activity correlating with the rainy season and spawning events may not be 

synchronized within the population. Given this reproductive strategy, additional endpoints may 
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be used to assess reproductive impacts in the trompudo. These include size-at-maturity, the 

proportion of sexually mature fish in the resting stage, and the proportion of oocytes in different 

stages of development for developing individuals. The corvina de rio is a multiple spawner with 

group-synchronous oocyte development that has a well defined spawning period with a 

spawning cue of photoperiod making it a more favourable sentinel species for assessing 

reproductive impacts in fishes. The small-bodied armoured catfish Loricariichthys edentatus is 

assumed to have limited mobility and given the parental care role of the male, would be a 

suitable candidate for a non-lethal assessment of reproductive impacts on the population. 
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Table 5-1. Body length (standard), weight, and gonadosomatic index (GSI) for the six species sampled in November and December 2009 separated 

by sex (F = female, M = male, and U = unidentified/immature) and site (LC = Las Cafias, NB = Nuevo Berlin, and Y = Yaguarete). 

Species Sex Site Length (mm)± SE (n) Weight (g) ± SE (n) GSI± SE (n) 

lheringichthys labrosus F LC 148.0±8.3(15) 49.6±8.5(15) 0.362±0.036(8) 

NB 148.5±16.3(6) 53.4±14.3(6) 

y 150.9±9.2(14) 60.9± 12.2( 14) 0.819±0.398(10) 

M LC 112.8±8.2(5) 16.6±4.4(5) 

NB 123.0±2.5(3) 24.2±3.5(3) 
00 
0 

u LC 95.3±10.8(3) 12.4±4.2(3) 

y 130.0±20.0(2) 35.2±14.9(2) 

Loricariichthys edentatus* F NB 146.2±2.9( 17) 10.48±0.42(17) 7.359±0.668(15) 

M NB 131.4±4.9(7) 7.65±0.38(7) 0.173±0.026(3) 

u LC 97.7±4.9(3) 2.57±0.50(3) 

y 145.3±5.2(3) 13.45±0.30(3) 



Species Sex Site Length (mm)± SE (n) Weight (g) ± SE (n) GSI ± SE (n) 

Loricariichthys melanocheilus F LC 248.5±22.5(2) 112.7±27.9(2) 

y 276.2±9.2(10) 137.4±14.3(10) 3.460±0.754(9) 

M LC 285.0(1) 153.8(1) 

NB 221.4±26.4(5) 87.9±26.8(5) 0.263±0.028(2) 

y 250.0±0.0(2) 121.8±1.7(2) 

u NB 153.0(1) 22.3(1) 

y 193.0±10.1(3) 24.7±2.4(3) -00 - Pachyurus bonariensis F NB 167 .5± 18.5(8) 84. 7±21.6(8) 

y 140.7±8.0(18) 55.1±7.6(18) 2.030±0.334(16) 

M NB 109.3±4.5(3) 20.5±2.2(3) 

y 124.1±6. 7( 13) 38.4±7.9(13) 0.795±0.150(11) 

u LC 158.1±9.9(9) 71.5±12.8(9) 

NB 140.6±9.8(12) 56.3± 14.5( 12) 



Species Sex Site Length (mm)± SE (n) Weight (g) ± SE (n) GSI ± SE (n) 

Parapimelodus valenciennis F NB 196.0(1) 127.1(1) 

y 152.9± 10.3(29) 54.1±8.6(29) 3.128±0.231(29) 

M y 127.0±20.5(4) 29.2±11.3(4) 0. 734±0.142(3) 

u LC 150.0±11.4(6) 55.3±12.8(6) 

NB 142.9±13.7(11) 80.5±13.0(11) 

y 84.0(1) 6.9(1) 

Rico/a macrops F NB 189.4±4.9(12) 35.0±2.9(12) 1.262±0.497(10) 

-00 
N y 212.8±5.7(22) 50.4±5.0(22) 2.398±0.553(22) 

M NB 185.3±2.9(14) 32.2±1.5(14) 0.072(1) 

y 218.0(1) 47.5(1) 0.311(1) 

u LC 164.8±33.2(4) 30.4±20.3( 4) 

NB 98. 7±0.3(3) 3.4±0.4(3) 

y 173.0±5.8(3) 25.8±1.8(3) 

*body len~hs measured as total length for Loricariichthys edentates 

GSI not measured for all individuals 



Table 5-2. Body length (fork), weight, and gonadosomatic index (GSI) for the five species sampled in October 2011 separated by sex (F = female 

and M = male) and site (LC= Las Cafias, NB= Nuevo Berlin, and Y = Yaguarete). 

