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ABSTRACT

Egg production and copepodite growth rates were measured for the calanoid copepods 

Pseudocalanus spp., Calanus marshallae/glacialis, and Metridia pacifica in the northern Bering 

and southern Chukchi Seas during June of 2017 and 2018. For all taxa, instantaneous growth 

rates generally decreased with increasing copepodite stage, though the differences between most 

stages was not significant. The growth rates for Pseudocalanus spp. averaged 0.03 ± 0.002 day-1, 

Calanus spp. 0.09 ± 0.004 day-1, and M. pacifica 0.05 ± 0.03 day-1. Egg production rates 

increased with prosome length for all species, but when standardized to body weight this trend 

reversed. All Pseudocalanus species had similar weight-specific egg production (SEP): 0.18 ± 

0.01 for P. acuspes, 0.15 ± 0.00 for P. newmani, and 0.11 ± 0.02 for P. minutus. The SEP for 

Calanus was considerably lower, 0.09 ± 0.01, while for M. pacifica it was 0.11 ± 0.01. These 

rates suggest considerable discrepancies between growth rates and egg production weights that 

we propose are due to differences in life history strategies. Pseudocalanus reproduce nearly year 

round, they appear to invest less in somatic growth, preferring to quickly reach their adult stage 

where they invest heavily into reproduction. Calanus spp. have 1 or possibly 2 generations per 

year in this region, they invest more into somatic growth in order to ensure their population is 

ready for a reproductive season timed to the spring phytoplankton bloom. The more omnivorous 

M. pacifica is also likely limited to 1 or 2 generations, although their ability to thrive on a wider 

range of food sources than Calanus seems to allow for relatively higher investment in 

reproduction and perhaps lower investment in somatic growth. Consistent with other studies, 

global growth models do not match our observations particularly well, likely because they are 

dominated by egg production estimates at lower latitudes.
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INTRODUCTION

On the Bering and Chukchi Sea shelves, copepods are the primary component of 

mesozooplankton and provide an important link in the transfer of energy from primary 

production to higher trophic levels (Questel et al., 2013; Ershova et al., 2015). Despite this, few 

direct measurements of copepod production rates have been completed in this region (Vidal and 

Smith, 1986). Direct rate measurements of the predominant zooplankton are necessary to 

understand both their grazing potential on primary production and how much energy, in the form 

of zooplankton, may be available for higher trophic levels.

The Bering and Chukchi Sea shelves are shallow, seasonally ice covered and have 

extraordinarily productive spring algal blooms, fueled by the input of nutrient-rich waters of the 

Anadyr Current that originate on the outer Bering Sea, with general northern water transport 

through the region (Weingartner et al., 2005; Walsh et al., 1989). This region is currently 

experiencing rapid change, with decreasing winter ice cover, earlier break-up and generally 

warmer waters, particularly in the northernmost areas (Wood et al., 2015). Impacts of this 

warming on the ecosystems are yet to be fully understood, and it is possible that the future 

ecosystem will become increasingly similar to the subarctic North Pacific with Arctic taxa 

displaced northward (Overland and Stabeno, 2004; Huntington et al., 2020; Sasaki et al., 2016). 

Due to challenges of accessibility to this region during ice breakup, most studies have occurred 

during summer and autumn. Thus, there is a general lack of prior observations during the bloom 

period, and in particular how copepod populations respond during these times.

The predominant mesozooplankton in this high-latitude region are the calanoid copepods 

Calanus spp., Pseudocalanus spp., and Metridia pacifica. The large bodied, lipid-storing 

Calanus often encompass the highest proportion of the zooplankton biomass depending on the 

time of the year, whereas Pseudocalanus are generally the most abundant zooplankter (Questel et 

al., 2013; Hopcroft et al., 2010; Eisner et al., 2013). All of these copepods, particularly Calanus, 

are capable of considerable lipid storage, and therefore are important nutritional prey sources for 

higher trophic levels, as well as for the transfer and repackaging of carbon from primary 

production (Springer and Roseneau, 1985; Lane et al., 2008). Therefore, Calanus and 

Pseudocalanus have been the genera targeted for many zooplankton studies in high latitude 

regions (e.g. Ershova et al., 2017; Plourde et al., 2005; Smith and Vidal, 1986). The diel 

migrator Metridia pacifica, although less abundant in this system, is also capable of relatively 
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high lipid storage and may play a role in the daily transfer of carbon within the water column 

(Takahashi et al., 2009).

