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Abstract 

Despite growing knowledge of the ecology of Cercopagis in North America, little 

information exists on its effects on the composition and abundance of zooplankton and 

phytoplankton. I assessed the impact of Cercopagis on the lower food-web of Lake 

Ontario by analyzing the historical and seasonal abundance of the crustacean 

zooplankton, by conducting laboratory feeding experiments, and by estimating 

consumption demand of Cercopagis based on bioenergetic considerations. A comparison 

of average pre-and post-invasion abundances of Daphnia retrocurva, Bosmina 

longirostris and Diacyclops thomasi suggests that Cercopagis is having a major effect on 

zooplankton abundance in the lake. In the laboratory Cercopagis fed on a number 

zooplankton including the rotifer Asplanchna priodonta and the cladocerans Daphnia 

retrocurva, Bosmina longirostris, Ceriodaphnia /acustris, Scapheloberis kingi, and 

Leptodora kindtii. Between 1999 and 200 I decreases in the abundance of common 

members of the zooplankton community coincided with an increase in the abundance of 

Cercopagis. Daphnia retrocurva populations declined despite high birth rates in all three 

years, indicating that food limitation was not responsible for the patterns. Chlorophyll-a 

concentration generally increased concomitant with declines in cladoceran zooplankton 

abundance. Consumption demand of average mid-summer populations of Cercopagis, 

estimated from the bioenergetic model of confamilial Bythotrephes, were sufficient to 

decimate much of the crustacean community in a few days. Predatory effects exerted by 

Cercopagis on the Lake Ontario zooplankton community have decreased steadily since 

the species was established in the lake. 
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Introduction 

Over the past 15 years the Laurentian Great Lakes, as well as many inland lakes 

in North America, experienced a wave of invertebrate invasions from the Ponto-Caspian 

region of Eurasia. Unlike exotic species invasions of the Great Lakes in the early 20'h 

century (Mills et al. 1993), recent invaders became established at mid and lower trophic 

levels potentially changing energy flow and contaminant movement through the food 

web that culminates in economically important sport fishes (reviewed in Shuter and 

Mason 2001; Dermott et al. 1999; Ryan et al. 1999). The most recent invader to establish 

itself in Lake Ontario is the predaceous zooplankter Cercopagis pengoi (Makarewicz et 

al. 2000). Cercopagis belongs to the family Cercopagidae (Crustacea: Cladocera: 

Onychopoda), which comprises two genera, Bythotrephes and Cercopagis . Cercopagis is 

native to the ~lack, Azov, Caspian, and Aral Sea basins (Mordukhai-Boltovskoi 1968). 

Damming and the construction of reservoirs and canals on the Dnieper, Don and Manych 

rivers facilitated the dispersal of Cercopagis throughout much of eastern Europe 

(Grigorovich et al 2000). Cercopagis was first reported outside of the Ponto-Caspian 

basin in coastal waters of the eastern Baltic Sea during 1992 (Ojaveer and Lumberg 

1995), and later in the Gulf of Finland during 1997. Cercopagis was detected in the 

offshore waters of Lake Ontario during the summer of 1998 (Macisaac et al.1999; 

Makarewicz et al. 2001), and subsequently achieved high summer abundances in 1999 

(Mhlcarewicz et al. 2001). 

The introduction of Cercopagis into Lake Ontario was attributed to ballast release 

from transoceanic ships (Macisaac et al. 1999). Based on mitochondrial gene sequences, 
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it is believed that the invading population of Cercopagis was native to the Black Sea 

(Cristescu et al. 2000). Within two years of being reported in Lake Ontario, Cercopagis 

invaded Lake Michigan (Charlebois et al. 200 I) and Lake Erie (I.A. Grigorovich pers. 

comm.), as well as many inland lakes, including Seneca, Cayuga, Otisco, Canandaigua, 

Owasco and Cross lakes near the south shore of Lake Ontario (Makarewicz et al. 2001 ). 

The subsequent spread of Cercopagis from Lake Ontario to other basins may be due to 

canal systems and the traffic of recreational and commercial boats. The cladoceran also 

may be spread inadvertently on fishing gear and boating equipment, as its tail spine 

frequently gets snagged on fishing lines and other substrates including the plumage of 

diving birds (Macisaac pers. comm.). 

Two closely related forms, C pengoi and C ossiani co-occurred in northwest and 

south-central regions of Lake Ontario during 1999 and 2000 (Makarewicz et al. 2000). 

However, sequencing of the mitochondrial ND5 gene revealed that these forms were 

characterized by a single haplotype (Makarewicz et al. 200 I). Conversely, European 

populations from the Black Sea, Caspian Sea and Baltic Sea were characterized by 7, 2 and 

1 haplotypes, respectively (Cristescu et al. 2001 ). Lack of haplotype diversity at ND5 

strongly suggests that only a single taxon, Cercopagis pengoi, is present in the lake 

(Makarewicz et al. 200 I). It is possible that these forms represent two morphologically 

distinct stages of the C. pengoi lifecycle. Available evidence indicates that the ossiani

form results from vernal hatching of resting eggs, while later generations (C. pengoi-type) 

are produced parthenogenetically (Makarewicz et al. 2001; Simm and Ojaveer 1999). 

Similar morphological differences were reported between parthenogenetically- and 

sexually-produced generations of Bythotrephes (Zozulya 1977; Yurista 1992). 
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Research Objective - \Vhat is the predatory impact of Cercopagis on the 

zooplankton community of Lake Ontario? 

Cercopagis is a predatory cladoceran that preys on zooplank'ton by physically 

tearing the integument of the prey and ingesting the contents (Mordukhai-Boltovskoi 

1968). Unfortunately the autoecology of Cercopagis is not well known. Research on 

the confamiliar Bythotrephes provides insight on possible impacts the new invader will 

have on the food web. For example, Daphnia retrocurva , D. pulicaria, and D. galeata. 

mendotae all declined after the arrival of Bythotrephes in Lake Michagan (Lehman and 

Caceres 1993). In Canadian Shield lakes of Ontario, long-tenn analyses of zooplankton 

community structure pre- and post-Bythotrephes invasion revealed a significant decline in 

crustacean zooplankton diversity, particularly of small-bodied tax a (Yan and Pawson 

1997). Schulz_and Yurista ( 1999) suggested that Bythotrephes preferred larger prey 

species (Daphnia pulicaria ) than would be assumed based on standard invertebrate 

predator models. The smaller Cercopagis would be expected to consume smaller prey 

items than Bythotrephes. Lake Ontario, a system dominated by small-bodied 

cladocerans and cycloploids (Lampman and Makarewicz 1999; O'Gorman et al. 1987; 

Johannsson et al. 1991) provides an abundant, relatively, untapped food source. In its 

native range, Rivi er ( 1998) inferred that Cercopagis fed on nauplii, copepodids, and adult 

calanoid copepods, However, data on prey preferences or predation rates in its native 

habitat apparently do not exist (Grigorovich et al. 2000). Field evidence from Lake 

Ontario demonstrates that Cercopagis reduces the abundance of juvenile cyclopoids in 
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the epilimnion through either direct predation or by a shift in vertical distribution (Benoit 

et al. 2002). 

Despite a growing knowledge of the ecology and biology of Cercopagis in North 

America, information on its effect on the composition and abundance of the zooplankton 

and the phytoplankton community is meager. Given that the abundance of Cercopagis is 

much higher than abundance observed for Bythotrephes (reaching a maximum of 

-1 OO/m
3 

Lake Erie), and the observed effect that Bythotrephes had on crustacean 

zooplankton, the predatory impact of Cercopagis on the zooplankton community of Lake 

Ontario is likely to be substantial. The goal of my study was to identify the predatory 

impact of Cercopagis on lower trophic levels. My approach was to combine studies of 

seasonal and historical abundance of the zooplankton and phytoplankton community, 

laboratory studies on feeding preferences, and bioenergetic estimates of consumption 

needs, to assess the trophic ecology of Cercopagis in Lake Ontario 

Methods 

Field Sampling 

Cercopagis abundance, production and vertical distribution 

Cercopagis sampling procedures and sample locations follow Makarewicz et al. 

(2001). In general, samples were taken due north of Hamlin Beach State Park on Lake 

Ontario, New York (Figure 1). Cercopagis and Leptodora were collected using a double 

Bongo net (571-µm mesh net, 50 cm diameter) and preserved in 10 % buffered formalin. 

The entire sample was counted because the tendency of Cercopagis spines to tangle 

prevented effective subsampling. Samples were collected from two stations (30 and 100-

meter depth). Initially in the spring of each year ( 1999-200 I) samples were taken on a 
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biweekly basis. Once Cercopagis numbers began to increase in the summer the sampling 

regime was changed to weekly to increase resolution until Cercopagis numbers decreased 

when the biweekly regime was reinstated. 

Due to the difficulties in cultivating Cercopagis under laboratory conditions (K.L. 

Schulzpers. comm., K.N. McPhedranpers. comm.), no data exist on egg development 

times and stage duration. Due to this absence, Cercopagis production was estimated from 

a model proposed by Shuter and Ing ( 1997), which emphasizes that the experienced 

temperature of the organism and its taxonomic group (i.e. , cladocera) can account for the 

variation in daily weight-specific production (production/biomass ratio, or P/B). Daily 

production rate was calculated as the product of biomass and a daily P/B ratio predicted 

from the empirical equation (Appendix I). Biomass of Cercopagis was calculated using 

the length weight regression of Makarewicz et al. (2001 ), note correction in Makarewicz 

et al. 2001 b) . . 

