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Abstract 

Lake Superior’s food web has been altered in recent decades by changes in fish populations as 

well as species invasions. In addition, warming surface waters may also effect food web 

interactions. Cisco (Coregonus artedi) is an abundant and important planktivorous fish in Lake 

Superior. Cisco link secondary production to top level predators and support a viable commercial 

fishery. However, it is unknown how these changes to the Lake Superior ecosystem have effected 

cisco growth rates and resource use in Lake Superior. I reconstructed growth histories of cisco 

from western Lake Superior from 1984-2013 and used bioenergetics modeling to explore how 

cisco have responded to changes in their density, the invasion of spiny water flea (Bythotrephes 

longimanus), and climate change. I also used bioenergetics modeling and concurrent estimates of 

calanoid copepod standing stock and production to estimate the current supply-demand 

relationship for this important prey resource of cisco in Lake Superior. Cisco growth rates have 

been relatively stable over the 25-year period analyzed in this study with the exception of the 

1998 cohort. The 1998 cohort had reduced growth rates in comparison to other cohorts analyzed 

in this study which may be the result of a density dependent reduction in prey resources. Climate 

change and invasion by spiny water flea may not have effected cisco growth rates to date, 

however, bioenergetics modeling suggests spiny water flea are a poor prey item for cisco relative 

to native prey and could reduce growth rates of cisco that consume them. Cisco were the primary 

consumers of calanoid copepods in the offshore waters of Lake Superior in 2014-2015 and 

consumption of calanoid copepods by fish was approximately 15% of calanoid production from 

May 2015-October 2015. Cisco may have exerted top-down control on calanoid copepods from 

October 2014-May 2015 which could have increased intraspecific competition for prey resources 

during this time. This work helps to clarify how cisco have responded to perturbations to the Lake 

Superior food web. In addition, this work suggests cisco in western Lake Superior are not 

currently prey limited during the growing season (May-October). They may however, exert top-

down control on their winter prey resource. Future studies concerning the winter ecology of cisco 

and calanoid copepods may improve our understanding of resource use by this important 

planktivore in Lake Superior.
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Chapter I 

Retrospective Analysis of Growth of Cisco (Coregonus artedi) in Western 

Lake Superior 

Climate change, competition for prey resources and food web alterations by 

invasive species can alter fish growth rates (Barnhisel and Harvey 1995, Bowen et al. 

1991, Cline et al. 2013, Hill and Magnusun 1990, Lorenzen and Enberg 2002). 

Planktivorous fish populations in Lake Superior have fluctuated substantially since the 

1980’s (Bronte et al. 2003, Gorman 2012, Pratt et al. 2016) and the surface waters of 

Lake Superior have been warming (Austin and Colman 2007). Also, Bythotrephes 

longimanus (hereafter Bythotrephes), an invasive planktivorous zooplankton, became 

established in Lake Superior by 1987 and has since altered the Lake Superior food web 

(Cullis et al. 1988, Brown and Branstator 2004, Gamble et al. 2011, Issac et al. 2012, 

Pawlowski 2016).  It is not clear how planktivorous fish in Lake Superior have responded 

to these changes.  

Cisco (Coregonus artedi) are an abundant and native pelagic planktivore in Lake 

Superior (Gorman 2012, Yule et al. 2013).  Cisco can structure zooplankton communities 

(Link et al. 2004, Rudstam et al. 1993) and link secondary production to top level 

piscivores (Gamble et al. 2011, Ray et al. 2007, Conner 1993, Negus 2008). The 

historical diet of cisco in Lake Superior consisted of large calanoid copepods 

(Limnocalanus macrurus, Epischura lacustris, and Leptodiaptumus species) with 

moderate seasonal consumption of Mysis diluviana, Daphnia species, and various 

terrestrial and aquatic insects (Anderson and Smith 1971, Dryer and Beil 1964, Johnson 
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et al. 1998). In more recent diet surveys, cisco selected the invasive Bythotrephes which 

can seasonally comprise greater than 90% of cisco diets by mass (Ahrenstorff et al. 2011, 

Gamble et al. 2011, Issac et al. 2012). Bythotrephes is a large and conspicuous prey item 

(Zaret 1972, Coulas et al. 1998) that could increase the foraging potential of cisco in 

Lake Superior. But, Bythotrephes has a low energy density and a low assimilation 

efficiency relative to other zooplankton prey, which makes it a poor prey item (Giussani 

and de Bernardi 1977, Storch 2005). In addition, the long caudal process of Bythotrephes 

can accumulate in fish stomachs and may reduce the foraging success and the growth 

rates of fish that consume them (Branstrator and Lehman 1996, Parker-Stetter et al. 2001, 

Parker-Stetter et al. 2005). Zooplanktivory by Bythotrephes can also reduce zooplankton 

biomass and diversity in invaded systems, making it a potential competitor with 

planktivorous fish for prey resources (Barbiero and Tuchman 2004, Bunnel et al. 2011, 

Hoffman et al. 2001, Kerfoot et al. 2016, Lehman 1987, Lehman and Caceres 1993, 

Strecker and Arnott 2008, Yan and Pawson 1997). Bythotrephes may increase (Mills et 

al. 1992), decrease (Giussani and de Bernardi 1977, Parker-Stetter et al. 2005, Storch 

2005), or have no effect (Coulas et al. 1998, James 2010) on the growth or condition of 

planktivorous fish. How the composite effect of these interactions have affected the 

growth of cisco in Lake Superior is not clear.  

Climate change may alter the thermal habitat and thereby the growth potential of 

cisco in Lake Superior. The surface waters of Lake Superior have on average warmed by 

2.5°C from 1979-2006 and are expected to continue to warm as the duration of winter ice 

cover is reduced (Austin and Colman 2007). Warming surface waters could increase the 
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duration of optimal thermal habitat for cold water fish in Lake Superior (e.g. cisco) and 

could also increase the production of zooplankton (Cline et al. 2013, Hill and Magnusun 

1990, Regier et al. 1990, Shuter and Ing 1997). An increase in optimal thermal habitat 

and zooplankton production could increase the growth potential of cisco. The effect of 

warming surface waters on cisco growth rates in Lake Superior has not been investigated. 

In the 1980’s and 1990’s cisco began a recovery from a historical collapse in the 

mid-20th century. More recently, cisco are again in decline possibly due to predation 

pressure, commercial fishing, and small and irregular recruitment events (Bronte et al. 

2003, Gorman 2012, Pratt et al. 2016, Stockwell et al. 2009). During periods of high 

population density, intra-specific competition for food resources can increase which can 

decrease fish growth rates (Lorenzen and Enberg 2002). In contrast, during periods of 

decreasing population density, fish could be released from foraging constraints on growth 

(Healey 1975, Walters and Post 1993). Previous studies suggest growth of cisco has 

decreased because of high densities in Lake Superior (Bowen et al. 1991, Coffin et al. 

2003). In addition, recovered cisco populations may have exerted top down control on 

their prey resources during the 1990’s (Johnson et al. 1998, Link et al. 2004). Previous 

studies of the effect of density on cisco growth rates in Lake Superior pre-date 1992 

(Bowen et al. 1991, Coffin et al. 2003) and do not encompass three of the most recent 

year-classes of cisco (see Pratt et al. 2016). Whether growth rates of cisco in western 

Lake Superior have been affected by more recent changes in their density is not known.      

I re-constructed the growth history of cisco from 1984-2013 using sagittal otoliths 

collected from western Lake Superior. These collections span a range of climate 
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conditions and cisco density. The earliest periods of these collections also pre-date the 

detection of Bythotrephes in Lake Superior. Although the absolute date of Bythotrephes 

establishment is not known, these early collections may provide a baseline of cisco 

growth rates before the incorporation of Bythotrephes into the Lake Superior food web. I 

also used a bioenergetics model to evaluate how the consumption of Bythotrephes could 

affect the growth potential of cisco in Lake Superior. I hypothesize that both climate 

conditions and cisco density will effect cisco growth rates in western Lake Superior. I 

also hypothesize that the introduction of Bythotrephes to the Lake Superior food web will 

decrease cisco growth rates due to their poor energy quality and negative effects on lower 

trophic levels. I used empirical results from long-term collections and model simulations 

to test these hypotheses.   

Methods 

Cisco collections  

 Cisco were collected in October-December of 1988, 1992, 1995, 1998, 2001, 

2003, 2004, 2008, 2011, 2014 and 2015 for growth analysis. The majority (>90%) of 

cisco captured from 1988-2004 were collected within statistical grid 1208 and other 

samples from this time period were made within statistical grid 1402 (Figure 1-1). Cisco 

were collected with a multi-panel gillnet measuring 366 m in length, composed of 38, 51, 

64, and 76-mm-stretch mesh, with each panel measuring 91.5 m in length. Cisco were 

collected in 2008 and 2011 by commercial fishing gillnets with a 70-mm-stretch mesh in 

statistical grids 1208, 1305, and 1405 (Figure 1-1). Collections in 2014 and 2015 were 

made using a Gourock-box-type-midwater trawl measuring 20 x 20 m in width and 
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height, with a 5-mm-mesh liner in the cod end. All trawls were fished at night, and the 

head-rope depth was fished at 40, 20, and 10 m in 20 min increments. An Imagenex trawl 

mensuration system (Imagenex Technology, British Columbia) attached at the head-rope 

was used to monitor the trawl opening and depth. Fish were measured for total length, 

sexed, and sagittal otoliths were collected. 

 Additional cisco were collected for diet analysis in July-August of 2005, 2007, 

2008, 2014, 2015, October 2014, and May 2015 in western Lake Superior (Figure 1-1). 

Collections in 2014 and 2015 were made using the same trawling methodology as 

described above. Collections in 2005-2008 were made using a similar trawling 

methodology as described above, and detailed trawl information is reported elsewhere 

(Ahrenstorff et al. 2011). Cisco were collected in May 2015 using a 3/4-Yankee bottom-

trawl (11.9-m head-rope, 15.5-m foot-rope, and 2.2-m wing-lines) with a 13-mm-mesh 

liner in the cod end. Trawl wingspread data were recorded with a NETMIND net 

mensuration system (Northstar Technical, St. John’s Newfoundland and Labrador). 

Collected cisco were immediately frozen for later diet analysis. 

Cisco length at age 

 Sagittal otoliths collected from 1988–2015 were used to estimate the age of 

individual cisco and to back-calculate each individual’s size at age. Transverse sections 

of the sagittal otoliths were taken as per Schreiner and Schram (2001), and otolith 

sections were briefly etched in 1% acetic acid solution for 15 minutes to improve the 

visibility of annuli. Fish were aged using transmitted light at 10X magnification on a 

Nikon SMZ 1500 stereoscope. All fish were aged twice by the same reader with greater 
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than two weeks between readings. Fish with discrepancies between the first and second 

readings were excluded from further analyses. Aged fish were assigned a cohort based on 

the assigned age and capture date. 