In this region there are two co-occurring and morphologically indistinguishable Calanus 

species: C. marshallae and C. glacialis. Their distributions are largely driven by water transport, 

with C. glacialis generally found in colder Arctic waters and C. marshallae in warmer Pacific 

waters (Nelson et al., 2009). Both species have a life-cycle timed to take advantage of the large 

phytoplankton bloom that occurs during spring, when they ascend from depth and begin to 

produce eggs (Conover, 1988). As bottom depths on the Bering and Chukchi shelves are 

primarily less than 50 m, it is likely that these species overwinter elsewhere and get transported 

into this region as they arise from depth. Pseudocalanus is also a species complex, comprised of 

P. minutus, P. acuspes, P. newmani and the scarcer P. mimus (Questel et al., 2016). These 

species cannot be morphologically distinguished at the copepodite stages, other than crudely by 

size. These species also associate well with oceanographic regions, where P. acuspes and P. 

minutus are circumpolar species associated with Arctic water and P. newmani and P. mimus are 

temperate species common in the North Pacific waters (Ershova et al., 2017). This genus 

reproduces year round, although production peaks at times with high algal production (Napp et 

al., 2005). The omnivorous species Metridia pacifica often accomplishes 2-3 generations per 

year in the subarctic Pacific, although due to the cold Bering Sea temperatures and short season 

in this region they are likely limited to one or two (Padmavati and Ikeda, 2002; Batchelder, 

1985), with egg production peaking during spring and summer (Hopcroft et al., 2005).

Copepods have a complex determinate biphasic life-cycle comprised of 6 naupliar stages 

and 6 copepodite stages, including the final adult stage. The time spent at each life stage varies 

by species, and can be influenced by water column temperature and food concentration (Bunker 

and Hirst, 2004; Hirst and Bunker, 2003; Campbell et al., 2001). The vast majority of direct rate 

measurements for all copepod taxa are egg production measurements (Hirst and Lampitt, 1998). 

While egg production rates are easy to measure, they are not necessarily representative of growth 

rates for juvenile stages (Hopcroft and Roff, 1998). Therefore, region-specific measurements of 

rates specific over the entire copepod lifecycle are needed to understand secondary production 

within the context of a rapidly changing Pacific Arctic.

To address these gaps, we experimentally determined egg production and somatic growth 

rates for Pseudocalanus spp., Calanus spp., and Metridia pacifica in the northern Bering and 
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southern Chukchi Seas during June of 2017 and 2018. These rates add to our understanding of 

the life-history of these taxa, as well as providing valuable information as to the ecological 

importance of these taxa in this region during the under-studied spring bloom.

METHODS

Experiments were conducted during cruises on the R/V Sikuliaq during June of 2017 and 

June of 2018 in the northern Bering and southern Chukchi seas as part of the Arctic Shelf 

Growth, Advection, Respiration and Deposition (ASGARD) project (Fig. 1). Zooplankton were 

collected using a vertically-hauled 60-cm flow-metered twin-ring net fitted with 150-μm mesh. 

Nets were hauled through the entire water column (depth ranged 30-56 m) at ~0.5 m s-1. Upon 

retrieval, only the lowest portion of the nets were lightly rinsed with seawater before removing 

the cod-end. Zooplankton were quickly diluted with seawater and placed in incubators set at 

ambient sub-surface seawater temperature until further experimental processing could occur. For 

community analysis, zooplankton were collected with an additional 150-μm tow, rinsed 

thoroughly then preserved immediately in formalin. A Seabird 911+ CTD on a 24-place rosette 

of 12 L Niskin bottles was deployed at each station to collect physical, and chlorophyll profiles 

as well as the water for incubations. For chlorophyll, 1 L water samples were drawn from CTD 

casts at 10m intervals. Both total and size-fractionated chlorophyll samples were filtered onto 

25mm GF/F filters. Filters were immediately frozen at -80°C aboard ship and transferred frozen 

back to the laboratory for analysis. Filters were extracted for 24hr in 90% acetone in darkness at 

-20°C, with chlorophyll a and phaeopigment concentrations determined fluorometrically by 

acidification (Welschmeyer, 1994) with a Turner Designs AU-10 calibrated with purified 

chlorophyll a (Turner Designs).

Community Composition

Samples to document initial communities were processed post-cruise to determine 

copepod species abundance, composition and biomass. Species-specific (or morphologically 

similar) length-dry-weight regressions were used to estimate biomass (Questel et al., 2013 - see 

below). Samples were divided using a Folsom splitter until the smallest fraction contained about 

100 organisms. We identified each organism to the lowest taxonomic level possible then 

counted, staged, and measured them (Roff and Hopcroft, 1985). Increasingly larger fractions 
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were processed for less abundant taxa, with between 400-600 individual organisms identified 

from each sample. Only data for the copepods are presented here.