To study the vertical distribution and the diurnal vertical migration of Cercopagis 

in Lake Ontario, replicate (n=3) zooplankton samples were collected at I m intervals 

from the surface to 20 meters between 3:00 pm and 4:30 pm and between 9:00 pm and 

11 :30 pm on the evening of 27 July 2001. Samples were collected using a submersible 

water pump; water was pumped at a rate of 1 Lis into filter tubes (0.3 m length and 12 cm 

diameter, 153 µm mesh net). Samples were counted in entirety for Cercopagis and for 

Daphnia retrocurva. 

Native zooplankton sampling 

At the same times and locations that Cercopagis was sampled, the native 

zooplankton were sampled by collecting vertical hauls taken from 20 meters to the 
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surface using a flow meter equipped Wisconsin net (63-µm mesh net, 50 cm diameter), 

and preserved in 10% buffered formalin. Prior to enumeration zooplankton samples were 

thoroughly mixed and individually diluted to obtain 150-350 organisms per subsample. 

Three replicate l 0-mL subsamples were withdrawn using a Hensen-Stemple pipette. 

Zooplankton taxonomy largely followed Balcer et al. ( 1984); other keys consulted 

included Edmondson ( 1959), and Rivier ( 1998). Cladocerans, adult cycloploids and large 

rotifers were identified, and the number of individuals and eggs per species enumerated 

with a stereo dissecting microscope and a multi-chambered glass counting cell (Gannon 

1971 ). Length measurements were made on the first twenty individuals of each species 

encountered per sample. Calanoids, cycloploid nauplii , and copepodids were counted but 

not identified to species. In 2001 the vertical distribution of potential prey items of 

Cercopagis was examined at the offshore location by performing zooplankton tows at 

fixed depth intervals (0-20, 20-40, and 40-60 meters) by means of a closing net ( 17 cm 

diameter, 63-µm mesh). The closing net samples were identified and enumerated as 

above. 

Daphnia retrocurva and Bosmina longirostris production in the upper 20 meters 

was estimated by the egg ratio method (Palohiemo 1974) using the egg development

temperature relationship from Belehradeks 's equation outlined in Cooley et al. ( 1986). 

Production for each species was calculated by multiplying the number of new recruits 

during the interval between sampling periods (B) by the mean dry weight for individuals 

of each species during the same period (Appendix 2). Individual weight was calculated 

with the length weight relationship derived from Lake Ontario organisms (Johannsson 

and O'Gorman 1991). Estimates of Diacyc/ops thomasi production followed the 
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empirical model of Shuter and Ing ( 1997) developed, in part, with data from Lake 

Ontario. The biomass of D. thomasi on each sampling day was calculated by summing 

the biomass of each development stage. Mean individual weight for each stage was 

assumed constant at 0.9 µg for nauplii, 1.9 µg for copepodids, and 3.2 µg for adults 

(Johannsson and O'Gorman 1991). 

Temperature Regimes and Chlorophyll-a 

Temperature profiles were measured with a SeaBird CTD submersible data 

logger. In 1999 chlorophyll-a concentrations were detennined using a Turner Model 

111 Fluorometer. Between 500 and 750 mL aliquots were filtered through a glass fiber 

filter and extracted with 90% alkaline acetone (Wetzel and Likens 1994). In 2000-2001 

chlorophyll-a concentrations were determined flourometrically with a SeaBird CTD and 

averaged from a depth of 20 meters to the surface. The Seabird CTD fluorometer 

(WETstar fluorometer, standard range 0.03-75 µg/L) was factory calibrated and 

confirmed with the Turner Model 111 in the laboratory. 

Laboratory Experiments 

Eight prey species representing one rotifer (Asplanchna priodonta) and seven 

cladoceran ( Ceriodaphnia lacustris, Scapheloberis kingi, Bosmina longirostris, Moina 

micrura, Leptodora kindtii, Daphnia retrocurva, Polyphemus pediculus) taxa were used 

to test zooplankton vulnerability to Cercopagis pengoi. Experimental water from the 

surface of Hamilton Harbour was collected using 22.5L carboys filtered using a 

Whatman glass microfibre 934 AH filter (1.5 µm). Experiments were conducted in a 

controlled-environment chamber at l 8°C and 1.78 µE*m- 2•s·1 light intensity (24 hour 

light) using 3rd instar, parthenogenic females of Cercopagis. Prey density in small 
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container ( 150 ml) experiments averaged approximately 66,000 m·3 (equivalent to peak 

total zooplankton abundance observed in western Lake Ontario in 2000) while prey 

density in the large container (1.5 L) experiments was approximately 26,000 m-3 

(approximately the average total zooplankton abundance observed in western Lake 

Ontario in 2000). 

Acclimation Procedure 

Cercopagis were collected daily from eastern Hamilton Harbor using bottom to 

surface hauls ( <2m) of a 0.5-m-diameter, 500 µm Nitex mesh plankton net. Zooplankton 

samples were rinsed from the net, using lake water, into l .5L containers. Containers 

were subsequently completely filled with lake water to minimize stress during transport 

to the laboratory. Free (i.e., spine unattached to conspecifics or detritus) Cercopagis 

individuals were isolated and removed from samples using either a wide mouth pipette or 

fine forceps (cradled), depending on body size, and placed singly into 150 ml jars filled 

with filtered lake water. Cercopagis individuals were acclimated to laboratory conditions 

within the controlled environment chamber for a 24-hour period, before the addition of 

prey organisms (Yurista and Schulz 1995). Only live and vigorous (i.e., swimming well) 

individuals were utilized in laboratory treatments. 

Prey Collection Procedure 

Prey species were collected using bottom to surface hauls (n=5, <2m) of a 0.5-m

diameter, 53 µm Nitex-mesh plankton net. Zooplankton species present at low 

abundance in Hamilton Harbour samples were collected from ponds (Ojibway and 

Malden Parks) near Windsor, Ontario. Individual prey species separated into 

monocultures were placed into 2L containers filled with aerated, filtered lake water. Prey 
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cultures were fed dried Ch/ore/la daily (<lmg/L). Every second day, prey monoculture 

water \olumes were reverse filtered to 25% of the total initial volume using a 40µm Nitex 

mesh filter, and brought back up to volume with the addition of freshly-collected , filtered 

lake water. This procedure allowed for the maintenance of most prey species throughout 

the laboratory experiments. 

Experimental Procedures 

Experiments were conducted with individual Cercopagis in both small (l 50ml) 

and large vessels (I.SL). Prey species were presented individually with a single 

Cercopagis. Prey in small container treatments included Daphnia retrocurva. 

Ceriodaphnia lacustris, Asplanchna priodonta, Scapheloberis kingi and Moina micrura. 

Prey in large container vessels included Ceriodaphnia /acustris, Daphnia retrocurva and 

Bosmina /ongirostris. Vigorous prey (IO each, small vessels, n=3; 40 each, large 

vessels, n=5) were randomly added to containers filled with filtered lake water and a 

single Cercopagis. Replicated controls (without Cercopagis) were also run for each 

treatment. Experimental vessels were placed in an open-top box allowing only diffuse 

overhead light. After 18 hours small vessels were observed using dissecting microscopes 

to assess predator and prey mortality, as well as animal condition. Prey individuals found 

caught within the water surface film were considered as live after the experimental 

period. After 12 hours, the contents of the large vessels were concentrated by reverse 

filtration (using 40 µm Nitex mesh as a filter) and observed using dissecting microscopes 

to assess predator and prey mortality, as well as animal condition. All animals from 

experiments were preserved in 95% ethanol. 
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Imaging Analysis 

The size structure of prey species was detennined through random subsampling of 

at least 10 individuals for each species used in experimental treatments. Body length 

measurements were made using Optimas 6.2 imaging software, linked to a Hitachi D.S.P. 

color video camera operating through a Medilus-12 compound microscope. Body lengths 

were measured from tip-of-head to base-of-tail spine for Daphnia and tip-of-head (or 

body) to the posterior carapace (or body) for Ceriodaphnia, Asplanchna. Moina, 

Scapheloberis and Bosmina. 

Electivity Indices 

The estimation of Cercopagis clearance rates of individually presented 

zooplankton prey species within laboratory experiments can be combined and processed 

for use in the detennination of the relative preference of individual prey species when 

multiple species are presented simultaneously (Cheeson 1978). Laboratory clearance 

rates followed Coughlan ( 1969). After calculation of individual clearance rates for 

different prey species, relative prey preferences (when many species are presented 

simultaneously) were estimated following Manly et al. ( 1972) where ai is the moment 

estimate of relative preference of the predator for each species i presented. This 

preference index can be used to estimate clearance rates in experiments involving 

variation in both prey species densities and experimental duration. All clearance rate and 

preference calculations for laboratory experiments were detennined after correction of 

experimental treatments against corresponding control values as follows: 

Pi = (Co - Ct ) - ( eo - et) 
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where Pi is the corrected prey number, c0 is the initial control prey, c" is the final control 

prey, e0 is the initial experimental prey and e1 is the final experimental value. Values of 

ai range from 0 (negatively selected) to I (positively selected), with 0.2 representing a 

neutral selection (Chesson 1978). 

Predator vs. Predator Interactions 

Predatory zooplankton species presented as potential Cercopagis prey organisms 

included Leptodora kindtii and Polyphemus pediculus. Predator species were collected 

and maintained according to the Cercopagis collection and acclimation procedure (see 

above). Prey individuals were added singly to I 50ml containers filled with filtered lake 

water, each containing a single Cercopagis individual. There were 5 replicates for each 

prey species treatment. Containers were observed using dissecting microscopes to assess 

predation events, mortality and condition after 12 and 24 hours, respectively. Samples 

were then preserved using 95% ethanol. 

Energetic requirements of Cercopagis 

The feeding behavior of Cercopagis and Bythotrephes are quite similar. Both 

species grab prey with their enlarged antennae and suck out body contents (Rivier 1998). 