Species Sex Site Length (mm)± SE (n) Weight (g) ± SE (n) GSI ± SE (n) 

Iheringichthys labrosus F LC 244.8±6.4(9) 99.8±11.2(9) 0.430±0.041(9) 

NB 250.7±8.6(11) 116.8±13.8(11) 0. 757±0.210(11) 

Ih~ringichthys labrosus M LC 241.0(1) 110.8(1) 0.325(1) 

NB 239.0±13.0(2) 97.8±13.7(2) 0.480:±0.067(2) 

Parapimelodus valenciennis F LC 223.0±24.3(3) 83.9±35.2(3) 1.217±0.752(3) -OQ 
w 

NB 241.0±2.5(21) 108.3±5.4(21) 4.650±1.070(21) 

Parapimelodus valenciennis M LC 

NB 254.4±11.6(5) 131.1±22.5(5) 0.502±0.201(5) 

Pachyurus bonariensis F LC 229.7±6.8(7) 123 .6± 16.2(7) 1.050±0.149(7) 

NB 

Pachyurus bonariensis M LC 231.7±18.3(3) 126.9±31.5(3) 0 .668±0 .202(3) 

NB 216.0(1) 97.6(1) 0.594(1) 



Species Sex Site Length (mm)± SE (n) Weight (g) ± SE (n) GSI ± SE (n) 

Loricariichthys melanocheilus F LC 390.0±42.0(2) 285.9±93.2(2) 0.832±0.250(2) 

NB 324.4±11.0(5) 165 .0± 13 .4( 5) 2.421±0.820(5) 

Loricariichthys melanocheilus M LC 305.5±9.5(2) 145.8±7.5(2) 0.109±0.008(2) 

NB 307.5±5.8(6) 13 1.1 ± 7. 8( 6) 0.152±0.037(6) 

Rico/a macrops F LC 

NB 271.4±3.9(5) 72.2±3.4(5) 2.112±0.728(5) 

Rico/a macrops M LC 

-00 
~ NB 255.5±0.5(2) 55.3±0.6(2) 0.244±0.025(2) 
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Figure 5-1. Map of South America showing the study locations along the Uruguay River. NB = Nuevo Berlin, Y = Yaguarete, FB = Fray Bentos, 

LC= Las Cafias. 
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Figure 5-2. Plot of log10(gonad weight) vs log10(body weight) of female trompudo 

(lheringichthys labrosus) collected from Yaguarete, Uruguay River on November 27, 2009. 

(Fish with GSI ~ 4.36, o; Fish with GSI < I%, • ). Shaded region represents GSI < I%. 
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Figure 5-3. Oocyte development showing growth stage (Stage I= primary growth; Stage II = 

cortical alveolar; Stage III = early vitellogenic; Stage IV= mid-vitellogenic; Stage V = mature;# 

= postovulatory follicle) in A) trompudo with standard length 149 mm collected in November 

2009, B) trompudo with standard length 234 mm collected in November 2009, C) and D) 

Parapimelodus valenciennis in October 2011 , E) Pachyurus bonariensis in October 2011. Bar 

represents 200 µm. 

188 



1.0 

0 0 

0.5 

-..... .c. 
Cl 0.0 ·cu :: 

""C 
ro 
C 
0 
t!) -0.5 
Cl 
.2 • 

0 

-1.0 • 
• 

-1.5 
1.0 1.2 1.4 1.6 1.8 2.0 2.2 

log(Body weight) 

Figure 5-4. Plot of log10(gonad weight) vs log10(body weight) of female misionero catfish 

(Parapimelodus valenciennis) collected from Yaguarete, Uruguay River on November 27, 2009. 

(Fish with GSI > I% (mean 3.41), o, R2 = 0.904; Fish with GSI <I%,•). Shaded region 

represents GSI < I%. 