Length at ages 1-5 were back-calculated for individual cisco. Digital images of 

otoliths were captured at 4X magnification using a Nikon SMZ 1500 stereoscope and a 

Nikon DXM 1200 scope mounted camera. All images were calibrated using a stage 

micrometer. The origin of the otolith was identified as the centroid of the age-one 

annulus, and the measurement axis was defined as a 30-degree angle from the longest 

axis of the age-one annulus through the origin to the otolith margin in the ventral-medial 

direction (Figure 1-2). Measurements were made using ImageJ imaging software (version 

1.48, Research Services Branch, National Institute of Health). Measurements were made 

along the measurement axis from the origin to the outer edge of the discontinuous zone. 

Length at age was back-calculated using the biological intercept model proposed by 

Campana (1990): 

                                                                                    (1) 

where La is the back calculated length at age a, Oa is the otolith radius at age a, Lc and Oc 

are the size of the fish and otolith at capture, respectively, and Li and Oi are the size of the 

fish and otolith at the biological intercept, respectively. Otolith measurements and total 

lengths as reported by Oyadomari and Auer (2008) for larval cisco were used for Oi and 

Li , respectively. 

Growth comparisons 
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 To assess inter-annual differences in growth rates by cisco, growth rates (mm 

year-1) were calculated for individual cisco within a cohort and age class as:  

                                                                               (2) 

where  is the growth in mm of the ith individual from the jth cohort of age class k, 

 is the length of the ith individual from the jth cohort at age t, and  is the length 

of the ith individual from the jth cohort at age t + 1.  

 A one-way analysis of variance (ANOVA) was used to compare individual 

growth rates ( ) within age classes and among cohorts. Due to low sample sizes, 

growth data for male and female cisco were assumed to be similar and were combined for 

the comparisons of growth rates among cohorts. To test this assumption, the mean growth 

rates of males and females were compared within the 2003 and 2009 cohorts using a 

Welch two sample t-test. The 2003 and 2009 cohorts were used because sample sizes of 

males and females were approximately equal (n = 18 females and 20 males, and n = 17 

females and 23 males, respectively). If ANOVA results were significant (p < 0.05), 

Pearson’s correlation coefficient was used to calculate the correlation between growth 

rates and catch-per-unit-effort, and between growth rates and cumulative-degree-days. 

Catch-per-unit-effort 

 Catch-per-unit-effort (CPUE) of cisco from the commercial fishery in Minnesota 

waters of Lake Superior was used as an index of adult cisco density. CPUE in lbs 1000-ft-

1 of net reported by Goldsworthy (2012) was converted to individuals km-of-net-1 

assuming an average mass (mean ± SD) of 0.78 ± 0.17 lbs, which was the average mass 

of adult cisco observed in the fall of 2014 and 2015. CPUE was converted to these units 
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to be comparable with a previous study of density-dependent growth of cisco in Lake 

Superior (Bowen et al. 1991). 

Cumulative-degree-days 

 Surface water temperatures measured at NOAA buoy 45006 located in western 

Lake Superior (Figure 1-1) were used to calculate cumulative-degree days (CDD). CDD 

was calculated as the sum of mean daily water temperatures from July 1st to September 

30th for each year in the study period. The time interval of July 1st to September 30th  was 

chosen because it has the most complete temperature record for NOAA buoy 45006 in all 

years. In addition, the growth rates of cisco are expected to be the greatest during this 

time period in Lake Superior (Dryer and Beil 1964). 

Diet analysis 

 Diets were analyzed from cisco collected in the spring of 2015 (n = 57), the 

summers of 2005 (n = 46), 2007 (n = 51), 2008 (n = 50), 2014 (n = 84), and 2015 (n = 

59), and the fall of 2014 (n = 173). Diet analysis methods for 2005-2008 collections are 

similar to those for 2014 and 2015 and are reported elsewhere (Ahrenstorff et al. 2011). 

For 2014 and 2015 collections, stomachs were removed from the esophagus to the pyloric 

sphincter and preserved in 70% ethanol. Large diet items such as Mysis diluviana, 

Bythotrephes, terrestrial insects, and fish were enumerated in entirety under a dissecting 

microscope. Only Bythotrephes bodies were counted, as Bythotrephes tail spines may be 

retained for extended periods of time resulting in potential overestimation of recent 

consumption (Parker-Stetter et al. 2001). Remaining diet items were diluted to known 

volume and subsampled in two-ml aliquots until either 10% of the diluted volume was 
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sampled, or 100 individuals were identified. Lengths were measured to the nearest 0.1 

mm on the first 10 individuals of each prey type using an ocular micrometer. Prey items 

were identified as: Bythotrephes, calanoid copepods, chironomids, cyclopoid copepods, 

Daphnia species, fish, Holopedium species, Mysis diluviana, and terrestrial insects. 

Length-weight regressions given by the U.S. Environmental Protection Agency’s Great 

Lakes National Program Office (2003) were used to estimate prey item composition by 

dry mass. Only prey items >1% of diet composition by dry mass are shown and were 

used for bioenergetics modeling. 

Cisco occupied temperatures 

 Temperature profiles of the water column were measured in the spring, summer, 

and fall of 2014 with a CTD (Sea-Bird Electronics, Inc. Bellevue, Washington) in 

western Lake Superior (Figure 1-1). I used seasonal-vertical-trajectory profiles for cisco 

as described by Ahrenstorff et al. (2011) in conjunction with vertical water column 

temperatures to approximate mean daily water temperatures occupied by cisco.  

Cisco energy density 

 Cisco energy density was estimated from collections in the fall of 2014 using 

percent-dry weights and a percent-dry-weight-energy-density regression. Whole cisco 

were dried to constant weight at 70°C and were used to calculate percent-dry weight (n = 

92). A subsample of individual dried fish was homogenized and energy content was 

estimated using 1 g samples of homogenized fish samples in a ParrTM Model 1261 

isoperibol calorimeter. The calorimeter was initially calibrated with benzoic acid 

standards (Parr Instrument Company) as described by Parr Bomb Calorimeter operator’s 
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manual. Samples with direct caloric estimates (n = 22) were used to generate the percent-

dry-weight-energy-density regression which was used to predict energy density for the 

remaining samples (Table 1-1). 

Prey energy density 

 Prey energy densities were estimated from the body compositions (i.e. lipids and 

protein) of prey items as reported in literature (Table 1-2). If multiple sources were given 

the values were averaged. Percent composition of protein for Mysis diluviana was 

unavailable in the literature and was estimated as the average percent protein of all other 

prey items summarized in this study. Proximate body composition was used to estimate 

caloric content in place of direct calorimetry to subtract out the energy content of 

carbohydrates; as carbohydrates in crustacean zooplankton are mostly in the form of 

chitin (Vollenweider 2000), and chitin is poorly utilized by fish (Buddington 1980). In 

addition, Bythotrephes have a large-chitinous tail-spine which can account for a 

substantial portion of the animal’s weight. Therefore, direct calorimetry may 

overestimate the energy density of Bythotrephes that is available to fish. Proximate body 

compositions were converted to energy density using values of 38.9 kj g-1 and 23.0 kj g-1 

for lipids and proteins, respectively (Morowitz 1968). Proximate body compositions from 

literature are given in terms of dry weight, therefore, energy densities were converted 

from j g-dry-weight-1 to j g-wet-weight-1 using dry-weight-to-wet-weight conversions as 

given in Hanson et al. (1997).  

Bioenergetics model 
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 I used the generalized coregonine bioenergetics model developed by Rudstam et 

al. (1994) with modifications to the respiration coefficient (RA) as described by 

Madenjian et al. (2013) to estimate how the consumption of Bythotrephes can alter the 

growth rate of an average cisco in Lake Superior. The bioenergetics model was coded 

using Program R statistical software (version 3.2.2, R Core Team; available at www.r-

project.org). The bioenergetics model was used to estimate the daily consumption rates 

for an average age-five cisco from the 2009 cohort. An age-five cisco from the 2009 

cohort was used because they were the most common cisco captured in 2014 and few 

Bythotrephes were observed in cisco diets in 2014 (see Figure 1-6A), making this time 

period a good comparison to periods where Bythotrephes were a major diet component of 

cisco.  

 Seasonal diets, growth, energy density, and occupied temperatures from 2014 

were used as inputs into the model. No diet information was collected for the spring of 

2014; therefore, 2015 spring diet information was used. Seasonal diets and occupied 

temperatures were linearly interpolated between sampling events. Cisco energy density 

and prey energy densities were assumed to remain constant over the modeling period. 

Growth was estimated as the weight at capture minus the weight at the start of the 

growing season. Weight at capture was estimated as the mean weight of all age-five cisco 

collected from October 2014. Weight at the start of the growing season was estimated 

from the mean back-calculated length at the age-five annulus of fall captured age-five 

cisco and a length-weight regression for summer captured cisco (Table 1-1). The age-five 

annulus of the 2009 cohort was assumed to be formed by June 1, 2014. Previous research 

http://www.r-project.org/
http://www.r-project.org/
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suggests that annuli are formed on the calcified structures of cisco in Lake Superior by 

this time (Dryer and Beil 1964). Daily consumption rates were estimated from June 1 - 

October 19, 2014, representing the start of the growing season and the date of capture, 

respectively. 

The same bioenergetics model was used to predict cisco growth rates if the 

proportion of Bythotrephes in the diet was increased to levels seen in previous diet 

surveys (see Ahrenstorff et al. 2011). Estimates of daily consumption rates as described 

above were used as inputs into the model, and all other model inputs were kept the same, 

with the exception of cisco diets. Therefore, consumption rates were assumed to be 

constant when cisco do and do not utilize Bythotrephes as a prey resource. The 

proportion of Bythotrephes in the diet was increased to 25%, 50%, and 100% of the diet 

by mass for periods of 1-12 weeks beginning on July 23, 2014. A period of 12 weeks was 

chosen because the earliest date cisco was observed to consume Bythotrephes from this 

study was July 23rd, and the latest was October 19th, which is approximately a 12-week 

period. Simulation results are shown as: 

Relative growth = simulated growth/observed growth x 100           (3) 

where simulated growth is the growth estimated from model simulations and observed 

growth is the growth estimated for age-five cisco from 2014.  