As well, both species occupy approximately similar niches in zooplankton communities 

(Mordukhai-Boltovskoi 1968; Rivier 1998). Similar morphological features include: I) 

a single, compound eye, used for prey detection; 2) biramous antennae II, used for 

swimming; 3) mandibles adapted for biting prey; 4) the trunk has four pairs of 

thoracopods, used for grasping prey; 5) well-developed abdomen with an elongate caudal 

process extending greater than one body length; and 6) caudal process with articular 

spines denoting instar stage (Mordukhai-Boltovskoi and Rivier 1987). Owing to the 
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paucity of physiological data for Cercopagis, the Bythotrephes bioenergetics model was 

used as a basis for estimation of consumption demand by Cercopagis. with appropriate 

model adjustments based upon the proportional body mass of the t\:a.10 species. Average 

Bythotrephes mass of 355 µg was taken from the original model developed by Yurista 

and Schulz (1995), and divided by the average Cercopagis mass of 10.9 ~tg for Lake 

Ontario samples calculated from the length weight regression of Makarewicz t al. (200 I, 

note correction in Makarewicz et al. 200 I b ). The resultant proportional mass difference 

was used to convert the consumption demand of 3rd instar B) thotrephes from the original 

model (187 µg C-d- 1
) to that of 5.8 µg C-d-1 for 3rd instar Cercopagis (Appendix 3). 

The number of prey required to fulfill the energetic need of a single Cercopagis 

(predation rate) was calculated by dividing the consumption demand (µg C·d- 1
) by the 

weight in carbon of average sized prey species. Zooplankton weights were calculated by 

utilizing the median lengths and the associated length-weight regressions for Great Lakes 

zooplankton of Culver et al (1985), as well as lake-specific length-weight relationship of 

Johannsson and 0 Gorman (1991) for Daphnia retrocurva, Bosmina longirostris, and 

Diacyclops thomasi. Dry weight was converted to carbon based on a 50 % approximation 

of dry weight: carbon (Salonen et al. 1976, Makarewicz and Likens 1979). 

Results 

Cercopagis abundance, production and vertical distribution 

In general Cercopagis typically has 1-3 population peaks per year, appears in the 

zooplank:ton community in low abundance(< 30 Ind I m3
) in mid June, and remains low 

until late July, whereupon it increases rapidly following the onset of thermal stratification 

(Figure 2). Seasonal abundance, biomass, length and population structure of Cercopagis 
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are presented in Appendix 4. During 1999 and 2000 the maximum abundance at both 

stations occurred in mid August. In 200 l the maximum abundance occurred during the 

first week of August at the offshore station and the last week in July at the nearshore 

station. Greater population maxima were observed at the nearshore station during all 

three years, however a Mann-Whitney Rank Sum Test showed no statistical difference in 

median abundance between stations across years (p=0.69). From 1999 -200 l the average 

and maximum abundance of Cercopagis at both stations decreased in a nearly linear 

fashion {Table l ). 

Production and biomass of Cercopagis are presented in Table 2. Highest 

Cercopagis production occurred during the summer of 1999 with a seasonal (7 months) 

total of 1.46 g C/m2 at the offshore location and 2. 77 g C/m2 at the nearshore location. In 

2000 production at the offshore and nearshore locations were nearly identical with a 

seasonal total of 0.65 and 0.63 g C/m2 respectively. The lowest seasonal production 

occurred in 200 I, with a seasonal total of 0.26 g C/m2 at the offshore location and 0.51 g 

C/m2 at the nearshore. Even though average Cercopagis abundance is high (ranging from 

84 -735 ind/m3
) compared to a native predatory invertebrate Mys is relicta (-4 indlm\ 

average Cercopagis biomass is less than that of the native predator. Cercopagis has a 

relatively large total length owing to its long caudal process. Body length, however, is 

similar to Daphnia and thus individual mass is low compared to an individual Mysis. 

Despite the difference in size Cercopagis production is comparable, if not greater, than 

that of Mysis, particularly in 1999 when Cercopagis achieved its highest levels of 

abundance and production {Table 2). 
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The vertical di stribution of Cercopagis was compared to that of Daphnia 

retrocurva a cladoceran known to exhibit diurnal vertical migration . At night, Daphnia 

was restri cted to the epilimnion, with a max imum abundance at m approximatly l meter 

above the thermocline (Figure 3). By noon, maximum abundance of Daphnia \ as at 

12m, approximately 3m below the thermocline. In contrast, max imum r opagis 

abundance was concentrated in the epilimnion over the 24-hour period. Peak abundance 

at noon and midnight were 6 and Sm, respectively. This temporal urvey, during August 

revealed that Cercopagis does not appear to migrate below the thennocline, and is 

restricted to the epilirnnion. 

Zooplankton community response 

Historical data 

The crustacean zooplankton community of Lake Ontario is chiefly comprised of 

small cladocerans and cycloploids, with summer communities dominated by Daphnia 

retrocurva, Bosmina longirostris, and Diacycf ops thomasi (This study; Lampman and 

Makarewicz 1999; Makarewicz 1991; Barberio et al 200 l ). The offshore seasonal and 

inter-annual distribution of these three species and the predatory cladoceran Leptodora is 

variable across years; however, it is clear that the magnitude of species abundance is 

substantially less post Cercopagis invasion (Figure 4). Similarly, average August 

abundances of Daphnia retrocurva (P<0.001, Kruskal-Wallis one-way ANOVA,), 

Bosmina longirostris (P<0.05, KW) and Diacycfops thomasi (P<0.05, KW) were 

significantly different in offshore waters in Lake Ontario since Cercopagis invaded the 

basin (Figure 5). The decrease in zooplankton abundance is particularly noticeable during 

the summer months when Cercopagis was abundant in the offshore waters. One 
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exception to this trend is Leptodora whose seasonal distribution and abundance is similar 

to pre invasion data \:vi th the exclusion of two large population peaks in 19 7 and 1995 

(Figure 4). 

1999 

During the summer of 1999, Cercopagis abundance at the offshore location 

quickly increased in late July and reached a maximum abundance of I 759 on August 

19th. Dramatic declines in three common members of the zooplankton community 

occurred simultaneously with the rise of Cercopagis (Figure 6). Daphnia retrocun a 

reached a peak abundance of 4,650 I m3 on 30 July and sharply declined to 120 I m3 

during the Cercopagis population maximum. The week following the Cercopagis peak, 

Daphnia retrocurva abundance steadily increased culminating in a maximum abundance 

of 5, 170 I m3 on 9 October. Bosmina longirostris achieved its highest abundance of 

32,000 I m3 on 7 July and steadily decreased to 125 I m3 during the Cercopagis 

population maximum. Unlike Daphnia, Bosmina abundance did not rebound following 

the decrease of Cercopagis. Diacyc/ops thomasi (adults+ juveniles) abundance in the 

upper 20 meters steadily decreased through the spring from a maximum of 36,000 m·3 

on 25 June to as low as I 0 I m3 in August. Diacyc/ops abundance increased during the 

autumn months and reached nearly I 0,000 I m3 at the end of the sampling season. 

Average number of eggs per female and instantaneous birthrate did not decline 

(Table 3) prior to the observed seasonal decrease in abundance of D. retrocurva. ln fact, 

birth rates were higher during the mid-August population decline of D. retrocurva when 

the Cercopagis population was reaching a maximum, suggesting that the decline was 

caused by increased mortality due to predation. B. longirostris egg ratio and birth rates 
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were below the replacement rate prior to and during the Cercopagi.s population increase 

(Table 3). Unlike D. retrocurva, B. longirostris birth rates continued to decline after the 

population maximum of Cercopagis. which explains why their abundance did not 

rebound following the decrease of Cercopagis. 

Declines in zooplankton abundance at the nearshore station were similar to those 

at the offshore station in time and magnitude (Figure 6), despite the nearshore Cercopagis 

maximum of 6,222 I m3 being 300% larger than that of the offshore location. 

2000 

At the offshore location Cercopagis reached a peak abundance of 680 I m3 on 19 

August and a second peak of 300 I m3 on 13 September (Figure 7). During the offshore 

Cercopagis peak, Daphnia retrocurva abundance remained low (< 600 I 111
3

) despite 

relatively high birth rates (Table 3). Immediately after the initial Cercopagis peak, 

Daphnia retrocurva numbers increased, reaching a maximum of 6,560 I m3
. Bosmina 

longirostris abundance increased in early summer to a peak on 12 July of 5,703 I m3
. As 

Cercopagis abundance increased, Bosmina abundance steadily declined during the month 

of August to as low as 307 m·3 
- a decrease of over 94%. This decrease occurred even 

though egg ratios and birth rates were higher during the month of August then they were 

prior to the Cercopagis maximum (Table 3). Diacyclops thomasi abundance in the upper 

20 meters peaked on 12 July at 10,900 I m3 and declined to a low of 360 on 27 July as the 

Cercopagis population increased. Diacyclops abundance ranged from 121to4,000 I m3 

during August and September then began to increase in the early autumn. 

At the nearshore station Cercopagis reached its population maximum of 1, 136/ m3 

on I 0 August, nine days prior to the peak at the offshore location. A second peak of 254 I 
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m3 occurred on 13 September. Response from the zooplankton community was similar to 

that of the offshore station (Figure 7). Daphnia retrocurva did not show a substantial 

increase until after the Cercopagis population maximum. Bosmina longirostris had a 

peak abundance of 5,900 I m3 on 12 July and decreased to a low of 425 I m3 on 16 

August-a decrease of nearly 93% during the period Cercopagis was abundant. 

Abundance of Diacyc/ops thomasi fluctuated widely through out the sampling season. 