189 



1.0 ~ 

0 .9 J 

0 .8 ···l 

V) 
Q) 
+-' 
> o."7 u 1 0 
0 
> J I.. 

0 .6 ro 
-0 I C 
0 
u 0..5 l Q) 
V) 

4-
0 
C 0.4 ..., 
0 
+-' 
I.. 

g_ 0 .3 -i 

0 
I.. 

~ 

0.2 ..., 

0.1 -i 

0 .0 +-···---···- ---·····-···r·········· 

P. valenciennis P. bonarien.sis L. mefanocheilus 

Species 

R. macrops L. edentates 

•v 
DIV 

DIii 

OIi 

Figure 5-5. Proportion of oocytes (pooled across individuals) in the secondary growth stages by 

species for the November/December 2009 sampling. Stage II= cortical alveolar; Stage III= 

early vitellogenic; Stage IV = mid-vitellogenic; Stage V = mature. Postovulatory follicles were 

observed in individuals of all species. Samples sizes are 6 for Parapimelodus valenciennis, 

Loricariichthys melanocheilus, and Loricariichthys edentatus and 3 for Pachyurus bonariensis 

and Rico la macrops. 
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Figure 5-6. Proportion of oocytes in the secondary growth stages by species for the October 

2011 sampling. Stage II= cortical alveolar; Stage III= early vitellogenic; Stage IV= mid

vitellogenic; Stage V = mature. Postovulatory follicles were observed in individuals of all 

species, with the exception of Pachyurus bonariensis. Samples sizes are 5 for Parapimelodus 

valenciennis, 4 for Loricariichthys melanocheilus, and 3 for Pachyurus bonariensis and Ricola 

macrops. 
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Figure 5-7. Plot oflog10(gonad weight) vs log10(body weight) of female corvina de rio collected 

from Yaguarete, Uruguay River on November 27, 2009. (Developing fish (mean GSI = 2.94%), 

o; Immature and resting fish (mean GSI = 0.86%), •). Shaded region represents GSI <I%. 
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Figure 5-8. Plot of1og10(gonad weight) vs log10(body weight) of female Loricariichthys 

melanocheilus collected from Yaguarete, Uruguay River on December 6, 2009. (Developing fish 

(mean GSI = 4.37%), o; Immature and resting fish (mean GSI = 0.27%), •). Shaded region 

represents GSI <I%. 
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Figure 5-9. Plot oflog10(gonad weight) vs log10(body weight) of female Loricariichthys 

edentatus collected from Nuevo Berlin, Uruguay River on December 5, 2009. Mean GSI = 

7.36%; Minimum GSI = 2.98%. 
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Figure 5-10. Plot of log10(gonad weight) vs log10(body weight) of Rico/a macrops collected from 

Nuevo Berlin (squares), Uruguay River on December 5 and Yaguarete (circles), Uruguay River 

on December 6, 2009. Nuevo Berlin: (Developing fish (mean GSI = 4.22%) o , - ; Immature 

and resting fish (mean GSI = 0.52%), • , ---). Yaguarete: (Developing fish (mean GSI = 5.11%) 

o, - ; Immature and resting fish (mean GSI = 0.52%), • , ---). Shaded region represents GSI < 

1%. 
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Figure 5-11. Oocyte development showing gro~h stage (Stage I = primary growth; Stage II = 

cortical alveolar; Stage III = early vitellogenic; Stage IV = mid-vitellogenic; Stage V = mature; # 

= postovulatory follicle) in A) Loricariichthys melanocheilus in October 11, B) Loricariichthys 

edentatus in Decmeber 2009, and C) Rico/a macrops in October 2011. Bar represents 400 µm. 
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Figure 5-12. Plot of log10(gonad weight) vs log10(body weight) of female trompudo collected 

from three sites (Nuevo Berlin, o ; Yaguarete, o ; Las Cafias, x) on the Uruguay River in 

December 2008. Shaded region represents GSI < 1 %. (Unpublished data from Teixeira de 

Mello). 
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Figure 5-13. Plot of log10(gonad weight) vs log10(body weight) offemale trompudo collected 

from the site Cinzas in the Capivara Reservoir, Paranapanema, Parana, Brazil in November 2001 

(maturing/mature/partially spent, o, -, R2 = 0.865; mean GSI = 3.86) and December 2003 

(maturing/mature/partially spent o, ---, R2 = 0.763; mean GSI = 5.16; spent and resting•). 