The effect of Bythotrephes on cisco foraging rate 

 To test the assumption that cisco consumption rates are similar when cisco do and 

do not consume Bythothrephes, I compared the average dry mass of prey items in the 

stomachs of cisco collected from night-time-midwater trawls in the summers of 2005 (n = 
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6), 2007 (n = 2), 2008 (n = 2), 2014 (n = 6), and 2015 (n = 3). The average mass of prey 

items observed in cisco stomachs from individual trawls were treated as independent 

samples. Cisco with empty stomachs were not included in the analysis. The average mass 

of prey items in cisco stomachs was compared between cisco that did not consume 

Bythotrephes (n = 10 trawls) and cisco with diet compositions that were >10% 

Bythotrephes by dry mass (n = 9 trawls). Due to low sample sizes, and to avoid 

parametric assumptions, observations were compared using a simple randomization 

procedure (Gotelli and Ellison 2004). The null hypothesis was defined as:  

                                                                   (4) 

where  is the absolute value of the average observed difference between the two 

groups, and  is the absolute value of the average difference between randomly 

selected values from the pooled values of both groups.  was estimated for 1000 

iterations and the probability of observing the null hypothesis was calculated. Results 

were considered statistically significant using p < 0.05. 

Results 

Growth history 

 Five cohorts were identified with sufficient sample sizes from the cisco otoliths 

collected from 1988-2015; the 1984, 1989, 1998, 2003, and 2009 cohorts (Table 1-3). 

Males and females were sampled equally if samples were available, however, the mean 

growth rates of males and females were not significantly different for age classes 0–4 for 

the 2009 cohort (t(37) = -1.14, p = 0.26; t(35) = 0.78, p = 0.44; t(34) = -0.66, p = 0.51; 

t(33) = 0.72, p = 0.48; t(30) = 0.18, p = 0.86; respectively, Figure 1-3A) or for the 2003 
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cohort (t(35) = -0.08, p = 0.94; t(35) = -0.23, p = 0.82; t(32) = 0.35, p = 0.73; t(32) = -

1.40, p = 0.17; t(35) = -0.47, p = 0.64; respectively, Figure 1-3B). Therefore, data on 

both sexes were pooled for subsequent analyses.  

 Mean growth for age classes 0, 3, and 4 were not significantly different among 

cohorts (F(4,174) = 1.60, p = 0.18; F(4,162) = 2.36, p = 0.06; F(4,137) = 2.05, p = 0.09; 

respectively, Figure 1-4). Mean growth for age classes 1 and 2, however, were 

significantly different among cohorts (F(4,174) = 6.13, p < 0.001; F(4,174) = 3.45, p = 

0.01; respectively, Figure 1-4).  

The Role of temperature and cisco density 

 Catch-per-unit-effort (CPUE) increased rapidly from 1984-1993 then declined 

until 2004 and remained somewhat steady to 2013 (Figure 1-5). Cumulative-degree-days 

(CDD) were erratic from year to year, but, generally increased over the whole study 

period from 1984-2013 (Figure 1-5). Pearson’s correlation coefficient was calculated for 

CPUE on individual growth rates and for CDD on individual growth rates for age classes 

where growth was significantly different among cohorts (i.e. age classes 1 and 2). Values 

of CPUE and CDD were used from each cohort’s respective growing season (e.g. 1984 

cohort age class 1 = 1985). CPUE was weakly correlated with growth rates for age 

classes 1 and 2 (r = -0.14, n = 5, Figure 1-6A; and r = -0.15, n = 5, Figure 1-6C; 

respectively). CDD was also weakly correlated with growth rates for age classes 1 and 2 

(r = -0.15, n = 5, Figure 1-6B; and r = -0.08, n = 5, Figure 1-6D; respectively).    

Estimating cisco consumption 
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 Cisco diets observed in the spring of 2015, and the summer and fall of 2014 

contained primarily calanoid copepods with limited seasonal occurrence of Bythotrephes, 

Mysis diluviana, and Daphnia species. Seasonal consumption of Bythotrephes never 

exceeded 10% by dry mass, representing a period of low Bythotrephes consumption 

(Figure 1-7A).  

Cisco occupied temperatures ranged from 2.4-6.8°C from Jun 1- Oct 19, 2014 

(Figure 1-7B), as estimated from vertical temperature profiles and vertical migration 

trajectories from Ahrenstorff et al. (2011). Age-five cisco averaged (mean ± SD) 252 ± 

40.6 g and 292 ± 54 g at the start of the growing season and at capture, respectively. 

Cisco energy density averaged (mean ± SD) 7658 ± 919 j g-1 in the fall of 2014 and was 

assumed to be constant over the modeling period.  

Diets, temperature, growth, and energy density as described above were used as 

inputs into a bioenergetics model to estimate the daily consumption rates of the average 

age-five cisco from the 2009 cohort from Jun 1-Oct 19, 2014. The average (mean ± SD) 

consumption rate estimated over the simulation period was 0.019 ± 0.005 g g-1 day-1.  

Growth simulations 

 The same bioenergetics model was used to predict cisco growth rates if the 

proportion of Bythotrephes in the diet was increased to levels seen in previous diet 

surveys (see Ahrenstorff et al. 2011). The proportion of Bythotrephes in the diet was 

increased to 25%, 50%, and 100% of the diet for periods of 1-12 weeks beginning July 

23, 2014. The daily consumption rates and all other model inputs as described above 

were used for all model simulations.  
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 All simulations resulted in reduced growth, however, the magnitude of the effect 

varied with the proportion of Bythotrephes in the diet and with the duration Bythotrephes 

was included in the diet (Figure 1-8). A diet of 25% Bythotrephes by mass could be 

sustained for approximately a six-week period with less than a 10% reduction in growth, 

and a maximum reduction of 19% if sustained for a 12-week period. A diet of 50% 

Bythotrephes by mass could be sustained for approximately a three-week period with less 

than a 10% reduction in growth, and a maximum reduction of 43% if sustained for a 12-

week period.  A diet of 100% Bythotrephes by mass could be sustained for only a 1.5-

week period with less than a 10% reduction in growth, and a maximum reduction of 91% 

if sustained for a 12-week period.   

The Effect of Bythotrephes on cisco foraging rate 

 To test the assumption that cisco consumption rates are similar when cisco do and 

do not consume Bythothrephes I compared the average dry mass of prey items observed 

in cisco stomachs when Bythothrephes were and were not utilized as a prey resource. The 

average dry mass of stomach contents (mean, range) where no Bythotrephes was 

observed in the diet (41.72 mg, 0.04-126.64 mg) was not significantly different (p = 0.95) 

from when Bythotrephes composed greater than 10% of stomach contents by dry mass 

(43.01 mg, 2.67-120.24 mg). 

Discussion 

With the exception of age classes one and two, the growth rates of cisco in 

western Lake Superior were stable over a 25-year time period. This is an unexpected 

result given that CPUE varied approximately10-fold (160-1729 individuals km-of-net-1), 
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and CDD varied approximately 1.8-fold (870-1571) over the study period. In addition, 

the differences in growth observed for age classes one and two could not be explained by 

CPUE or CDD as measured in this study. Bioenergetics simulations also suggest that a 

diet shift from native prey taxa to Bythotrephes could decrease cisco growth rates. Recent 

diet surveys of cisco in western Lake Superior show that cisco select for Bythotrephes 

and that Bythotrephes can seasonally comprise greater than 90% of cisco diets by mass 

(Ahrenstorff et al. 2011, Gamble et al. 2011, Issac et al. 2012); however, a decrease in 

growth rates as a result of consuming Bythotrephes is not evident in the growth record.  

Bythotrephes was first detected in eastern Lake Superior salmon diets in 1987 but 

was not detected in lake wide zooplankton surveys during the same time period (Cullis et 

al. 1988). Bythotrephes was not documented in zooplankton surveys in western Lake 

Superior until 1991 (Link et al. 2004), and in cisco stomachs in western Lake Superior 

until 1996 (Johnson et al. 2004). Although the absolute date of Bythotrephes 

establishment in Lake Superior is unknown, the 1984 cohort was three years prior to 

Bythotrephes detection anywhere in Lake Superior, seven years prior to documentation in 

western Lake Superior, and 12 years prior to documentation in cisco diets in western 

Lake Superior. Therefore, the food web encountered by the 1984 cohort from western 

Lake Superior is likely characteristic of pre-Bythotrephes invasion.  

With the exception of the 1998 cohort, growth rates of the more recent cohorts 

were similar to the 1984 cohort, which suggests Bythotrephes has not affected the growth 

rate of cisco in western Lake Superior to date. This also suggests that the duration 

Bythotrephes is utilized as a prey resource may be relatively short, since model 
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predictions suggest extensive feeding on Bythotrephes can reduce growth rates. Brown et 

al. (2012) found Bythotrephes populations in an inland reservoir in northern Minnesota 

followed a cycle of brief periods of high density followed by rapid population decline. 

Furthermore, Keeler et al. (2015) estimated that cisco consumption exceeded 

Bythotrephes production in the offshore waters of Lake Superior. Taken together, several 

lines of evidence indicate that an ephemeral population cycle and strong top down control 

of Bythotrephes by cisco in Lake Superior may limit the duration of high Bythotrephes 

consumption by cisco, reducing negative growth effects. Coulas et al. (1998) and James 

(2010) also found no effect of Bythotrephes invasion on cisco body condition or growth 

rates in Canadian shield lakes. Therefore, Bythotrephes may currently have little effect on 

cisco growth in Lake Superior. Alternatively, the body condition of cisco in Lake 

Superior could have declined over this time period which would not be detectable in the 

growth record used in this study.  

For the bioenergetics simulations in this study I assumed that consumption rates 

were the same when Bythotrephes were and were not utilized as a prey resource. In 

support of this assumption, the average mass of stomach contents when cisco did and did 

not consume Bythotrephes were not significantly different. Bythotrephes are a large and 

conspicuous prey item, but, they are typically far less dense than the native prey of cisco 

(i.e. calanoid copepods) in Lake Superior (Pawlowski 2016, Pratt et al. 2016). Even when 

Bythotrephes comprised greater than 50% of cisco diets, their maximum densities were 

less than 10% of the lowest densities observed for native prey (Issac et al. 2012). Any 

foraging benefit that may occur due to Bythotrephes large size may be canceled out by 
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their comparatively low density. Therefore, Bythotrephes may not have altered the 

foraging success of cisco in western Lake Superior to date.  

Although carbohydrate energy was removed from prey energy density estimates 

to reduce energetic contrasts between native prey and Bythotrephes (Giussani and de 

Bernardi 1977), energetic losses associated with spine retention or increased costs of 

digestion (specific dynamic action) associated with Bythotrephes were not removed. 