The peak abundance of nearly 14,000 I m3 occurred on 29 June, followed by a steady 

decrease that occurred prior to the Cercopagis peak. Diacyc/ops abundance ranged from 

113 m-3 to 4,625 I m3 for the remainder of the sampling season, with the lowest 

abundance occurring in middle August and September. 

2001 

A non-parametric AOV followed by a Dunn's multiple comparison test revealed 

that the offshore abundance of Cercopagis in 2001 was significantly lower than the 

previous two years (P<0.05) (Figure 2) Cercopagis appeared in the water column on 13 

July and it's abundance fluctuated between 0.8 I m3 and 16 I m3 through 1 August (Figure 

8). Cercopagis reached a maximum of 354 I m3 on 8 August and quickly declined to < 1 

I m3 on 12 September. Two smaller peaks of 45.7 I m3 and 78 I m3 occurred on l October 

and 22 October, respectively. 

In late July and early August egg ratios and birth rates of Daphnia retrocurva 

were high, averaging 2.47 and 0.411 respectively (Table 3). Despite these relatively high 

replacement values, a marked population increase in Daphnia retrocurva did not occur 

until the week after the Cercopagis population maximum (Figure 8). Bosmina 

/ongirostris had two large population decreases at the offshore location. The first 
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occurred 25 July - 8 August when abundance fell from 8, 192 I m3 to as low as 797 I m3
. 

This initial decrease of Bosmina somewhat corresponded with the peak abundance of 

Cercopagis. However low egg ratios and birth rates of Bosmina occurred simultaneously 

with this decrease (Table 3), suggesting that the decrease may have been due to low 

replacement production. Following the population maximum of 9,905 I m3 a second 

decrease occurred from 22 August to 12 September when the population fell to l ,8 13 I 

m3
. In general, Diacyclops thomasi was most abundant in the upper 20 meters during the 

month of June. The abundance decreased in July, with two large population spikes 

occurring 17 July and l August. 

Unlike the offshore location, the 200 I nearshore abundance of Cercopagis was 

not significantly lower than the previous two years. (Non-parametric AOV, P=0.05), 

despite much lower peak abundances (Table I). Nearshore abundance of Cercopagis 

reached a popµlation maximum of 871 I m3 on 25 July. Following a sharp decrease on l 

August Cercopagis abundance hovered around 100 I m3 for nearly four weeks (Figure 8). 

A final peak of 95 I m3 occurred on 16 October. Daphnia retrocurva increased to 642 on 

17 July and decreased by 89% on 25 July during the peak in abundance of Cercopagis. 

During the four weeks while Cercopagis abundance fluctuated around I 00 I m3
, Daphnia 

experienced an increase from 69 I m3 to 3,851 I m3
• This increase was slow and linear 

despite high egg ratios and birth rates averaging 1.52 and 0.32 respectively (Table 4). 

Four weeks later when Cercopagis decreased to < IO m·3, Daphnia abundance quickly 

increased to 13,440 I m3
. During the final Cercopagis peak Daphnia abundance again 

declined to <1,000 I m3
. Bosmina longirostris reached a peak abundance of 11,192 I m3 

on 17 July. The following week, when Cercopagis appeared in the water, Bosmina 
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decreased in abundance reaching 2, 785 I m3 on 15 August. Similar to the offshore 

location, replacement rates of Bosmina were low during the period of decrease. During 

the last week of August Bosmina increased to l 0,888 I m3 and again decreased to 1,500 

m-3 during the final Cercopagis peak. Diacyclops thomasi abundance at the nearshore 

station remained below 5,000 I m3 for the entire sampling season with the exception of 

two population spikes that occurred on 1 August and 15 August. 

Vertical distribution of potential prey items 

The majority(> 60%) of Bosmina fongirostris , and Daphnia retrocurva 

abundance was found in the upper 20 meters of water during all sampling dates (Table 5). 

The largest percentage of Bosmina fongirostris (25.4% and 39.3%) and Daphnia 

retrocurva (17.9% and 15.6%) occurring below 20 meters was observed on 1and8 

August, respectively. Conversely, the majority of the Diacyc/ops thomasi population was 

found to reside in deeper water, below the upper 20 meters on 5 of 8 sampling days. 

Shallow epilimnion thickness moderately correlated with the higher percentages of 

Diacyc/ops in the upper 20 meters (R= 0.51) 

Effect on Chlorophyll-a concentration 

An inverse relationship existed between the abundance of herbivorous cladocera 

(Daphnia retrocurva and Bosmina fongirostris primarily) and chlorophyll-a 

concentration (Figure 9). This inverse relationship was significant in 1999 (R= -0.69, P= 

0.01) and 2000 (R= -0.59, P< 0.01) but not during 2001 (R=-.10, P= 0.70). 

Highest chlorophyll concentrations occurred during algal blooms in late spring and 

during the mid summer depressions of cladocera populations (Figure I 0). 
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Laboratory Experiments 

Small Vessel 

Mortality of the predator was high in the small vessels, with IO of 15 experiments 

failing due to the death of Cercopagis. Consumption rates ranged from zero for Moina 

micrura, where reproduction of prey occurred, to a high of 14. 7 Asplanchna consumed/ 

Cercopagislday {Table 6). Daphnia treatments had evidence of predation including prey 

individuals missing entire body parts (e.g., head or post-abdomen). Missing prey 

individuals were considered consumed because personal observations concluded that 

Cercopagis consumed whole soft-bodied prey. 

Large Vessel 

In large container treatments, Cercopagis mortality was low, with only 3 of 15 

individuals dying during the experiments. Cercopagis had identical consumption rates for 

Bosmina longirostris and Daphnia retrocurva treatments, at 2.8 ind!Cercopagislday 

(Table 6). Reproduction by Ceriodaphnia lacustris resulted in a corrected consumption 

rate of 0 ind!Cercopagis/day, although evidence of predation was noted within the 

treatment. 

Electivity Indices 

Relative Cercopagis prey preference values were calculated for each species 

based upon the clearance rates {Table 6). Values close to zero, indicating negative prey 

preference, occurred for Ceriodaphnia lacustris, Moina micrura and Daphnia retrocurva, 

with values of 0.05, 0 and 0.05, respectively. Neutrally selected species included 

Scapheloberis kingi, with relative prey preference of 0.26. Only Asplanchna priodonta, 

with a preference value of 0.65 was positively selected. Relative prey preference, as a 
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function of prey species body size, is shown in Figure I I. There was a decreasing trend 

of preference for small (<0.65 mm) and large(> 0.65 mm )prey species size presented, 

with a maximum preference at 0.65 mm. 

Predator vs. Predator 

Third instar Cercopagis mixed with Polyphemus pedicu/us resulted in no 

mortality of either organism. Predation events occurred when Leptodora kindtii and 

Cercopagis were put together. After 18 hours of incubation, Cercopagis had preyed 

upon 3 of 5 Leptodora. Of these, two Leptodora were consumed almost completely. 

Predation on Leptodora is surprising, considering it is much larger species than 

Cercopagis. 

Energetic requirements 

After correction for body mass differences between Bythotrephes and Cercopagis, 

estimates of the daily predation rate of Cercopagis on various zooplankton species were 

made (Table 7). Predation rates varied from 2.1 - 4.7 ind/Cercopagis/day for D. 

retrocurva, 7.I - 7.5 for B. /ongirostris and 3.6-4.5 for D. thomasi. For the less 

abundant cladocerans, estimated Cercopagis predation rates ranged from I I 

ind/Cercopagis/day for the small herbivore Ceriodaphnia /acustris to < I 

ind/Cercopagis/day for the large predatory cladoceran Leptodora kindtii. 

Predation rates determined from laboratory experiments closely approximated 

bioenergetics model estimates for Daphnia retrocurva with results of the large vessel 

experiment falling in the range of 2.1 - 4.7 Ind/Cercopagis/day. Laboratory results for C. 

/acustris, B. longirostris, and A. priodonta were less than bioenergetic estimates by a 

factor of 2.5, 8.4, and 1.8 respectively (Table 7). 
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Estimates of daily consumption demand of the Cercopagis population were 

detennined by multiplying the estimated consumption need of an individual (based on a 

model by Yurista and Schulz 1995) by the number of individuals per cubic meter. At the 

offshore location consumption demand of the Cercopagis population exceeded 

production by herbivores cladocerans (Daphnia retrocurva + Bosmina longirostris) and 

cycloploids (Diacyclops thomasi) during the month of August and early September in 

1999, and in late July and August in 2000. In 2001, consumption exceeded production of 

these two taxa for only a short time during the first week of August (Figure 12). 

Consumption surpassed production at the nearshore station in a similar fashion (Figure 

13). Cercopagis energetic requirements in excess of production coincided with depressed 

abundances of each species (Figures 6-8). 

Discussion 

Cercopagis has now established itself in the offshore and nearshore waters of 

Lake Ontario. Although the exotic predator was first detected in low numbers (<325/m3
) 

in Lake Ontario in 1998 (Maclssac et al l 999), its abundance the following year reached 

over 6222 I m3
. Also, it had increased its range, colonizing Lakes Michigan, Erie and five 

inland lakes of New York State. Since 1999 the abundance of Cercopagis has steadily 

decreased in Lake Ontario. The exact reason for this decline is unknown. A successful 

invasion typically has four stages (Levin 1989, Morton 1997, Shuter and Mason 2001 ): 

arrival (entrance into a new system, often in numbers below detection level), 

establishment (self sustaining, small populations develop), expansion (population 

abundance and geographic distribution increase significantly) and accommodation 

(emergence of predators/pathogens that constrain the invader). As the Cercopagis 
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invasion moves into the accommodation phase, several periods of crash and recovery are 

likely to occur as the food web reorganizes and takes on a new structure that includes the 

company of the invader (Morton 1997). 