Shaded region represents GSI < 1 %. Data adapted from Suzuki et al. (2013). 
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Figure 5-14. Seasonal changes in GSI for Pachyurus bonariensis collected from southern Brazil 

in 2006-2007. Data adapted from Lagemann (2009). 
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6. Conclusion 

The methodology for the fish population survey of the Canadian environment effects 

monitoring (EEM) program has been used to assess the health of fish populations for over two 

decades. Nationally regulated EEM programs in Canada have been implemented for the pulp and 

paper industry (Munkittrick et al. 2002) and metal mining industry (Ribey et al. 2002). A 

national program in Canada is currently in development for municipal wastewater and the EEM 

methodology has been used to monitor other point source and non-point source contaminants 

(e.g., agricultural runoff (Gray et al. 2002, Sumith et al. 2011) and the oil sand deposits (e.g., 

Tetreault et al. 2003)). 

The primary fish reproductive endpoint for these studies is relative gonad size, although the 

EEM programs for the pulp and paper and metal mining industries also examine egg size and 

fecundity. Reproduction has been identified as a critical endpoint in the pulp and paper EEM 

program as reproductive impacts have been identified in fishes exposed to pulp and paper mill 

effluent. An assessment of gonad size must be conducted at an appropriate time in the 

reproductive cycle for the endpoint to provide an estimate of reproductive potential. The 

objective of this research was to study the reproductive biology of fish species to improve the 

ability of EEM study designs to assess reproductive impairment in fishes. 

6.1. Summary of Dissertation 

Species differences in reproductive strategy and seasonal gonadal development and optimal 

sampling periods were evaluated in seven small-bodied fishes in Atlantic Canada in the first data 

chapter (Chapter 2). A broader review was conducted (Chapter 3) using species that have been 

previously used in EEM studies in Canada to make more general recommendations as to the 

optimal sampling periods to assess potential reproductive impacts in fishes (based on the 

reproductive strategy of the species). Since background information is not known on all fish 

species, methods to predict the reproductive strategy of fishes were evaluated in Chapter 4 using 
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Canadian freshwater species with known reproductive strategies. In Chapter 5, the biology of 

fish species in Uruguay was evaluated to identify optimal sentinel species to assess reproductive 

impacts in fishes as a case study to design a monitoring program when baseline data are lacking. 

Seasonal studies on changes in condition, gonad size, and liver size were conducted 

(Chapter 2) to gather more data on small-bodied fishes. The trends of seasonal changes in female 

gonad size were reflective of the reproductive strategy of the species and were used to identify 

the spawning period and period of gonadal recrudescence. It was identified that the period of 

gonadal recrudescence within a reproductive cycle can differ among males and females within a 

species ( e.g., slimy sculpin males begin gonadal recrudescence in the fall and females begin in 

the spring prespawning). Optimal sampling periods to assess reproductive impacts were 

identified as periods when gonads were developing (so relative gonad weight could be used as 

an indicator of reproductive potential) and periods where the variability in the ovary weight: 

body weight relationship was low. Three optimal sampling periods were identified based on the 

reproductive strategy of the species (single spawning, multiple spawning, or multiple spawning 

with asynchronous oocyte development). 

A review on the reproductive biology and life history of the 65 different sentinel species that 

have been used in the Canadian EEM programs was conducted (Chapter 3). Five different 

seasonal reproductive patterns were identified for Canadian fish species based on seasonal 

changes in female gonad size. These patterns were distinguished by the duration of the spawning 

season (also reflective of the species' reproductive strategy, single spawning, multiple spawning, 

or multiple spawning with asynchronous oocyte development) and the timing and duration of 

gonadal recrudescence. Optimal sampling periods were developed for each reproductive pattern 

based on periods when the gonads were developing and the variability in the ovary weight: body 

weight relationship was low within a reproductive cycle. Tables of the reproductive strategy, 

spawning time, spawning temperature, and optimal sampling period were provided for each 

sentinel fish species as well as life history characteristics including longevity, age and size-at-
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maturity, and mobility. These tables can be used to assist the development of study designs for 

EEM fish surveys to ensure that sampling is conducted at an appropriate time to assess 

reproductive impacts. 