Alewife and rainbow smelt (Osmersus mordax) can retain the caudal spines of 

Bythotrephes which can reduce daily observed rations and possibly fish growth 

(Branstrator and Lehman 1996, Parker-Stetter et al. 2001, Parker-Stetter et al. 2005). 

Coregonus species do not appear to retain Bythotrephes spines (Branstrator and Lehman 

1996, Coulas et al. 1998), however, spine retention could occur if Bythotrephes are 

consumed in larger numbers (Parker-Stetter et al. 2001). In addition, the energetic costs 

of digestion by fish may increase with increased prey size as well as increased chitin 

content (Secor 2009). Since the costs of digestion can range from less than 5% to greater 

than 50% of ingested energy for fish (Secor 2009), these costs could further reduce the 

growth potential of cisco. Therefore, the modeling approach taken in this study is likely a 

conservative estimate of the overall effect that Bythotrephes as prey can have on cisco 

growth. 

The index of adult cisco density used in this study varied approximatley10-fold 

(160-1729 individuals km-of-net-1) over the study period. Bowen et al. (1991) observed 

reduced size at age of cisco in Lake Superior when a similar index exceeded 1000 

individuals km-of-net-1. In addition, Link et al. (2004) observed declines in zooplankton 
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density post cisco recovery in the early 1990s in Lake Superior, and suggested recovered 

cisco populations were exerting top down control on the zooplankton community. 

Johnson et al. (1998) also estimated that consumption by planktivorous fish exceeded 

estimates of zooplankton production in the early 1990s in western Lake Superior. 

Therefore, it is interesting that the growth rates of most of the age classes of cisco did not 

vary over this time period, and the ones that did were not correlated with CPUE. 

Nevertheless, the 1998 cohort followed the strong year classes of 1984-1990 (see Pratt et 

al. 2016), experienced the highest CPUE as age class one and two individuals (1014 and 

1300 individuals km-of-net-1, respectively) and had on average the lowest growth rates 

for age classes one and two. Therefore, food limitation as a result of intraspecific 

competition for prey sources may be a possible explanation for the reduced growth rates 

observed for age classes one and two from the 1998 cohort. 

The index of surface water temperature (CDD) used in this study varied 

approximatley1.8-fold (870-1571) over the study period. Temperature is a well-known 

regulator of fish growth and model predictions suggest that increased water temperatures 

can increase the growth potential of cold water fish in Lake Superior (Chezik et al. 2013, 

Cline et al. 2013, Hill and Magnusun 1990, Kitchell et al. 1977, Magnusun et al. 1997). 

However, the growth rates of most of the age classes of cisco did not vary over this time 

period, and the ones that did were not correlated with surface water temperature. Cisco 

typically inhabit waters below the thermocline during the stratified period in Lake 

Superior (Ahrenstorff et al. 2011, Hrabik et al. 2006, Jensen et al. 2006) which could 

buffer cisco from the effects of warming surface waters. In contrast, zooplankton 
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production could have increased with increasing surface water temperature (Hill and 

Magnusun 1990, Regier et al. 1990, Shuter and Ing 1997) which could have increased the 

abundance of prey resources for cisco. But, cisco density also increased over the study 

period which could have increased demand for prey resources resulting in no net increase 

in cisco growth rates.     

Different gears (i.e. gillnets 38–76-mm-stretch mesh and mid-water trawls) were 

used to collect cisco in this study for growth analysis. The different gear types used may 

select for different sized cisco which may have introduced bias into estimates of cisco 

growth rates. Berst (1961) demonstrated that cisco were vulnerable to capture by gillnets 

when the ratio of cisco girth to mesh-perimeter of the gillnet (G:P) was between 0.8-1.8, 

and that capture efficiency was the highest when G:P equaled 1.25. Rudstam et al. (1984) 

provides an equation to estimate G:P for cisco: 

               (5) 

where  is the girth-mesh-perimeter ratio,  is the total length (mm) of a cisco, and  

is the stretch-mesh (mm) measure of the gillnet. Rearranging equation (5) to solve for  

gives: 

                                   (6)  

where a given  and  can be used to estimate the corresponding cisco total length. 

Using equation (6) and a G:P of 1.25 (highest capture efficiency), the total lengths of 

cisco that would be captured the most efficiently by the gillnets used in 1988-2004 (38, 

51, 64, and 76-mm-stretch mesh) are 206, 286, 366, and 446 mm for each mesh size, 

respectively. Cisco from the 1984, 1989, and 1998 cohorts were collected only with this 
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gear and the ages used for growth analyses ranged from 3-11 years old (Table 1-3). The 

total length of age-three cisco from these cohorts averaged (mean ± SD) 261 ± 27 mm, 

and the total length of age-11 cisco from these cohorts averaged (mean ± SD) 404 ± 56 

mm. The mean total lengths of ages 3-11 cisco from the 1984, 1989, and 1998 cohorts 

were well within the effective capture range of the gear used to sample them; therefore, I 

would not expect the estimates of growth from these cohorts to be biased because of gear 

selection. 

 A single mesh size was used to sample cisco from 2008 and 2011 (70-mm). Age 

five and age-eight cisco from these collections were used to estimate growth of the 2003 

cohort (Table 1-3). Using equation (6) with G:Ps of 0.8, 1.25, and 1.8, cisco in the length 

range of 240-600 mm should be vulnerable to this gear, and 410-mm cisco would be 

captured the most efficiently. The total length of age-five cisco from the 2003 cohort 

averaged (mean ± SD) 351 ± 34 mm, and the total length of age-eight cisco from the 

2003 cohort averaged (mean ± SD) 389 ± 43 mm. Cisco of ages 5-8 should be vulnerable 

to capture by this gear, but, are below the length of highest capture efficiency. Therefore, 

larger age five and age-eight cisco collected with this gear may have been more 

effectively sampled than smaller individuals. This could have introduced bias into the 

growth estimates for the 2003 cohort, however, the extent of this bias is unknown. 

Cisco were also collected from 2014-2015 using midwater trawls. Age five and 

age-six cisco from these collections were used to estimate growth of the 2009 cohort, and 

age-11 cisco were used to estimate growth of the 2003 cohort (Table 1-3). Yule et al. 

(2009) used a similar trawl methodology as used in this study and concluded that 
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midwater trawls fished in this fashion did not suffer from size-selective issues for small 

(< 250 mm) or large fish (≥ 250 mm). Therefore, growth rates estimated for the 2003 and 

2009 cohorts from these collections are not expected to be biased due to gear selection. In 

conclusion, the growth rates estimated for the 1984, 1989, 1998, and 2009 cohorts are not 

expected to be biased because of gear selection, but, growth rates of the 2003 cohort may 

be biased high because of gear selection. 

 The growth rates of cisco in western Lake Superior have been relatively stable 

over a 25-year period and changes in cisco density, surface water temperatures, and 

invasion by Bythotrephes may not have affected cisco growth rates to date. The 1998 

cohort had below average growth as age classes one and two which suggests that growth 

in these stages of development may be the most sensitive to environmental conditions. 

Why the 1998 cohort had reduced growth rates for these age classes is unknown, 

however, intraspecific competition for prey resources may be a possible explanation. This 

study also suggests that Bythotrephes do not offer a foraging benefit to cisco in Lake 

Superior, and that selection for Bythotrephes as a prey item could reduce the growth 

potential of cisco that consume them. The effects of increasing temperature and 

increasing cisco density on cisco growth rates may have been antagonistic in this study. 

Any growth benefits from increased water temperatures could have been negated by 

growth deficits caused by increased cisco density. Future studies focusing on the 

potential interactions between climate change and population density may shed light on 

potential future patterns in cisco growth, production, and foraging success in Lake 

Superior that will likely have population level effects. 
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Table 1-1. Length-weight regression for summer captured cisco and percent-dry-weight-

energy-density regression for fall captured cisco in 2014.  = weight (g),  = length 

(mm),  = percent-dry weight (%), and  = energy density (kj g-1). 

 

Regression Equation N  R2 

Length-weight 
 

84 0.89 

Percent-dry-weight-energy-

density     22 0.99 
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Table 1-2. The mean (range) lipid content, protein content, and energy density of prey 

items obtained from the literature. Percent composition of protein for Mysis diluviana 

was estimated as the average percent protein of the other prey items. Prey energy was 

estimated using values of 38.9 kj g-1 and 23.0 kj g-1 for lipids and proteins, respectively 

(Morowitz 1968). Prey energy densities are given in j g-wet-weight-1 using dry-weight-

wet-weight conversions given in Hanson et al. (1997).  

Prey Item Percent Lipid Percent Protein Prey Energy j/g 

Bythotrephes longimanus 14 (12-15)a,b 54 (NA)a 1966 

Calanoid copepod 40 (30-51)c,d 55 (45-65)e 3528 

Daphnia spp. 9 (NA)e 48 (NA)e 1600 

Mysis diluviana 36 (35-38)f,g 52 (NA) 4156 
a Riccardi (2000), b Bilkovic and Lehman (1997), c Cavaletto (1989), d Vanderplog et al. 

(1992a), e Birge and Juday (1922), f Gardner et al. (1985), g Johannsson et al. (2009) 
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Table 1-3. Cisco cohorts used for comparison of age class growth rates between 1984 and 

2009. Five cohorts were identified with sufficient sample sizes, the 1984, 1989, 1998, 

2003, and 2009 cohorts. N is the number of cisco in each cohort, Date is the month/s of 

collection, and Length and Age are the length and age ranges of cisco analyzed from each 

cohort. The collection gear is also given where GN1 is a multi-panel gill net composed of 

38, 51, 64, and 76-mm-stretch mesh, GN2 is a 70-mm-stretch mesh gill net, and MWT is 

a midwater trawl. 

Cohort N Date 

Length 

(mm) Age 

 

Gear 

1984 35 Nov-Dec 234-485 4-11 GN1 

1989 29 Nov-Dec 244-465 3-9 GN1 

1998 36 Dec 213-404 3-6 GN1 

2003 38 Nov-Dec 282-434 5-11 GN2 & MWT 

2009 41 Oct 286-362 5-6 MWT 
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Figure 1-1. Locations of midwater trawls 2005-2008 (dashed line); midwater trawls 

2014-2015 (solid lines); bottom trawls in 2015 (solid rectangles); CTD casts (solid 

diamonds); gillnet locations 1988-2011 (dashed rectangles); and NOAA buoy 45006. 
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Figure 1-2. Measurement axis used for back-calculation of size at age. The origin of the 

otolith was identified as the centroid of the age-one annulus, and the measurement axis 

was defined as a 30-degree angle from the longest axis of the age-one annulus through 

the origin to the otolith margin in the ventral-medial direction. O = Origin, M = Medial, 

and V = Ventral. 
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Figure 1-3. Mean growth of age class 0-4 male and female cisco belonging to (A) the 

2009 cohort, and (B) the 2003 cohort. Error bars are 95% confidence intervals. 
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Figure 1-4. Mean growth of age classes 0-4 for the 1984, 1989, 1998, 2003, and 2009 

cohorts. Error bars are 95% confidence intervals. ** denotes statistical significance p < 

.001, and * denotes statistical significance p = 0.01 (one-way ANOVA). 
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Figure 1-5. CPUE (catch-per-unit-effort, individuals km-of-net-1) and CDD (cumulative-

degree-days, Jul 1-Sep 30) from 1984-2013. 
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Figure 1-6. Mean growth in relation to CPUE (catch-per-unit-effort, individuals km-of-

net-1) and CDD (cumulative-degree-days for (A & B) age-class-one cisco and (B & C) 

age-class-two cisco. Error bars are 95% confidence intervals.  