Estimates of seasonal production of Cercopagis indicate that during years of high 

abundance, flow of energy through this exotic predator is comparable to that of the native 

predator Mysis relict a. Mysis is known to form a significant component of the diet of 

benthivorous and planktivorous fish in Lake Ontario and is an important pathway for 

energy flow in the system (Kraft and Kitchel 1986; Janssen and Brandt 1980; Johannsson 

1992). The high abundance and great reproductive potential of Cercopagis (females 

observed carrying as many as 24 embryos) identify it as a large store of energy for fish 

and an important new predator on zooplankton in Lake Ontario. 

Effect on Zooplankton Community 

Small container feeding studies are useful to determine what can and cannot be 

eaten by zooplankton. Cercopagis actively preyed upon numerous zooplankton species 

under laboratory conditions, including the rotifer Asplanchna priodonta and the 

cladocerans Daphnia retrocurva, Bosmina /ongirostris, Ceriodaphnia /acustris, and 

Scapheloberis kingi. However, predation rates and selectivity may be compromised 

under constrained conditions (Vanderploeg et al. 1993). Laboratory predation rates were 

similar to bioenergetic estimates for some species but varied widely for others. For 

example, predation rates for Daphnia retrocurva from our laboratory experiments were 

similar to those expected from bioenergetic modeling while for other species laboratory 

predation rates ranged from 43%-88% less than the results from bioenergetic modeling 

(Table 7). 
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The bioenergetic estimates of Cercopagis based on Yurista and Schulz (1995) 

analysis of Bythotrephes, assumes that like B)thotrephes, third instar Cercopagis will 

consume 105% of its dry weight in carbon per day. Experimentally determined 

consumption rates vary widely for zooplankton. For several species, particularly 

predators, consumption rates approach or exceed l 00% I day Yurista and Shulz ( 1995). 

Bosmina was found to consume as much as 170% I day at high food concentrations 

(Urabe 1991 ), the copepod Mesocyc/ops edax was reported to consume on average l 00% 

I day (Brandl and Fernando 1975), and Polyphemus, a closely related cladoceran to 

Cercopagis and Bythotrephes, consumes 86% I day (Monokov and Sorokin 1972). In 

general zooplankton are r-strategists, geared toward high reproductive potential. Due to 

the great abundance observed for Cercopagis and propensity for population growth, an 

estimated daily consumption rate of l 05% I day is within reason. 

Estimates of the predation rate of the Lake Ontario Cercopagis population based 

on bioenergetic modeling indicate that at average abundance Cercopagis could decimate 

much of the crustacean population within a few days (Table 7). Our field data supports 

this prediction. I observed sharp suppressions of the Lake Ontario cladoceran and 

cycloploid populations when consumption demands of the Cercopagis population 

exceeded the production of these zooplankton (Figures 6-8). 

A comparison of zooplankton abundance pre- and post- Cercopagis invasion 

indicates that that average August abundance of the dominant Lake Ontario crustacean 

zooplankton (Daphnia retrocurva, Bosmina /ongisrostris and Diacyc/ops thomasi) has 

significantly changed since the invasion of Cercopagis (Figure 4). A similar result was 

observed in the Gulf of Riga (Baltic Sea) and the Gulf of Finland (Baltic Sea) where 
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abundance of herbivores (Bosmina spp., Daphnia spp.) and sedimentators (rotifers) were 

significantly lower after the Cercopagis invasion (Telesh et al. 200 I; Ojaveer et al. 

2000). Furthermore, an inverse relationship existed between the abundance of 

Cercopagis and the dominant crustaceans in Lake Ontario. Whenever Cercopagis 

abundance was high, Daphnia, Bosmina and Diacyclops abundance was low; these 

crustaceans only achieved high abundance when Cercopagis was absent or occurred in 

low numbers (Figure 14). Combined with the laboratory predation experiments indicating 

consumption by Cercopagis, the decline in Daphnia despite the high replacement rates 

(Table 3) and the high consumption rates of Cercopagis versus crustacean production ; the 

recent reductions in abundance of Bosmina, Daphnia and Diacyclops in Lake Ontario are 

likely caused by the newly introduced exotic Cercopagis. Since replacement rates of 

Bosmina longirostris were low throughout the study, I can not rule out that the decrease 

in Bosmina abundance coinciding with Cercopagis peaks are not due in part to the 

relatively low fecundity of Bosmina. 

Unlike Bosmina and Daphnia, the majority of the Lake Ontario Diacyclops 

population was found to reside below the upper 20 meters of water on 5 of 8 sampling 

days in 200 I (Table 5). This observation may be a result of: ( l) a preference for deeper 

water during summer stratification (Wilson and Roff 1973); (2) a diurnal vertical 

migration pattern deeper than that of the cladocera (Barberio et al. 2000); or, (3) a direct 

response to predation from Cercopagis, whether it be depletion of individuals in the 

epilimnion or predator avoidance (Benoit et al. 2002). Several studies have now 

confirmed that the vertical distribution of Cercopagis is primarily epilimnetic, with little 

diurnal vertical migration (Ojaveer et.al. 2001, Benoit 2002, Makarewicz 2002). 
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Cercopagis may feed heavily on the cycloploids that occupy the epilimnion, while 

individuals that reside in deeper strata escape predation and survive to recolonize the 

epilimnion during upwelling events or through upward migration. For example, on 19 

August 1999 Diacyclops thomasi abundance was less than 30 I m3 in the upper 20 meters. 

The following week, on 25 August, an upwelling event reduced the thickness of the 

epilimnion from 20 meters to 4 meters (Makarewicz et al. 2001 ). On that same day 

Diacyclops thomasi abundance increased by a factor of 300, only to decrease to low 

numbers again the following week (Figure 5) when the upwelling event ended. This 

further suggests that a deep-water distribution offers a refuge for cycloploids from 

Cercopagis predation. Regardless of vertical distribution, adult Diacyclops thomasi arc 

unlikely to be a major prey item of Cercopagis due to their large size and high agility 

(Balcer et al. 1984; Vanderploeg et al. 1993). It is most plausible that low Diacyclops 

thomasi abundance 1999-2001 is a result of Cercopagis predation directly on cycloploid 

nauplii and copepodites as proposed by Benoit et al. 2002. 

Our laboratory results indicate that Cercopagis will feed on Leptodora if given 

the opportunity in small laboratory containers. Likewise, laboratory results show that 

Bythotrephes will readily attack and eat Leptodora when the predators are maintained 

under concentrated densities, even if alternative prey are available (Branstrator 1995). In 

1999, it initially appeared that the subsequent peak of Cercopagis depressed Leptodora 

abundance, and in 2000 and 2001 Leptodora did not achieve high abundances until the 

Cercopagis population has subsided (Figure 15). Lab and field data suggest that 

Cercopagis could be having a negative impact on Leptodora abundance. An alternative 

hypothesis is that Leptodora numbers are depressed due to competitive constraints from 
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Cercopagis. Cercopagis appears to have a predatory niche similar to that of the native 

Leptodora (Rivier 1998; Yan and Pawson 1998; Mordukhai-Boltovskoi 1968) and 

therefore may compete for food sources. 

During summer periods, the consumption requirements of Cercopagis greatly 

exceeded the production of some cladocerans and cycloploid copepods in Lake Ontario 

(Figures 12-13). This situation is expected to result in a shift in zooplankton species 

composition, unless major prey species are afforded a spatial refuge, as apparently exists 

for D. thomasi. Yan et al. (2002) reported consistent and long-term shifts in zooplankton 

community composition following invasion of Harp Lake by Bythotrephes. It is also 

possible, however, that some energetic requirements of Cercopagis are met by 

cannibalism; as laboratory experiments indicated that third instar cercopagids consumed 

their first instar conspecifics. Cannibalistic behavior has also been observed for 

Bythotrephes (Mordukhai-Boltovskoi 1968; Yurista and Schultz 1995). 

Food Web Responses 

A top- down response to Cercopagis predation was observed on a seasonal basis 

at the offshore location. The microzooplankton community accounts for 70-90% of the 

consumption of phytoplankton in Lake Ontario (Lampman and Makarewicz 1999). With 

suppression of microzooplankton by Cercopagis predation, an expected effect would be 

an increase in the abundance of phytoplankton in the lake. In Lake Ontario, chlorophyll-a 

concentration, an index of phytoplankton biomass, increased during periods of cladoceran 

depression, probably induced by Cercopagis predation (Figure 9-10). In 1999 and 2000, a 

significant inverse relationship between chlorophyll-a concentration and cladoceran 

abundance was evident. During the summer of 2001, this inverse relationship was not 
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obvious or significant, presumably because peak Cercopagis abundance and its effect on 

herbivores were much lower in 200 I than in the previous two years. 

Cercopagis has the ability to dramatically reduce the summer abundance of Lake 

Ontario zooplankton. Thus it may be a competitor with larval and YOY fish for energy 

obtained from zooplankton, potentially resulting in a significant, long-term impact to the 

productivity of the fish community. For example, ifthe long caudal appendage of 

Cercopagis protects them from planktivory, the competition for zooplankton may result 

in less food for developing fish, leading to a bottleneck in recruitment (Shuter and Mason 

2001). Even if zooplankton production can pass to fish through Cercopagis, fish 

production may ultimately decline due to lengthening of the food web (i.e., loss of 

ecological efficiency). Alternatively, fish production may benefit from the insertion of 

Cercopagis into the food web by increasing the energy transfer from microzooplankton, 

such as Bosmina and copepodites, that are not adequately consumed by planktivorous 

fish (Lampman and Makarewicz 1999). For this reason, the introduction of Cercopagis 

into the Gulf of Riga ecosystem may prove beneficial to commercial fish production 

(Ojaveer et al. 2000). Currently little data exists on the predation on Cercopagis by fish 

in Lake Ontario. Preliminary information suggests that the abundance of Cercopagis in 

alewife stomachs, the major planktivore in Lake Ontario, was variable in the summer of 

2001, and that Cercopagis was only moderately selected for in July (Damaske 2002). 