The major flaw that was identified in the design of sampling programs using small-bodied 

fishes was the timing of sampling (Chapter 3). It was identified that several (35% and 72% of 

studies using large-bodied and small-bodied species, respectively) fish surveys conducted as part 

of Canada's EEM program for the pulp and paper industry were conducted outside of the 

optimal sampling period for the sentinel species. Meta-analyses of the EEM fish survey data by 

sampling time and body size from three cycles of monitoring in the pulp and paper program 

revealed some significant differences in responses due to sampling outside of the developed 

optimal sampling periods identified in Chapter 3. The magnitude of effects may be 

underestimated by failing to sample during the optimal period for small-bodied fishes and 

magnitude of the impacts of relative gonad weight and weight-at-age may be overestimated by 

sampling outside of the optimal period for large-bodied fishes. 

The reproductive strategies of seven of the 65 species using the Canadian EEM program are 

unknown. A method to predict the reproductive strategy was needed in order to assign an 

optimal sampling period to these species and to aid in the interpretation of the relative gonad 

weight endpoint. Three methods of predicting the reproductive strategy of a fish species were 

assessed using data from 18 different species collected during the prespawning period (Chapter 

4 ). The first method was based on the hypothesis that the variability in the ovary weight: body 

weight relationship in prespawning females is higher in multiple spawners. It was predicted that 

the increased variability is due to the asynchrony of the development of the second clutch of 

oocytes in multiple spawners (Galloway and Munkittrick 2006). Regressions of log10( ovary 

weight) on log10(body weight) were conducted from samples of 18 different species collected 

during the prespawning period in Atlantic Canada. The coefficient of determination (R2
) from 

the regression was used as a measure of variability. The R2 was greater in single spawning 
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species. A logistic regression model classified the reproductive strategy of 16 of the 18 species. 

The second method compared the proportion of oocytes in different stages of development in the 

prespawning phase. It is hypothesized that multiple spawners will contain oocytes in multiple 

secondary growth stages prespawning as multiple spawners can be identified by the presence of 

vitellogenic oocytes of different sizes smaller than full sized oocytes {Nufiez and Duponchelle 

2009). Significant proportions of stage II cortical alveolar oocytes were identified in single 

spawning species and the method could not classify the reproductive strategy of the 18 examined 

species very well. The third method assessed the distribution of oocyte sizes during the 

prespawning season. It was hypothesized that single spawners would exhibit a size hiatus of 

oocytes between primary growth and secondary growth oocytes (Hunter et al. 1985) that would 

distinguish single spawners from multiple spawners. Standardized oocyte diameter distributions 

for 111 individual fish were used as predictors of the reproductive strategy. A logistic regression 

model identified that the proportion of oocytes between the second and third and the third and 

fourth deciles were significant predictors of the reproductive strategy. These oocytes would 

correspond to cortical alveolar oocytes (stage II) or very early vitellogenic oocytes (stage III). 

The model correctly classified the reproductive strategy of ~5% of individuals and correctly 

classified the reproductive strategies of all but one species. 

Study design recommendations were made for a monitoring program on the Uruguay River 

to increase the ability to assess potential reproductive impacts in fishes exposed to pulp mill 

effluent on the river (Chapter 5). Although the sentinel species (the trompudo catfish 

(Jheringichthys labrosus)) has many favourable characteristics for being a good sentinel species, 

identification of the size-at-maturity oftrompudo and peak of the spawning period is needed to 

optimize the program's ability to assess reproductive impacts in this species. The reproductive 

strategy of the trompudo is such that individuals may be observed in spawning condition in all 

months of the year with peaks in reproductive activity correlating with the rainy season and 

spawning events may not be synchronized within the population. Given this reproductive 
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strategy, additional endpoints may be used to assess reproductive impacts in the trompudo. 

These include size-at-maturity, the proportion of sexually mature fish in the resting stage, and 

the proportion of oocytes in different stages of development for developing individuals. Two 

other abundant species on the Uruguay River were identified that may serve well as a sentinel 

species for assessing reproductive impacts. The corvina de rio is a multiple spawner with group

synchronous oocytes development that has a well defined spawning period with a spawning cue 

of photoperiod making it a more favourable sentinel. A small-bodied armoured catfish is 

assumed to have limited mobility and given the parental care role of the male, would be a 

suitable candidate for a non-lethal assessment of reproductive impacts on the population. 