 



 

 33 

 

Figure 1-7. (A) Diet composition by dry mass of cisco from Jun 1-Oct 19, 2014. (B) 

Temperatures occupied by cisco Jun 1- Oct 19, 2014. Temperatures were estimated from 

CTD casts and vertical migration trajectories given by Ahrenstorff et al. (2011). 
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Figure 1-8. Relative growth of cisco in relation to the proportion of Bythotrephes in the 

diet and the duration Bythotrephes was consumed. Each line represents different 

simulations where the percentage of Bythotrephes in the diet was varied. Relative growth 

= simulated growth/observed growth x 100, where simulated growth is the growth 

estimated from model simulations and observed growth is the growth estimated for age-

five cisco from 2014. 
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Chapter II 

Prey supply and predatory demand by cisco (Coregonus artedi) in Western 

Lake Superior.   

Cisco (Coregonus artedi) is an abundant and important zooplanktivorous fish in 

Lake Superior (Gamble et al. 2011, Yule et al. 2013). Cisco link secondary production to 

top level predators and support a viable commercial fishery (Gamble et al. 2011, Negus 

2008, Pratt et al. 2016). In the 1980s and 1990s, cisco stocks recovered from a historical 

collapse in the mid-20th century. Stocks today are again in decline which is worrisome 

given the recent increases in fish predation and commercial harvest in certain regions of 

the lake (Pratt et al. 2016). One reason for this decline is irregular and small recruitment 

events that are thought to be set during the first year of life at the egg, larval, or juvenile 

stages (Bronte et al. 2003, Gorman 2012, Pratt et al. 2016, Stockwell et al. 2009). A 

number of mechanisms have been proposed to regulate cisco recruitment in Lake 

Superior (see Hoff et al. 2004, Myers et al. 2015, Rook et al. 2012, Rook et al. 2013), and 

more recently Rook et al. (2013) proposed that competition for zooplankton-prey-

resources among young-of-year (hereafter yoy) and older age classes of cisco could be 

limiting yoy cisco survivorship and thereby recruitment to age one. 

Previous studies concerning the impact of cisco on zooplankton in Lake Superior 

report conflicting results. Johnson et al. (1998) estimated that consumption by fish 

exceeded zooplankton standing stock and production in western Lake Superior in the 

1980s and 1990s, but, cautioned that their findings may be the result of disparate 

estimates of consumption and production. Link et al. (2004) suggested that changes in the 
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zooplankton community in the Apostle Islands and Keweenaw Peninsula regions of Lake 

Superior during the 1990s were consistent with top-down control by recovered cisco 

populations. These lines of evidence suggest that recovered cisco populations in western 

Lake Superior may have exerted top-down control on the zooplankton community since 

their recovery. In contrast, Brown and Branstrator (2004) suggested changes in the 

zooplankton assemblage in western Lake Superior from pre-post cisco recovery were not 

consistent with top-down control by cisco. The growth rates of cisco in western Lake 

Superior were also similar from 1984-2013 despite a 10-fold increase in cisco density 

during this time period (Harding MS Thesis chapter I). These lines of evidence suggest 

that recovered cisco populations in western Lake Superior may not have exerted top-

down control on the zooplankton community since their population recovery. A supply-

demand analysis of the prey resources of cisco in Lake Superior could help clarify these 

conflicting results and potentially aid in the understanding of cisco recruitment dynamics.  

Calanoid copepods are the dominant zooplankton in Lake Superior (Brown and 

Branstrator 2004, Pawlowski 2016). They are also an important prey item for yoy cisco, 

older age classes of cisco, and other planktivorous fish in Lake Superior (Barnhisel and 

Harvey 1995, Gamble et al. 2011, Issac et al. 2012, Johnson et al. 1998). Therefore, the 

focus of this study was a supply-demand analyses of calanoid copepods. I analyzed the 

diets of the dominant pelagic planktivorous fish in the offshore waters of Lake Superior 

from 2014-2015 to further understand use of calanoid copepods by these fish. I also 

estimated consumption of calanoid copepods by planktivorous fish in the offshore waters 

of Lake Superior and compared the estimates of consumption to concurrent estimates of 
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calanoid copepod standing stock and production in western Lake Superior from 2014-

2015. 

Methods 

Fish collections  

Fish were collected in the fall (Oct 16-19) of 2014, and the spring (May 18-29), 

summer (Aug 11-14), and fall (Oct 16-19) of 2015 in western Lake Superior (Figure 2-1). 

Fish collected in the fall of 2014, and the summer and fall of 2015 were captured at night 

using a Gourock-box-type-midwater trawl measuring 20 x 20 m in width and height, with 

a 5-mm-mesh liner in the cod end. An Imagenex trawl mensuration system (Imagenex 

Technology, British Columbia) attached at the head-rope was used to monitor the trawl 

opening and depth. Trawls were fished at 40, 20, and 10 m in 20-min increments. Fish 

were collected in the spring of 2015 from daytime bottom trawls using a ¾-Yankee-

bottom trawl (11.9-m head-rope, 15.5-m foot-rope, and 2.2-m wing-lines) with a 13-mm-

mesh liner in the cod end. Trawls were fished down the bank – cross contour for 20 min. 

Trawl wing-spread data were recorded with a NETMIND net mensuration system 

(Northstar Technical, St. John’s Newfoundland and Labrador). Fish were immediately 

frozen for later analysis.  

Fish density 

 Pelagic fish density was estimated in the western arm of Lake Superior in the fall 

of 2014 (Oct 16-19), and the summer (Aug 11-14) and fall (Oct 16-19) of 2015 (Figure 2-

1). Fish density in the fall of 2014 and 2015 were estimated with a BioSonics DTX 

echosounder (BioSonics, Seattle, Washington) equipped with a 5.3̊-beam-angle-split-
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beam-70-kHz transducer deployed on a tow body. Fish density in the summer of 2015 

was estimated with a BioSonics DTX echosounder (BioSonics, Seattle, Washington) 

equipped with a 7.6̊-beam-angle-split-beam-120-kHz transducer deployed on a tow body. 

Acoustic information was collected at approximately 4 knots with ping rates ranging 

from 1-3 pings s-1 depending on bathymetric depth. Pulse duration was fixed at 0.4 ms 

and acoustic data was collected using a threshold of -100 dB. Echosounder calibration 

was checked periodically under survey conditions using a 3.3 cm diameter tungsten 

carbide sphere lowered to depths 15-20 m bellow the transducer. Measured mean sphere 

target strengths of the calibration sphere were within 1 dB of the expected value, 

therefore, no calibration offset was used. Acoustic data were processed using Echoview 

software version 4.1 (Myriax, Tasmania, Australia). Data collection and data analysis 

followed great lakes acoustics protocols (Parker-Stetter et al. 2009, Rudstam et al. 2009). 

Acoustic transects were analyzed in 2000-m-horizontal-depth-integrated segments. Total 

fish density was calculated as: 

 

Where  is the area backscattering coefficient calculated as  where  is the 

mean cell thinckness, and  is the volume backscattering strength in dB and is estimated 

from the  echogram using a threshold of TS uncompensated ≥ -66 dB.  is the 

backscattering cross section calculated as  where TS is the mean target strength in 

dB from the single target detection (SED) echogram using a threshold of TS 

uncompensated ≥ -60 dB and SED parameters as described in Rudstam et al. (2009). 
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Total fish density was apportioned to species or species groups using similar 

methods as Yule et al. (2013). Classification trees were used to partition species or 

species groups using fish length as an explanatory variable. Separate models were made 

for each sampling period (i.e. fall 2014, summer 2015, and fall 2015) from midwater 

trawl collections.  Species and species groups detected in midwater trawls and used in 

classification tree models were bloater (Coregonus hoyi), cisco (Coregonus artedi), 

deepwater sculpin (Myoxocephalus thompsonii), kiyi (Coregonus kiyi), lean lake trout 

(Salvelinus namaycush), nine spine stickleback (Pungitius pungitius), rainbow smelt 

(Osmersus mordax), shortjaw cisco (Coregonus zenithicus), siscowet lake trout 

(Salvelinus namaycush siscowet), yoy cisco, and yoy bloater and yoy kiyi (hereafter yoy 

coregonines). Program R statistical software (version 3.2.2, R Core Team; available at 

www.r-project.org) and R-package R-Part (version 4.1-10) were used to develop 

classification tree models. Splits that did not increase the complexity parameter of the 

classification tree models at least 0.05, and terminal leaves with fewer than 10 fish were 

pruned.  

SEDs were converted to total length (mm) using the TS-to-length relationship 

from Yule et al. (2013). SEDs were assigned to a leaf from season specific classification 

tree models and were randomly assigned to a species based on the conditional 

probabilities of observing a species in the assigned leafs. Species assignments were also 

conditional on that the total length estimated from the SED did not exceed the maximum 

length of a given species from Lake Superior. Maximum lengths given in Yule et al. 

(2013) were used, with the exception of yoy cisco and yoy coregonines. The maximum 

http://www.r-project.org/
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lengths used for these groups are the maximum lengths that were observed in this study. 

Species proportions were multiplied by total fish density to estimate species specific 

densities at each 2000-m segment (num m-2). Species weights were also estimated from 

SEDs using length-weight regressions from Yule et al. (2013). Estimates of species 

densities (num m-2) were multiplied by mean species weights (g) observed in each 2000-

m segment to estimate species areal biomass (g m-2). 

Diet analysis 

 Diets were analyzed from cisco, bloater, kiyi, and rainbow smelt collected in the 

fall of 2014, and the spring, summer, and fall of 2015 (Table 2-1). Stomachs were 

removed from the esophagus to the pyloric sphincter and preserved in 70% ethanol. 