However, this result may be a function of overall low abundance of Cercopagis during 

the summer of 200 I - a summer where Cercopagis was significantly significantly lower 

than the previous two years. In the Gulf of Riga, fish predation on Cercopagis showed 

strong seasonality, with a much higher mean share of Cercopagis in herring ( Clupea 
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harengus) stomachs in 1999, when Cercopagis was much more abundant than in 

previous years (Ojaveer et al. 2000). Unfortunately we lack fish predation data for 1999 

and 2000, when Cercopagis abundance was very high, which may have led to a better 

understanding of the importance of the invader in the diet of planktivorous fish in Lake 

Ontario. 

Lake Ontario, a basin in which intense planktivory has resulted in a system 

dominated by small-bodied cladocerans and cycloploids (Lampman and Makarewicz 

1999, O'Gorman et al. 1987, Johannsson et al. 1991), has provided Cercopagis a 

favorable environment where a food resource, epilimnetic microzooplankton, is readily 

available during the summer in the epilimnion. Despite the largest cohort of 

planktivorous alewives in 20 years (R .O'Gorrnan,pers. comm.), Cercopagis has 

succeeded in the pelagic waters of Lake Ontario. The long caudal appendage of 

Cercopagis may protect it from planktivory by alewives. However, Bythotrephes, a 

similar large, exotic, predatory cladoceran with a large caudal appendage ultimately 

failed to become established in the open waters of Lake Ontario and in Lake Michigan 

(Makarewicz et al. 1998). Clearly, the role of planktivorous fish have in controlling 

Cercopagis abundance in Lake Ontario is yet to be determined. Both field and lab data 

indicate that Cercopagis feeds on small-bodied cladocerans and cycloploids in Lake 

Ontario. It is likely that in nature Cercopagis is not overtly selective, and has the ability 

to feed on a variety of other prey items including rotifers, veligers and conspecifics. 

Further spread of Cercopagis into North America lakes is imminent, possibly 

resulting in repetition of the patterns observed in Lake Ontario. The effect of this new 

invader on the zooplankton community, and thus the food web of the lake, is strongly 
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dependent on the predator' s temporal and spatial abundance. The effect on the 

zooplankton community is greatest in the summer, and perhaps in nearshore waters 

where Cercopagis has consistently achieved its highest abundances. However, 

Cercopagis abundance, and thus impact on the Lake Ontario food web, have steadily 

declined in both the offshore and nearshore waters since 1999. What remains to be 

determined is the extent to which impacts on the zooplankton community cascade to 

other trophic levels, the eventual impact Cercopagis will have on the productivity and 

contaminant burden of the fish community, and the role that planktivorous fish have in 

controlling Cercopagis abundance. 

In summary, my field and laboratory data support the contention that Cercopagis 

feeds on small-bodied zooplankton, and is able to strongly suppress some of these taxa in 

Lake Ontario during periods of peak abundance. Suppression of dominant herbivorous 

zooplankton in th~ lake by Cercopagis has, in tum, indirectly resulted in increased 

abundances of phytoplankton 
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Figure 1. Map of Lake Ontario showing the offshore 100-meter depth station(•) and the 
nearshore 30-meter depth station ( o ). 
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Figure 2. Seasonal and annual abundance of Cercopagis pengoi at the nearshore and 
offshore location of Lake Ontario 1999-2001 . 
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Figure 4. Offshore seasonal and inter-annual distribution of Daphnia retrocurva, 
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Johannsson et al. ( 1998), and 1999-2001 from this study. 
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Figure 6. Seasonal abundance of Cercopagis pengoi, Daphnia retrocurva, Bosmina 
/ongirostris, and Diacyclops thomasi in the upper 20 meters of water at the offshore (A) 
and nearshore (B) stations of Lake Ontario 1999. Values are mean abundance± S.E. of 
replicate counts. Horizontal dotted line indicates time period when consumption demands 
of Cercopagis (µg C/m3 /day) surpass production by each species. 

42 



A.Offshore 2000 

1.2 -0- Cercopagis 

0.8 

0.4 

0.0 
8 r-~---.-~--.~~-r-~--.-~----..-~~~__J 

-- Daphnia retrocurva 

6 

4 •••••••••••• • ••••••••• 

("') 

E 2 -("') 
0 

)( 

~ 
c: 
(1J 

"O 
c: 
:::J 
.0 
<( 

0 
10 

8 

6 

4 

2 

0 

20 

15 

__..__ Bosmina longirostris 

••••••••••• • •••••••••••••••••••• 

--+- Diacyclcps thomasi 

••••••••••••• 

B. Nearshore 2000 

. .......•...... •• 

• • • •• 

. ...... . • ••••••••••••••••••••• 

May June July Aug Sep Oct Nov May June July Aug Sep Oct Nov 

Figure 7. Seasonal abundance of Cercopagis pengoi, Daphnia retrocurva, Bosmina 
/ongirostris, and Diacyclops thomasi in the upper 20 meters of water at the offshore (A) 
and nearshore (B) stations of Lake Ontario 2000. Values are mean abundance± S.E. of 
replicate counts. Horizontal dotted line indicates time period when consumption demands 
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Figure 8. Seasonal abundance of Cercopagis pengoi, Daphnia retrocurva, Bosmina 
/ongirostris, and Diacyc/ops thomasi in the upper 20 meters of water at the offshore {A) 
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replicate counts. Horizontal dotted line indicates time period when consumption demands 
of Cercopagis {µg C/m3 /day) surpass production by each species. 
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Figure 12. Daily consumption needs of Cercopagis (open circles) and daily production 
of herbivorous cladocerans (filled area left column), and Cycloploids (filled area right 
column) at the offshore location of Lake Ontario. Cercopagis consumption was estimated 
from the bioenergetics model of Yurista and Schulz ( 1995) 
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Figure 13. Daily consumption needs of Cercopagis (open circles) and daily production 
of herbivorous cladocerans (filled area left column), and Cycloploids (filled area right 
column) at the nearshore location of Lake Ontario. Cercopagis consumption was 
estimated from the bioenergetics model of Yurista and Schulz ( 1995) 
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Figure 14. Simultaneous abundance of Cercopagis pengoi and Daphnia retrocurva, 
Bosmina /ongirostris, Diacyc/ops thomasi and copepodites in Lake Ontario 1999-200 I 
(n=l 11). The highest value of Cercopagis abundance (6.2 x 103/m3

) was left off of the 
graph to improve resolution at the majority of data points. Corresponding Y values for 
the omitted X value are as follows: D. retrocurva Y=0.06, B. /ongirostris Y=0.18, D. 
thomasi Y=0.10 and copepodite Y=O. 
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Figure 15. Seasonal abundance of Cercopagis pengoi and Leptodora kindtii in the upper 
20 meters of water at the offshore station of Lake Ontario 1999-200 I. Values are 
mean abundance± S.E. of replicate counts 
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Avg Abundance Abundance Max Abundance Max 
Ind/m3 Ind/m3 Date 

Offshore 1999 281 1759 19 August 

2000 129 679 19 August 

2001 40 354 8 August 

Nearshore 1999 735 6222 19 August 

2000 133 1136 IO August 

2001 83 871 25 July 

Table 1. The average and maximum abundance of obtained by Cercopagis in Lake 
Ontario at the offshore and nearshore locations 1999-200 I. 
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Avg. Max Avg Seasonal 
Abundance Abundance Biomass Production 

Year Qnd/m3) (Ind/m3) (mg/m3 (g C/m2
) 

Mysis1 1984 offshore 4.0 9.2 7.2 l.2 
M .1 1986 station 41 4.1 6.2 ND 2.6 (year) yszs 
Cercopagis3 1999 offshore 281.4 1759 3.4 l.46 

1999 nearshore 735.0 6222 6.2 2.77 
2000 offshore 129.4 679 l.3 0.65 
2000 nearshore 133. l 1136 1.2 0.63 
2001 offshore 39.6 354 0.6 0.26 
2001 nearshore 83.5 871 0.8 0.51 

1Shea and Makarewicz (1989) 2Johannsson (1992) 3Tbis study 

Table 2. Average abundance, biomass and production of two invertabrate predators in 
Lake Ontario. Data is based on the period from May to November with the exception of 
Mysis relicta2

, which is on a yearly basis. All data are from the same site and were 
collected with a 571 µm mesh net from a depth of 100 meters (Mysis,) and 20 meters 
(Cercopagis) with the exception of Johannsson's (1992) data which was collected from a 
depth of 125 meters with a 250 µm mesh net from a different location on Lake Ontario. 
Cercopagis production was calculated to aerial units (m-2) for comparison by multiplying 
g C/m3 by depth of the tow (20 meters). 
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D. retrocurva B. longirostris 

Date E b E b 

1999 
Prior to Cp peak 8-Jul 1.15 0.326 0.27 0.012 

22-Jul 0.76 0.267 0.47 0.021 

30-Jul 0.91 0.323 0.33 0.017 
Avg 0.94 0.305 0.36 0.017 

During Cp peak 5-Aug 1.13 0.365 0.22 0.011 

12-Aug 1.13 0.334 0.17 0.008 

19-Aug 1.00 0.316 0.30 0.014 

25-Aug 1.00 0.288 0.04 0.002 

Avg 1.07 0.326 0.18 0.009 

2000 
Prior to Cp peak 12-Jul 1.25 0.274 0.02 0 

19-Jul 1.00 0.224 0.30 0.009 
27-Jul 1.30 0.331 0.10 0.004 

&lg 1.18 0.276 0.14 0.004 
During Cp peak 8/3 0.80 0.216 0.30 0.010 

8/10 1.10 0.318 0.60 0.025 
8/19 1.40 0.359 0.30 0.011 
8/24 1.00 0.275 0.30 0.012 
8/30 0.80 0.266 0.40 0.017 