Based on the findings of this research, the optimal sampling period to assess reproductive 

impacts in a given fish species can be determined by following the flow chart in Error! 

Reference source not found .. 

6.2. Significant Contributions 

The development of optimal sampling periods for assessing reproductive impacts in fishes 

will improve interpretation of the EEM fish surveys. The optimal sampling periods can be used 

to provide a standardized study design for the EEM program. Most EEM fish surveys are 

conducted using two different sentinel species so this may include conducting two fish surveys 

at different times of the year depending on the reproductive strategy of the species. This 

standardization in sampling times has the potential of reducing variability among studies and 

improving comparability of data among years. The optimal sampling periods can be used to 

reduce the variability in gonad-weight: body-weight relationships for multiple spawning species 

and thus reduce sample sizes for lethal monitoring programs. These sampling periods in 

combination with the maturity data provide the potential to increase the number of successful 

fish surveys by reducing the lethal sampling of immature and resting fish. 
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The proposed method of predicting the reproductive strategy of a fish species using the 

variability in the ovary weight: body weight relationship and the oocytes size distribution is a 

quick and cost effective approach to obtain information on the reproductive biology of a fish 

species. Knowledge of the reproductive strategy of a species is not only useful for interpretation 

of EEM fish surveys and determining the timing of sampling, but for estimating annual 

fecundity and reproductive potential (Murua and Saborido-Rey 2003; Ganias et al 2004), and 

implementing population management strategies (Rideout et al. 2005). 

The recommendations to optimize the design of the monitoring program to detect potential 

reproductive impacts in fishes on the Uruguay River at Fray Bentos are significant given the 

great concern by Argentina over pollution on the Uruguay River. Despite the challenges in 

designing a monitoring program on the Uruguay River, key steps necessary to optimize the 

current monitoring program and potential options for selecting additional sentinel species so that 

reproductive impacts can be assessed on the Uruguay River are identified. 

6.3. Final Considerations 

The basis for identifying an optimal period to assess reproductive impacts in fishes is 

identifying the reproductive strategy of the species. Reproductive strategies are not fixed within 

a species and can vary among populations and within a population with fluctuations in 

environmental conditions or exposure to contaminants. Despite the potential for variability in 

reproductive strategies within a species, the reproductive strategies have been classified based on 

different components of their breeding systems ( e.g., the number of breeding events) and the 

patterns of oocyte development. The classifications of reproductive strategies and reproductive 

patterns must not be viewed as rigid, but as general classifications. A species may be considered 

a multiple spawner but some individuals in a population may only spawn once per year under 

poor environmental conditions. Some of the reproductive strategies assigned in Chapters 2 and 3 

must also be viewed as a generalization as they were determined solely on the length of the 
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spawning period and they were not determined by a histological evaluation of the ovaries 

. throughout the spawning period to identify the actual number of spawning events. 

While the proposed method of predicting the reproductive strategy of a fish species proved 

to be successful with the species examined in Atlantic Canada, the method must be restricted to 

fishes of a temperate climate. The lack of well defined seasons in the Neotropical climate of 

Uruguay is a plausible reason for the observed different reproductive cues to initiate gonadal 

development ( e.g., rainfall) and different reproductive strategies ( continuous spawning; lack of 

spawning synchrony among individuals in a population). This creates challenges for identifying 

optimal sampling periods to assess reproductive impacts in fishes. The identification of the 

beginning of the spawning period ( or peak of reproductive activity for continuous spawners) 

requires lengthy studies with a sampling frequency of at least once a month. 

Further research on the biology of fishes on the Uruguay River is needed to gain better 

insight into the reproductive strategies and mobility of the species examined in the present study 

to improve the design and interpretation of an EEM program on the river. Studies examining the 

seasonal changes in gonad size and histological analyses of the gonads would identify the more 

detailed aspects of the reproductive biology of the species including spawning period and 

reproductive state. 
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Figure 6-1. Flow chart for the determination of optimal sampling periods for a fish species. 
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