Large diet items such as Mysis diluviana, Bythotrephes, terrestrial insects, and fish were 

enumerated in entirety under a dissecting microscope. Only Bythotrephes bodies were 

counted, as Bythotrephes tail spines may be retained for extended periods of time 

resulting in potential overestimation of recent consumption (Parker-Stetter et al. 2001). 

Remaining diet items were diluted to known volume and subsampled in 2-ml aliquots 

until either 10% of the diluted volume was sampled, or 100 individuals were identified. 

Lengths were measured to the nearest 0.1 mm on the first 10 individuals of each prey 

type using an ocular micrometer. Prey types were identified as: Bythotrephes longimanus, 

calanoid copepods, chironomids, cyclopoid copepods, Daphnia species, fish, Holopedium 

species, Mysis diluviana, and terrestrial insects. Prey counts were converted to dry mass 

using prey lengths and published length-dry weight regressions (Table 2-2). Prey items 

<1% of diet composition by dry mass are shown as “other”. Yoy cisco and yoy 
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coregonine diets were assumed to be 100% calanoid copepods based on previous diet 

studies (Johnson et al. 1998, Barnhisel and Harvey 1995). All further analyses are limited 

to cisco, bloater, yoy cisco and yoy coregonines (see Results for explanation).  

Fish size at age 

 A subset of captured fish from the fall of 2014 and 2015 were aged by taking 

transverse sections of sagittal otoliths as per Schreiner and Schram (2001). Otolith 

sections were briefly etched in 1% acetic acid solution for 15 minutes to improve the 

visibility of annuli. Fish were aged using transmitted light at 10X magnification on a 

Nikon SMZ 1500 stereoscope. All cisco less than 120 mm and all yoy coregonines less 

than 100 mm at capture were assumed to be yoy. 

Species specific growth curves were estimated using the von Bertalanffy growth 

model: 

 

where  is the total length (mm) at age  (years),  is the asymptotic length (mm),  is 

the Brody growth coefficient, and  is the theoretical age at length 0. The von 

Bertalanffy growth model was fit to length at age observations using non-linear least 

squares minimization. Weight at age was then estimated using length at age estimates and 

species specific length-weight regressions from fall captured fish (Table 2-3). 

Population structure  

 Species and year specific length age keys were constructed using length at age 

observations as described above grouped into 10-mm-length bins. All unaged fall 

captured fish were also grouped by 10-mm-length bins and were randomly assigned to a 
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cohort using methods described in Isermann and Knight (2005). The population structure 

of each species was estimated as the proportion each cohort composed of the total catch 

by mass. 

Fish energy density 

 Fish energy density was estimated in the fall of 2014, and the summer and fall of 

2015 with percent-dry-weight-energy-density regressions as per Vondracek et al. (1996). 

Whole fish were dried to constant weight at 70°C and were used to calculate percent dry 

weight. A subsample of dried fish was homogenized and energy content was estimated 

using 1 g sub-samples of homogenized fish samples in a ParrTM Model 1261 isoperibol 

calorimeter. The calorimeter was initially calibrated with benzoic acid standards (Parr 

Instrument Company) as described by Parr Bomb Calorimeter operator’s manual. 

Samples with direct caloric estimates were used to generate species specific percent-dry-

weight-energy density regressions which were used to predict energy density for the 

remaining samples (Table 2-3). 

Occupied temperatures 

 Hydroacoustics information and temperature profiles were used to estimate 

seasonal occupied temperatures by fish species. Temperature profiles of the water column 

were measured at trawling locations in the fall of 2014 and the summer and fall of 2015. 

Additional temperature profiles were measured at zooplankton sampling locations 

(Figure 2-1). SEDs (see section Fish density) include measures of target depth and were 

used to estimate the night time vertical distribution of fish species in each season. The 

depth of peak occurrence (i.e. mode) of night time vertical distributions and the 



 

 43 

corresponding temperature from temperature profiles was assumed to be the maximum 

temperature occupied by a given species, as night time vertical positions may represent 

the vertical maximum of daily vertical migrations by coregonine fish in Lake Superior 

(Ahrenstorff et al. 2011). The minimum temperature of the hypolimnion was assumed to 

be the minimum temperature occupied by all fish species in this study.  

Fish consumption  

 The generalized coregonine bioenergetics model developed by Rudstam et al. 

(1994) was used to estimate the daily consumption rates (g g-1 day-1) of calanoid 

copepods by cisco, bloater, yoy cisco, and yoy coregonines. The bioenergetics model was 

coded using Program R statistical software (version 3.2.2, R Core Team; available at 

www.r-project.org). Diet, weight at age, fish energy density, and the occupied 

temperature range as described above were used as inputs into the model. Prey energy 

densities as reported by Stewart et al. (2010) were also used as inputs into the model. 

Prey energy densities were assumed to be constant over the modeling period. Cisco were 

assumed to mature by age three and lose 7.3% of body weight due to spawning by mid-

November, and bloater were assumed to mature by age three and lose 10% of body 

weight due to spawning by mid-February of the modeling period (sensu Johnson et al. 

1998). 

Daily consumption of calanoid copepods by cisco and bloater were modeled from 

Oct 17, 2014 to Oct 17, 2015 representing the midpoints of survey dates where size at age 

data was collected. Daily consumption of calanoid copepods by yoy cisco and yoy 

coregonines were modeled from Aug 12, 2015 to Oct 17, 2015 representing the 

http://www.r-project.org/
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midpoints of survey dates yoy cisco and yoy coregonines were collected. Age 1 cisco and 

larval coregonines were not modeled because they were not detected or effectively 

sampled, respectively. Daily consumption rates of calanoid copepods (g g-1 day-1) were 

estimated for the average individual belonging to each species and cohort. Daily 

consumption rates were then scaled to species and cohort specific fish densities to give 

species and cohort consumption rates in g m-2 day-1. Daily consumption rates of calanoid 

copepods by a species is the sum of the consumption rates of all cohorts within a species. 

The energetics model is run on a daily time step, therefore, all inputs used to estimate 

species specific consumption rates were linearly interpolated between sampling events. 

Input values and midpoints of sampling dates are summarized in Tables 2-4 and 2-5. 

A bootstrapping technique was used to estimate the SE and 95% confidence 

intervals of the average consumption rates of the fish species modeled in this study (sensu 

Stewart et al. 2010). This was performed by resampling the model inputs of fish diet, 

weight at age, fish energy density, occupied temperatures, prey energy density, fish 

biomass, and fish population structure for each species and cohort. The method of 

resampling varied with the model input and all model inputs were resampled 1000 times 

for each species and cohort. Diet and fish energy density was resampled from individual 

fish with replacement. Weight at age was resampled by resampling paired observations of 

length at age with replacement and reapplying the methods describe in Fish size at age. 

Occupied temperatures were randomly selected with replacement between the assumed 

maximum and minimum values at each sample date as described in Occupied 

temperatures. Fish biomass was resampled with replacement from seasonal biomass 
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estimates using each 2000 m acoustic segment as an independent sample. Population 

structure was resampled by resampling the catch data of individual fall captured fish with 

replacement and calculating the proportion by mass each cohort contributed to the total 

catch. Procedures described by Stewart et al. (2010) were used for resampling prey 

energy densities.  

Calanoid standing stock and production 

 The standing stock of calanoid copepods was estimated from 60 m zooplankton 

tows taken in the fall (Oct 16-19, n = 7 sites) of 2014, and the spring (May 20-21, n = 5 

sites), summer (Jul 15-Sep 10, n = 10 sites), and fall (Oct 5- 17, n = 7 sites) of 2015 in 

western Lake Superior (Figure 2-1). Sites within each sampling period were used as 

independent samples. Details of zooplankton collection and processing are described by 

Pawlowski (2016). The average standing stock of calanoid copepods (g-wet-mass m-2) 

was estimated for each sampling period using numerical densities and length 

measurements as described in Pawlowski (2016) in addition to the length-dry weight 

regression from Burgess et al. (2015) and the dry-wet mass conversions given in Hanson 

et al. (1997). The SE and 95% confidence intervals for the average standing stock of 

calanoid copepods in each sampling period was estimated using a bootstrapping 

procedure. The average standing stock (g-wet-mass m-2) in each sampling period was 

estimated 1000 times by randomly resampling estimates of standing stock (g-dry-mass m-

2) from independent samples with replacement and using a randomly selected dry-wet 

mass conversion from the range of values given in Hanson et al. (1997).  
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Daily calanoid production (g-wet-mass m-2 day-1) was estimated using averages of 

calanoid standing stock (g-wet-mass m-2) as described above and production-biomass 

ratios ( ) predicted from the temperature based model of Shuter and Ing (1997): 

 

where  is the mean daily water temperature.  was estimated as the mean water 

temperature in the top 60 meters of water (i.e. the depth of zooplankton collections) for 

each sampling period. Recent research suggests calanoid copepods occupy this full depth 

range (Oliver et al. 2014). Daily calanoid production (g-wet-mass m-2 day-1) was 

estimated for each sampling period from May 2015 to October 2015 representing the 

earliest spring estimate and the latest fall estimate of calanoid standing stock, 

respectively. Daily calanoid production was linearly interpolated between sampling 

events and total calanoid production (g-wet-mass m-2) was estimated as the sum of daily 

production estimates from May 2015 to October 2015. The SE and 95% confidence 

interval for total calanoid production were estimated by applying  ratios to each of 

the 1000 estimates of calanoid standing stock (g-wet-mass m-2) at each sampling period 

and recalculating total calanoid production for each estimate.  

Comparison of consumption with calanoid standing stock and production 

 Consumption of calanoid copepods by the fish community from May 2015 to 

October 2015 was compared to calanoid production over the same time period to estimate 

the supply-demand relationship for calanoid copepods during the growing season. 

Consumption of calanoid copepods by the fish community from October 2014 to May 

2015 was also compared to observed changes in calanoid standing stock over this time 
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period to estimate the role fish planktivory may play in the overwinter declines observed 

for calanoid copepods in Lake Superior (Gorman et al. 2009, Selgeby 1975). The 

average, SE, and 95% confidence interval of the decline in calanoid copepods were 

estimated by subtracting the 1000 estimates of calanoid standing stock from May 2015 

from the 1000 estimates of calanoid standing stock from October 2014 (see Calanoid 

standing stock and production). Fish consumption, calanoid production, and the decline 

in calanoid standing stock were considered statistically significant (p < 0.05) if 95% 

confidence intervals did not overlap.   