&n. 1.02 0.287 0.38 0.015 

2001 
Prior to Cp peak 7/17 3.00 0.394 0.64 0.016 

7125 1.80 0.432 0.42 0.017 
8/1 2.60 0.407 0.24 0.008 

&lg 2.47 0.411 0.43 0.014 

During Cp peak 8/8 1.30 0.357 0.24 0.011 
8/15 0.50 0.203 0.28 0.014 

AYg 0.90 0.280 0.26 0.012 

Table 3. Mean number of eggs per female (E) and the instantaneous birth rate (b) of 
Daphnia retrocurva and Bosmina /ongirostris prior to and during the Cercopagis 
abundance peak at the offshore station in 1999-2001. 
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Daphnia retrocurva Bosmina longirostris 
E b E b 

Prior to Cercopagis peak 

6/26 1.33 0.235 0.0 0 
7/13 0 0 0.02 0.008 
7/17 2 0.311 1.0 0.020 
Avg 1.11 0.182 0.34 0.010 

During Cercopagis peak 

7/25 1.80 0.432 0.10 0.01 
8/1 2.20 0.370 0.00 0.01 
8/8 1.32 0.361 0.01 0.01 

8/15 0.95 0.322 0.06 0.01 
8/22 1.51 0.178 0.00 0.01 
8/29 1.80 0.259 0.02 0.01 

AVfl 1.58 0.320 0.031 0.010 

Table 4. Mean number of eggs per female (E) and the instantaneous birth rate (b) of 
Daphnia retrocurva and Bosmina /ongirostris prior to and during the Cercopagis 
abundance peak at the nearshore station in 2001. 
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Cercopagis % Of individuals found in the ueeer 20 meters 
Date E~ilimnion thickness {m} lnd/m3 B. /ongirostris D. retrocurva D. thomas i CoEeEodids 
17-Jul 2 0.8 97.4 94.5 57 

25-Jul 15 16.3 97.4 100.0 40.4 

1-Aug 3 3.9 74.6 82.1 28.2 

8-Aug 12 354 60.7 84.4 7.4 

15-Aug 6.6 188 97.2 98.0 78 

28-Aug 7.3 16.6 99.3 99.3 84 

5-Sep 22 3.4 81 .6 87.8 4.7 

12-Sep 26 0.63 96.2 92.4 33 

Table 5. Results from a closing net study carried out in the summer of 200 I. 
Zooplankton tows were taken at the offshore location at fixed depth intervals of 0-20, 20-
40, and 40-60 meters. 
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Species 
Bosmina longirostris 
Ceriodaphnia lascustris 
Scaphelobris kingi 
Asplancha priodonta 
Moina micrura 
Daphnia retrocurva 

Consumption rate Clearance rate * l 0-2 

(lnd/Cercopagis/day) (IJCercopagis/day) 
Small Large Small Large 

2.8 11.3 
1.3 0 0.7 0 
6.6 3.6 
14.7 9.1 

0 0 
1.3 2.8 0.7 10.7 

Relative 
Preference 

0.05 
0.26 
0.65 

0 
0.05 

Table 6. Consumption rates and clearance rates of Cercopagis on different prey species. 
Relative preferences were estimated based upon experiments conducted in small 
containers and range from 0 (negatively selected) to 1 (positively selected), with 0.2 
representing a neutral selection. Experiments that failed due to predator mortality are 
indicated with --. 
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Prey Species 
Daphnia retrocurva 1 

Daphnia retrocurva 2 

Bosmina longirostris 1 

Bosmina longirostris 2 

Diacyclops thomasi 1 

Diacyclops thomasi 2 

Ceriodaphnia lacustris 2 

Leptodora kindtii 2 

Asplancha priodonta 2 

Keratella cochlearis 2 

Polyarthra vulgaris 2 

Bioenergetics model 
Prey/ Cercopagis/day 

4.7 
2.1 
7.5 
7.1 
3.6 
4.5 
11 
<l 
26 
118 
198 

Experimental results 
Prey/ Cercopagis/day 

2.8 large vessel 
1.3 small vessel 
2.8 large vessel 

1.3 small vessel 

14. 7 small vessel 

Table 7. Estimated number of prey species required to fulfill a single Cercopagis 
pengoi 's consumption requirements. Mean weight determined by applying the lake 
specific length-weight relationship of Johannsson and 0 Gorman ( 1991). 1 Zooplankton 
weights and lengths taken from Botrell et al. ( 1976) and Culver et al. ( 1985)2

• 
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Appendix 1: Sample calculation of the Shuter and Ing ( 1997) model used to calculated 
daily production 

1. P/B = lO(atuon +II* T daily) 

a = taxon specific Y intercept (-1 . 725 for cladocerans) 
P =constant (0.044 for cladocera) 
T = daily ambient water temp {°C) 

2. Daily Production = P!Bday * Biomassday 

Example: 12 August 1999 

Epilimnion Temperature ·c 22.4 
Cercopagis Biomass µg/m 3 3953 

I. P/B = 10c-1.12s + o.044 * 22.4) 

P/B = 0.182 

2. Daily Production = P/Bday * Biomassday 

Daily Production= (0.182 * 3953) 

= 720.32 µg/m 3 

Seasonal Production (May through November)= :E daily production. Production was 

linearly interpolated for interim periods between sampling days. 
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Appendix 2. Explanation of the equations used to calculate production using the egg 
ratio method. 

Example based on Daphnia retrocurva from 7 July 1999 

I. Egg development time (Coolet et al. 1986): 

Kiays =A *(T-a)fl I 24 

A=Belehradek constant, 65910 for Daphnia retrocurva 
a = Belehradek constsnt, -6. l for Daphnia retrocurva 
P = Belehradek constsnt, -2.12 for Daphnia retrocurva 
T = Temperature of epilimnion, 21.9 C on7 July 19999 

2.4 = 65910 * (21.9-(-6.Ir2·12/24 

2. Instantaneous rate of population increase(r) (Paloheimo 1974): 

r = In (N2 IN 1) It 

0.11 = In (2290/430)/15 

3. Instantaneous birth rate (b) (Paloheimo 1974): 

b = In (Eggs:female + 1 )/ :Ktays (from equation 1) 

0.318 = ln(2. l 5)/2.4 

4. New recruits for a given time interval (B): 

B=b/r*(N2-N1) 

5377 = 0.318 I 0.11 * (2290-430) 

5. Production: 
Production for a given species can be estimated by multiplying the number 
of new recruits (B) by the mean dry weight of an individual of that species. 
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Appendix 3. Outline of the method used to calculate consumption demand of Cercopagis 
from the bioenergetic model of Bythotrephes from Yurista and Schulz (1995). 

1. Average weight of Bythotrephes 3rd instar from original model: 355 µg 

2. Average weight of Cercopagis 3rd instar from this study: I 0.9 µg 

3. Proportional weight difference between predators 

(10.9 µg I 355 µg) = 0.031 

4. Consumption demand of 3rd instar Bythotrephes: 187 µg C/ Ind I day 

5. Consumption demand of 3rd instar Cercopagis = 187 * 0.031 
= 5.8 µg Cl Ind I day 

Consumption demand of the Cercopagis population is calculated as the ~roduct of 
individual demand (5.8 µg C/ Ind I day) and population density (Ind Im ) 
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Appendix 4. Seasonal abundance, biomass, length and population structure of 
Cercopagis pengoi at the nearshore and offshore locations 1999-200 I 

% 
Cercopa~is Length Biomass % Ephipi Epilimnion SWT 

Date ( lnd/m } (mm} (ug/m31 Eggs/female Males a (m} oc 
Offbore 0 0 

5/28 0 0.00 0 3 16.1 
6/15 0.3 1.31 3.17 5.6 0 0 3 16.7 
6/25 1 1.2 8.57 ND 2.5 0 .1 4 20.4 
717 24 1.29 244.21 7.2 2.2 0 .7 24 21 .9 

7/22 7 1.23 63.62 3.2 0.2 0 23.3 
7/30 242 1.46 3302.20 6 .4 2 1.4 20 24 .3 
8/5 650 1.36 7496.59 3.2 2 8 .7 17 23.6 

8/12 355 1.34 3953.01 3.7 2.2 5.5 20 22.4 
8/19 1759 1.42 22472.84 4 .2 2.2 11 .1 20 22 .8 
8/25 291 1.33 3183.33 4.4 3.4 3.1 4 21 .6 
9/1 174 1.36 2006.78 4.2 0 .01 1.6 13 20.7 

9/10 593 1.33 6486.99 4.2 1 2.9 17 21 .1 
9/27 64 1.33 700.11 3 0.9 2.9 20 18.9 
10/8 46 1.31 485.46 3.9 6.4 5.4 22 14.9 

10/28 16 1.26 153.98 2 8.2 8 .2 35 10.8 

Nearshore 
5/28 0 0 0 .00 0 0 0 
6/15 0 0 0.00 0 0 0 4 16.7 
6/25 1.98 1.38 23.64 9 0 0 6 19.4 
717 1.39 1.38 16.60 ND 0 0 20 21 .9 

7/22 8.14 1.2 69.78 3.5 12.5 0 ND ND 
7130 635 1.42 8112.71 5 2.8 0.62 22 24.4 
8/5 1628 1.37 19104.96 3.5 3.4 4 .1 20 24 