Results 

Planktivore biomass 

 The offshore pelagic planktivore community in western Lake Superior from Oct 

2014-Oct 2015 was dominated by cisco, kiyi, bloater, and rainbow smelt. Yoy cisco, yoy 

coregonines, and other species (deepwater sculpin, ninespine stickleback, shortjaw cisco) 

collectively represented < 10% of the biomass for all sampling periods. Fish biomass 

decreased from fall 2014-summer 2015. Estimates of fish biomass in summer 2015 and 

fall 2015 were similar (Figure 2-2). 

Planktivore diets 

 A total of 709 diets were analyzed from cisco, kiyi, bloater, and rainbow smelt, 

which were the dominant pelagic planktivores detected in this study (Table 2-1). Cisco 

consumed primarily calanoid copepods during all seasons, with increased consumption of 

Daphnia spp. in the fall. Bloater diets had greater seasonal variation, with high calanoid 

consumption in the spring, a mixed diet during the summer, and exclusive feeding on 
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Mysis diluviana in the fall. Kiyi and rainbow smelt consumed primarily Mysis diluviana 

during all seasons diet information was collected (Figure 2-3). No diet information was 

collected for kiyi and rainbow smelt in the spring of 2015, and for rainbow smelt in the 

fall of 2015. Further analyses are limited to fish observed or expected to consume 

calanoid copepods (i.e. cisco, bloater, yoy cisco and yoy coregonines). 

Planktivore consumption rates  

 Daily consumption rates (g m-2 day-1) of calanoid copepods by cisco, bloater, yoy 

cisco, and yoy coregonines were estimated using the bioenergetics model from Rudstam 

et al. (1994). Model inputs used for estimating consumption are given in Tables 2-4 and 

2-5. Total annual consumption of calanoid copepods (mean ± SE) by the fish modeled in 

this study averaged 3.45 ± 0.25 g m-2 y-1. The majority of this consumption was by cisco 

(94%) and consumption by bloater, yoy cisco and yoy coregonines were relatively low in 

comparison. The total consumption of calanoid copepods by the fish modeled in this 

studied from October 2014-May 2015 and from May 2015-October 2015 (mean ± SE) 

average 2.12 ± 0.17 g m-2 and 1.34 ± 0.13 g m-2, respectively.  

Calanoid standing stock and production 

 Calanoid standing stock (g m-2) was estimated from October 2014-October 2015. 

Calanoid standing stock declined by (mean ± SE) by 5.86 ± 1.42 g m-2 from October 

2014-May 2015, peaked at 11.28 ± 2.19 g m-2 by August 2015, and remained relatively 

constant through the fall of 2015 (Figure 2-4). The production period of calanoid 

copepods was assumed to occur from May 2015-October 2015 and calanoid production 

over this time period averaged (mean ± SE) 9.04 ± 0.71 g m-2.  
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Comparison of consumption with calanoid standing stock and production 

 Consumption of calanoid copepods by fish from May 2015-October 2015 was 

significantly less than calanoid production over the same time period (Figure 2-5). The 

average estimate of consumption was approximately 15% of calanoid production from 

May 2015-October 2015. Consumption of calanoid copepods by fish from October 2014-

May 2015 was significantly less than the observed decline in calanoid standing stock 

over the same time period (Figure 2-6). The average estimate of consumption was 

approximately 36% of the observed decline in calanoid standing stock from October 

2014-May 2015.  

Discussion 

 Calanoid copepods were the principle prey of cisco in western Lake Superior 

from 2014-2015. Yearling-and-older cisco were the principle predators of calanoid 

copepods observed in this study and consumption of calanoid copepods by bloater, yoy 

cisco, and yoy coregonines were trivial in comparison. Total fish consumption was 

approximately 15% of calanoid production from May 2015-October 2015 as measured in 

this study. This suggests that predators of calanoid copepods were not prey limited during 

this time period. In contrast, the standing stock of calanoid copepods declined by 70% 

from October 2014-May 2015, which could have caused prey limitation during this 

period. On average, only 36% of this decline could be explained by fish predation which 

suggests other sources of mortality may be important for overwintering calanoid 

copepods.  
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 The offshore pelagic planktivore community in western Lake Superior was 

dominated by cisco, kiyi, bloater, and rainbow smelt from 2014-2015. Estimates of total 

fish density in this study are similar to the range of total fish density (0.41-0.90 g m-2) 

reported by Yule et al. (2013) for similar offshore habitats in Lake Superior. Yoy cisco 

and other yoy coregonines were detected in October 2014, August 2015, and October 

2015, however, were a small component of total planktivore biomass.  

The food habits of the pelagic planktivores observed in this study were similar to 

those observed in previous diet surveys in Lake Superior. Notable differences include a 

reduced importance of Bythotrephes as a prey item for cisco and an increased importance 

of calanoid copepods as a seasonal prey item for bloater in comparison to more recent 

diet surveys (Ahrenstorff et al. 2011, Gamble et al. 2011). Planktivore diets observed in 

this study are more similar to historic diet surveys (Anderson and Smith 1971, Johnson et 

al. 1998), and suggests utilization of Bythotrephes as a prey resource may track its 

abundance. Although seasonal diet observations were incomplete for kiyi and rainbow 

smelt, previous research suggests these species strongly select for Mysis diluviana over 

all seasons (Issac et al. 2012). Diet information was also lacking for yoy cisco and other 

yoy coregonines, but, previous studies suggest that these groups primarily consume 

calanoid copepods (Barnhisel and Harvey 1995, Johnson et al. 1998). Results from this 

study and previous research suggest calanoid copepods are an important prey resource for 

pelagic planktivores in Lake Superior and that they are the principal prey item of cisco, 

the dominant planktivore in Lake Superior. 
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Annual consumption of calanoid copepods (mean wet-weight ± SE) by the 

species modeled in this study averaged 3.45 ± 0.25 g m-2. This value is within the range 

of 1.14-31.46 g m-2 reported by Johnson et al. (1998) for the time period of 1978-1995. 

The standing stock of calanoid copepods estimated in the summer of this study (mean dry 

weight ± SE) averaged 1.12 ± 0.11 g m-2 and is similar to summer estimates of calanoid 

standing stock from previous studies on Lake Superior and Lake Huron (Brown and 

Branstrator 2004, Bunnell et al. 2011). Daily calanoid production estimated in this study 

(mean dry weight ± SE) averaged 0.07 ± 0.003 g m-2 day-1 and is also similar to previous 

estimates of daily calanoid production from Lake Huron (Bunnell et al. 2011).  

Consumption of calanoid copepods by the fish modeled in this study was 15% of 

calanoid production from May 2015-October 2015. This suggests there was a surplus of 

calanoid production and that the predators of calanoid copepods were not prey limited 

during this time period. In addition, the growth rates of cisco in western Lake Superior 

were similar from 1984-2013, despite a 10-fold increase in cisco density (Harding MS 

Thesis chapter I). These lines of evidence suggest that intra-specific competition for prey 

resources may be low for cisco in western Lake Superior. This also suggests that intra-

specific competition for prey resources during the growing season is not limiting the 

survival of yoy cisco in the offshore waters of western Lake Superior. However, it is not 

clear how many yoy cisco utilize offshore habitats, as yoy cisco are thought to be more 

nearshore and benthic (Stockwell et al. 2009). Future research could benefit from looking 

at habitat use by yoy cisco and the supply-demand relationship for prey resources in 

nearshore habitats. 
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Although calanoid copepod production exceeded fish predation from May 2015-

October 2015, calanoid standing stock decreased by 70% from October 2014-May 2015 

(Figure 2-4). Selgeby (1975) observed a similar decline in calanoid copepods from fall-

spring in the outlet of Lake Superior and this decline is thought to be a direct result of 

mortality, be it planktivory or from other sources (Gorman et al. 2009, Link et al. 1995). 

This could be a critical time for yoy cisco as cisco are thought to be active planktivores 

throughout the winter and low food rations during winter periods may decrease 

survivorship of yoy cisco (Pangle et al. 2004, Link et al. 1995).  

Planktivory by fish estimated in this study can explain approximately 36% of the 

overwinter decline in calanoid standing stock which suggests other sources of mortality 

are important for overwintering calanoid copepods. The calanoid copepods Limnocalanus 

macrurus and Leptodiaptumus sicilis composed greater than 90% of the calanoid biomass 

in this study. Limnocalanus macrurus typically hatches in the early spring in Lake 

Superior, takes 6-8 months to mature, and has a lifespan of 10-16 months (Balcer et al. 

1984). Therefore, adult Limnocalanus macrurus may be reaching the end of its life cycle 

during this time period which may partially explain the observed declines of calanoid 

standing stock from October 2014-May 2015. In contrast, adult Leptodiaptumus sicilis 

typically reach peak abundance between January and June in the Great Lakes and 

reproduce during winter periods (Balcer et al. 1984, Vanderplog et al. 1992). Overwinter 

adult abundance and the strength of reproduction events may be dependent upon late 

winter algal blooms which are utilized as a food resource during a typically resource 

limited period (Kerfoot et al. 2008, Kerfoot et al. 2010, Vanderplog et al. 1992b). 
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Leptodiaptumus sicilis are also the primary prey resource of overwintering cisco in Lake 

Superior, therefore, cisco predation on Leptodiaptumus sicilis may also be a significant 

portion of overwinter mortality (Link et al. 1995). Leptodiaptumus sicilis standing stock 

declined by (mean decline ± SE) 1.55 ± 0.85 g m-2 (~50% decline) from October 2014-

May 2015 which is within one SE of estimated fish consumption over this time period 

(mean consumption ± SE, 2.12 ± 0.17 g m-2). This suggests cisco may be exerting top 

down control on Leptodiaptumus sicilis from October 2014-May 2015 which may 

increase intraspecific competition for this important winter prey resource.  

Estimates of fish consumption from bioenergetics models are sensitive to inputs 

of fish density and occupied temperatures (Kitchell et al. 1977, Rand et al. 1995, Mason 

et al. 2005, Negus et al. 2008). Advancements in hydroacoustics have allowed us to better 

estimate the density and temperatures occupied by fish (Ahrenstorff et al. 2011, Hrabik et 

al. 2006, Jensen et al. 2006, Yule et al. 2007), which may increase the accuracy of 

consumption estimates from bioenergetics models. In addition, all of the inputs into the 

bioenergetics model, with the exception of prey energy density, were measured in this 

study. I also used a bootstrapping technique to include the uncertainty in model inputs 

into the estimates of consumption (sensu Stewart et al. 2010). Therefore, the methods 

used in this study to estimate consumption by fish may be fairly robust. However, the 

accuracy of consumption estimates from the bioenergetics model is not known for cisco 

and bloater. I used the original parameters proposed by Rudstam et al. (1994) for the 

bioenergetics model, which may overestimate consumption for other Coregonus species 

(Madenjian et al. 2013). Therefore, consumption by the planktivorous fish modeled in 



 

 54 

this study may not be conservative. Alternatively, larval fish and invertebrate planktivory 

were not modeled in this study which can represent a substantial portion of overall 

zooplankton consumption (Bunnell et al. 2011, Hewett and Stewart 1989, Johnson and 

Kitchell 1996, Rand et al. 1995). However, the extent of invertebrate planktivory on 

calanoid copepods in Lake Superior is unknown, as invertebrate predators typically 

exhibit preferences for smaller prey resources or are omnivores that primarily consume 

primary producers and detritus (Balcer et al. 1984, Dumitru et al. 2001, Lehman and 

Caceres 1993). In addition, larval coregonine densities are typically the greatest between 

late May and early June in Lake Superior (Myers et al. 2015) and have transitioned to the 

juvenile stage prior to mid-August which is when they were detected in our midwater 

trawls as juvenile fish. Therefore, it is unlikely larval coregonines contributed 

substantially to the decline in calanoid copepods observed from October 2014-May 2015 

because they would not have been present for the vast majority of this time period. Also, 

larval coregonine consumption of calanoid copepods would be expected to be the greatest 

from first occurrence (May) until metamorphosis to the juvenile stage (prior to mid- 

August) which is when the greatest increases in calanoid standing stock were observed 

(Figure 2-6). Therefore, larval coregonines may not contribute substantially to total 

planktivory of calanoid copepods modeled in this study and not including this estimate of 

planktivory should not significantly alter the conclusions of this study. 

This study suggests that cisco were not prey limited from May 2015-October 

2015 in the offshore waters of Lake Superior. However, Cisco may have exerted top 

down control on Leptodiaptumus sicilis from October 2014-May 2015 which may have 
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increased intra-specific competition for this prey resource during this time. This could be 

a potential bottleneck for yoy cisco survival. This study could be improved by more 

frequent sampling intervals and a greater understanding of the winter ecology of both 

calanoid copepods and fish in Lake Superior. 
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Table 2-1. Number and length range of fish processed for diet analysis from the fall 

2014-fall 2015. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species 

Length range 

(mm) Fall 14 Spring 15 Summer 15 Fall 15 Total 

Cisco 243 - 414 173 57 59 47 336 

Bloater 125 - 312 33 54 10 36 133 

Kiyi 135 - 244 125 

 

43 46 214 

Smelt 102 - 163 15 

 

11 

 

26 
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Table 2-2. Length-dry-mass regressions used for estimating prey item dry mass. Where 

W is the weight and L is the length in mm. Subscripts indicate the weight unit. 

Prey species Equation Source of Equation 

Bosmina spp. Wug = e2.7116 + 2.5294ln(L) EPA 2003 

Bythotrephes 

longimanus Wug = e2.83 + 2.09ln(L) EPA 2003 

Daphnia spp. Wug = e1.51 + 2.56ln(L) EPA 2003 

Calanoid copepod Wug = e1.53 + 2.59ln(L) Burgess et al. (2015) 

Cyclopoid copepod Wug = e1.4919 + 1.985ln(L) EPA 2003 

Holopedium spp. Wug= e6.5 + 3.19ln(L) Persson and Ekbohm (1980) 

Mysis diluviana Wmg = e-6.1709 + 2.86ln(L) EPA 2003 

Chironomid Wmg = .0059L2.099 Benke et al. (1999) 

fish Wg = e-12.2167 + 3.0799ln(L) Gamble et al. (2011) 

insect Wmg = .0025L2.692 Benke et al. (1999) 
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Table 2-3. Dry-weight-energy-density regressions and length-weight regressions from 

fall captured cisco and bloater used in this study. Where ED is the energy density (kj g-1), 

DW is the dry weight (%), WT is the wet weight (g), and L is the total length (mm).  

Species Equation N R2 

Cisco ED = -4.391 + .389 X DW 42 0.96 

 

Ln(WT) = -12.681 + 3.170 X ln(L) 317 0.99 

Bloater 
 

ED = -1.105 + .303 X DW 34 0.98 

  Ln(WT) = -13.150 + 3.276 X ln(L) 223 0.99 
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Table 2-4. Sampling interval and species specific inputs for bioenergetics modeling. 

Values were assumed to apply across all cohorts within a species. Mean values are given 

(± SE). Values showing 0.00 are values < 0.01. 

Species Date 

Simulation 

day 

Temperature 

range ( ̊C) 

Proportion 

of 

calanoids 

in diet 

Energy 

density  

(j g-1) 

Biomass  

(g m-2) 

Cisco 17-Oct-2014 1 3.7 - 6.4 0.51 ± 0.03 7736 ± 92 0.76 ± 0.07 

 

20-May-2015 216 2.8 - 2.8 1.00 ± 0.00 

  

 

16-Jul-2015 273 3.6 - 4.5 

   

 

12-Aug-2015 300 3.6 - 5.6 0.92 ± 0.03 7209 ± 143 0.43 ± 0.05 

 

9-Sep-2015 328 3.6 - 5.0 

   

 

17-Oct-2015 366 3.7 - 8.2 0.72 ± 0.06 6998 ± 162 0.44 ± 0.08 

Bloater 17-Oct-2014 1 3.7 - 6.8 0.00 ± 0.00 9664 ± 196 0.04 ± 0.00 

 

20-May-2015 216 2.8 - 2.8 0.97 ± 0.02 

  

 

16-Jul-2015 273 3.6 - 4.0 

   

 

12-Aug-2015 300 3.6 - 4.0 0.33 ± 0.19 9143 ± 256 0.04 ± 0.01 

 

9-Sep-2015 328 3.6 - 4.1 

   

 

17-Oct-2015 366 3.7 - 5.2 0.00 ± 0.00 8272 ± 187 0.07 ± 0.01 

Yoy cisco 12-Aug-2015 300 3.6 - 4.0 1a 5072 ± 250 0.00 ± 0.00 

 

9-Sep-2015 328 3.6 - 4.1 1a 

  

 

17-Oct-2015 366 3.7 - 6.2 1a 5045 ± 189 0.00 ± 0.00 

Yoy 

coregonine 12-Aug-2015 300 3.6 - 4.1 1a 5074 ± 259 0.01 ± 0.00 

 

9-Sep-2015 328 3.6 - 4.2 1a 

  
  17-Oct-2015 366 3.7 - 6.0 1a 5024 ± 193 0.03 ± 0.00 

a Values are assumed to be 1, see methods section. 
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Table 2-5. Species and cohort specific inputs used for bioenergetics modeling and the 

proportion of maximum consumption (Pmax) estimated from bioenergetics modeling. Start 

weight and end weight are the mean weights (± SE) in grams at the start and end of the 

modeling period, respectively. Proportion of catch is the mean proportion (± SD) by mass 

each cohort composes of the total catch of each species. Pmax is the estimated value from 

bioenergetics modeling (± SD). 

Species Cohort Start weight  End weight  

Proportion of 

catch Pmax 

Cisco 1990 433.2 ± 13.4 433.3 ± 13.4 0.01 ± 0.01 0.36 ± 0.02 

 

1998 430.2 ± 12.7 431.2 ± 12.9 0.19 ± 0.02 0.35 ± 0.02 

 

2000 426.8 ± 12.0 428.8 ± 12.4 0.02 ± 0.01 0.35 ± 0.02 

 

2003 414.0 ± 10.1 419.8 ± 10.9 0.29 ± 0.03 0.35 ± 0.02 

 

2005 393.9 ± 8.3 405.7 ± 9.2 0.04 ± 0.01 0.35 ± 0.02 

 

2007 354.5 ± 7.0 377.4 ± 7.4 0.00 ± 0.00 0.35 ± 0.02 

 

2009 281.5 ± 7.9 323.2 ± 7.2 0.45 ± 0.03 0.33 ± 0.02 

Bloater 1998 78.8 ± 5.9 79.0 ± 6.0 0.02 ± 0.02 0.20 ± 0.01 

 

2002 76.5 ± 4.9 77.4 ± 5.2 0.02 ± 0.02 0.20 ± 0.01 

 

2003 75.4 ± 4.5 76.5 ± 4.9 0.24 ± 0.05 0.20 ± 0.01 

 

2005 71.5 ± 3.3 73.7 ± 3.9 0.04 ± 0.03 0.20 ± 0.01 

 

2008 59.0 ± 1.7 64.4 ± 2.0 0.01 ± 0.01 0.20 ± 0.01 

 

2009 52.0 ± 1.8 59.0 ± 1.7 0.67 ± 0.06 0.20 ± 0.01 

 

2012 20.8 ± 1.8 32.5 ± 2.2 0.01 ± 0.01 0.20 ± 0.01 

Yoy Cisco 2015 2.2 ± 0.7 5.9 ± 1.0 1a 0.23 ± 0.06 

Yoy coregonine 2015 3.1 ± 0.2 4.0 ± 0.1 1a 0.11 ± 0.01 
a Biomass was estimated separate from adult fish and groups were not subdivided. 
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Figure 2-1. Location of hydroacoustics and midwater trawling locations in fall 2014, 

summer 2015, and fall 2015. Also shown are zooplankton sampling stations from the fall 

2014-fall 2015, and additional fish collection sites in spring 2015 (BT Spring 2015). The 

large black diamonds represent zooplankton sampling stations with repeated seasonal 

observations. All other sampling points indicate individual sampling locations. 
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Figure 2-2. Mean seasonal biomass (g m-2) of offshore pelagic planktivores in western 

Lake Superior in fall 2014, summer 2015, and fall 2015. Yoy coregonine is other yoy 

coregonines (i.e. bloater and kiyi), and other is deep-water sculpin, nine-spine stickleback 

and short-jaw cisco. 

 

 

 

 

 

 



 

 63 

 

Figure 2-3. Seasonal diet proportions by dry mass for cisco, bloater, kiyi, and rainbow 

smelt in western Lake Superior from fall 2014-fall 2015. 
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Figure 2-4. Mean calanoid standing stock (g-wet-mass m-2) October 2014-October 2015 

in western Lake Superior. Error bars are 95% confidence intervals. 
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Figure 2-5. Mean calanoid production (Calanoid) and fish consumption of calanoid 

copepods (Total, Cisco, Bloater, Yoy cisco, and Yoy core) May 2015-October 2015. 

Total is the sum of consumption by all fish. Yoy core is yoy coregonines (i.e. bloater and 

kiyi). Error bars are 95% confidence intervals. 
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Figure 2-6. Mean decline of calanoid standing stock (Calanoid) and fish consumption of 

calanoid copepods (Total, Cisco, and Bloater) October 2014-May 2015. Total is the sum 

of consumption by all fish. Error bars are 95% confidence intervals. 
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