8/12 1016 1.28 10149.31 3.9 1.9 2.9 12 23 
8/19 6222 1.08 41550.61 3.9 1.6 1.6 16 22 .9 
8/25 109 1.5 1585.76 5.23 2.2 4 8 19.7 
9/1 261 1.26 2511.72 3.47 1.9 2 6 21 .2 

9/10 1039 1.25 9811 .70 4.26 1.1 2.2 17 21 
9/27 49 1.29 498.60 4 .3 1.5 2.6 14 19 
10/8 41.5 1.21 362.83 5.89 11 4.5 13 14.7 

10/28 6 1.5 87.29 ND 8 12 35 10.8 
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Chi-a 
(ug/I} 
2.2 

2.8 
3.1 
1.7 
2.7 
2.2 
2.8 
4 

3 .1 
4 .3 
4.3 
4.8 
3.4 
3 .3 
6.6 

ND 
ND 
3.2 
1.9 
2.1 
1.2 
3.2 
4 .3 
3.2 
3.6 
1.3 
4 .1 
2.4 
2.6 
2.8 



Year 2000 

Cercopaq,is Length Biomass % % Epilimnion Chi-a 
Date ( lnd/m ) (mm) (ug/m3

l Eggs/female Males Ephipia (m) SWT © (ug/I) 

Offshore 5/16 11 .1 1.11 79.10 2 3 3 iso 5.6 3.2 
5/30 1.52 
617 3.82 
6/23 0.64 
6/29 3.06 
7/5 3.3 

7/12 1.4 
7/19 7.64 
7127 64.6 
8/3 434.35 

8/10 504.32 
8/19 679.64 
8/24 275.06 
8/30 150 
9/7 179.38 

9/13 298.85 
9/19 107.76 
9/29 5.47 
10/4 107.25 

10/10 93.76 
10/20 34.35 
11/1 8.78 

11/13 0.89 

Nearshore 5/16 9.29 
5/30 2.92 
617 5.85 
6/23 2.16 
6/29 5.6 
7/5 1.4 

7/12 1.78 
7/19 21.3 
7127 53 
8/3 110 

8/10 1136 
8/19 885 
8/24 151 .9 
8/30 21.75 
9/7 84.4 

9/13 254 
9/19 108 
9/29 4.34 
10/4 84.95 

10/10 58.4 
10/20 51 .8 
11/1 3.4 

11/13 0.63 

1.26 14.63 
0.94 18.36 
1.19 5.38 
1.43 39.75 
1.23 29.99 
1.41 17.59 
1.42 97.61 
1.36 745.05 
1.3 4501 .35 

1.35 5715.57 
1.28 6789.25 
1.14 2088.01 
1.34 1670.29 
1.24 1662.01 
1.16 2364.07 
1.16 852.44 
1.08 36.53 
1.39 1302.59 
1.38 1119.43 
1.45 461.15 
1.26 84.49 
1.43 11.56 

1.25 87.73 
1.45 39.20 
1.31 61.74 
1.16 17.09 
1.33 61 .26 
1.34 15.59 
1.27 17.45 
1.34 237.18 
1.27 519.69 
1.45 1476.75 
1.22 10127.45 
1.17 7144.75 
1.28 1517.40 
1.18 179.17 
1.3 874.67 

1.29 2584.57 
1.26 1039.33 
1.3 44.98 

1.44 1121 .90 
1.39 709.29 
1.34 576.81 
1.67 63.80 
1.77 13.57 

18 

14 

10 
7 

7.4 
4.75 
4.3 

4.42 
4.3 
3.8 
3.8 

4.12 

4.76 
4.6 
2.85 

1 
2 

3 
4 
2 
6 

8.9 
7.3 
4.7 
2.5 
4.3 
3.5 
3.8 
3.9 
3 

7.3 

9.7 

63 

0 0 
6.7 6 
0 0 
0 0 
0 7.7 
9 0 
0 0 

1.1 0 
0.18 0.06 
3.13 1.11 
3.65 1.31 
4.2 1.76 
7.9 3.4 
2.3 1 
2.5 1.1 
2.8 0 .83 

2.32 0 
9.2 3.6 
13 8 
15 11 

8.69 17 
0 29 

1.4 
2 
4 
0 
0 
0 
0 

0.6 
0 

0.1 
2 
3 
4 
4 
7 
5 
4 
0 
17 
12 
19 
15 
8 

8.2 
11 
2 
0 
2 
0 
0 
0 
0 
0 
1 

0.4 
2 
1 
2 
1 

0.8 
0 
9 
10 
15 
22 
42 

5 
11 
17 
12 
7 
13 
18 
10 
19 
22 

20.6 
9 

11.5 
5 
19 
30 

18.5 
14 
31 
32 
33 
39 

3 
1.5 
3 
3 
3 
14 
15 
19 
5 
16 
30 
30 
6 

5.3 
1 

30 
20 
17 

12.5 
25 
9 
22 
30 

11 1.2 
11 .2 4.1 

15.87 5.3 
16.97 4.2 
18.1 1.7 
19 0.8 

18.5 3.1 
21 3.4 
20 5.1 
22 2.6 

21 .4 6.4 
21 5.5 
23 4.5 

15.8 3.5 
20 5.4 
20 2.8 

16.3 5.4 
16.4 6 
14.4 4.9 
13.4 7.1 
12.5 3.3 
10.4 8.5 

10.4 
10.3 
8.7 
16.4 
19.4 
19.6 
21.2 
19.6 
21.7 
21.5 
21.7 
22 

21 .5 
22 
16 
20 

19.5 
16.5 
16.5 
14.1 
13.6 
12.3 
10.5 

1 
1.5 
2.4 
4.2 
5 

1.4 
2.2 
4.3 
2.4 
5.1 
4.9 
6.2 
3.9 
3 

4.4 
3.6 
2.3 
6.8 
4.5 
4.9 
8.8 
ND 
3.2 



Year 2001 

Offshore 

Nearshore 

Cercopapis Length Biomass % % Epilimnion SWT Chi-a 
Date ( lnd/m ) (mm) {ug/m3

) Eggs/female Males Ephipia (m} (°C) (ugll) 

5/16 
5/30 
6/13 
6/26 

0 .3 
0 
0 
0 

7/13 0 .8 
7/17 6 .4 
7/25 16.3 
8/1 3.9 
8/8 354.5 

8/15 188 
8/22 28.2 
8/29 16.6 
9/5 3.4 

9/12 0 .63 
10/1 45.7 

10/16 8.8 
10/22 77.7 
10/31 1.9 
11/7 0 .5 

5/16 0 
5/30 0 .25 
6/13 0 
6/26 0 
7/13 6 .5 
7/17 17.3 
7/25 871 
8/1 6.8 
8/8 101 .8 

8/15 87.6 
8/22 95 
8/29 67.3 
9/5 10.4 

9/12 2.7 
10/1 171 

10/16 94.5 
10/22 26.5 
10/31 27.6 
11/7 1.2 

1.4 
0 
0 
0 

3.71 
0.00 
0 .00 
0 .00 

1.31 8.44 
1.37 75.11 
1.39 197.97 
1.36 44.98 
1.54 5489.33 
1.45 2523.90 
1.18 232.30 
1.26 159.75 
1.21 29.73 
1.29 6.41 
1.31 482.29 
1.32 94.56 
1.5 1130.40 
1.5 27.64 

1.38 5.97 

0 0.00 
1.3 0.00 
0 0.00 
0 0 .00 

1.5 94.56 
1.35 196.06 
1.19 7319.98 
1.34 75.72 
1.39 1236.40 
1.4 1082.17 

1.14 721.15 
1.35 762.73 
1.31 109.76 
1.27 26.47 
1.35 1937.98 
1.32 1015.43 
1.37 310.98 
1.43 358.53 
1.3 12.44 
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0 
0 
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8 
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4 

2 .8 
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3 
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0 
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0 

0 
0 
0 
0 
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5 .6 0 
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2 1.2 
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4 .2 4 .8 
3 .7 2.8 
8 0 

16.5 0 
19 13.6 

17.1 16 
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16.5 66 

0 
0 
0 
0 
0 
0 
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8 .2 
3 

5.4 
2.1 
0 .7 
5.5 
3 
2 

2.4 

0 
0 
0 
0 
0 
0 

0 .4 
0 

0 .7 
2.8 
0 

0 .7 
0 
0 
6 

7.1 
11 .5 9 .5 
19.5 11 .7 
26 36 

8 
22 
0 .8 
0.3 

5.8 
7.2 
15.5 
16.8 

9 18 
15.5 17 
10.5 21 .7 
0 .2 18.3 

22 
9.2 23 .7 
17.8 22.5 
11 .5 22 .6 
20 21 .5 

19.5 21 
17.5 20 
35 14.8 
11 13 
1 9.2 

56 10 

5 
30 
20 
1 
5 
2 
15 
3 
12 
6.6 
16 
7.3 
22 
26 
18 
26 
28 
30 
30 

11 .3 
11 .2 

9 
14 
19 
19 
21 
12 
22 

23.5 
22.3 
22 

21 .6 
21 

17.5 
14.6 
12 
9.2 
9.1 

2.4 
5.8 
3 .9 
2.3 
2.4 
2.1 
2.6 
1.4 
2.1 
3.6 
1.9 
3 .7 
1.6 
3.2 
6 .5 
4.8 
2.5 
5.1 
3 

3 .4 
3.5 
4 

2.1 
2.8 
1.4 
ND 
1.8 
2.4 
3.9 
2.2 
6 

2.6 
2.1 
4.9 
6 .3 
2 

2.5 
3.8 
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