Artificial Cohort

Experiments were conducted to measure copepodite growth rates using the artificial 

cohort method (Liu and Hopcroft, 2006a; Kimmerer and McKinnon, 1987). Experiments were 

conducted at all 10 stations during 2018, but only 9 stations (excluding DBO 2.4) during 2017.

Zooplankton from each net tow were size fractioned to create cohorts, using gentle wet 

sieving, into fractions of 1000-1300, 800-1000, 600-800, 500-600, 400-500, 300-400, 200-300, 

and 150-200 μm (Liu and Hopcroft, 2008, 2007). A 250 μm sieve was added during 2018, 

creating 200-250 and 250-300 μm size classes. After creation, each size fraction was then split in 

two, with half being immediately preserved in formalin.

The other half was incubated for 8-10 days, dependent on available ship time. The 

incubations occurred within 20 L soft-sided transparent plastic cubic carboys with plankton size

classes diluted using 150-μm pre-screened seawater collected from 10 m depth, where we 

assumed there was sufficient chlorophyll and nutrients to sustain the incubation. Each size 

fraction was dispersed across multiple carboys, with the visually-estimated planktonic biomass 

within the fraction determining how much dilution was necessary. The three dozen carboys 

employed in each experiment were placed in 1 m3 insulated commercial fish totes with a 

constant flow of ambient surface seawater to maintain oceanic temperatures. Water temperatures 

within the totes were continuously recorded during the incubations using Hobo Tidbits (Onset 

Inst.). At the end of the incubation the plankton were screened onto 64 μm Nitex and preserved 

in formalin. The target copepod species were identified and staged, and their prosome lengths 

(PL) were measured (Roff and Hopcroft, 1985). In addition to the cohort experiments, at 4 

stations during 2017 and 7 stations during 2018 individual Calanus spp. were live sorted from an 

additional 150-μm vertical net tow, then dependent upon stage, 35-250 individuals were 

incubated per carboy and processed as described above.

Weights were predicted using relationships between prosome length and dry weight 

(DW) established for the region, with the same relationship being applied to all copepodite 

stages. In both years three copepod genera were numerous enough to calculate growth rates; 

Calanus, Metridia and Pseudocalanus. Calanus DW was calculated using: log10 DW = 

4.024*log PL - 11.561 (Liu and Hopcroft, 2007), Pseudocalanus DW was calculated using: 
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log10DW = -7.62 + 2.85*log10PL (Liu and Hopcroft, 2008), and Metridia DW calculated using 

log10DW = -8.75 + 3.29*log10PL (Liu and Hopcroft, 2006a). The DW of the average-lengthed 

individual for each species from the start and end of each incubation were used to calculate the 

daily growth rate, using the following equation: g = (ln W1 - ln Wo) t-1, where Wo is the starting 

weight, W1 is the weight at the end of the incubation, and t is the number of days of the 

incubation. The largest size fractions often did not have an adequate number of animals and were 

not employed. Growth rates are only presented for experiments where there were a minimum of 

3o total copepodites in both the start and end samples, and where apparent mortality was less 

than 5o% (average mortality < 2o%).

Egg Production

Egg production experiments were conducted for Pseudocalanus minutus, P. acuspes, and 

P. newmani during 2o17 (n=9) and 2o18 (n=1o), and for both Calanus spp. (n=5) and Metridia 

pacifica (n=6) during 2018 only. Adult female copepods were sorted from the150-μm vertical 

nets. Water for the incubation was collected from 10 m depth when possible, but occasionally 

water from 4 m was used. All water was screened through a 150 μm mesh prior to incubation.

For Pseudocalanus spp., ~120 sac-less females randomly sorted from each station were 

placed individually into 70 ml flasks (Napp et al., 2005) incubated under subdued light inside a 

4° C walk-in incubator. Copepods were checked every 24 hours for 3 days. Females that had 

produced egg sacs by the checkpoints were removed and individually preserved with formalin. 

After three days, all females that had not produced were preserved as a group. All females were 

later identified to species, their prosome lengths were measured, and the number of eggs 

produced was counted.

For Calanus spp. (n ~ 20 per experiment) and M. pacifica (n = 25-48 per experiment), 

single adult females were placed into 70 ml egg towers within 6-place multiwell trays (Hopcroft 

et al., 2005). The towers were fitted with a 200 μm mesh allowing eggs to fall through the mesh 

and be separated from the females during the incubation to prevent damage or cannibalism. 

Incubations were run for 24 hours, at the end of which the females were preserved in formalin. 

Calanus spp. eggs were preserved with their parent, while M. pacifica eggs were counted and 

their developmental condition noted at the termination of each incubation (Hopcroft et al., 2005). 

Female prosome lengths were measured from all preserved animals.
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Egg production rate (EPR) was calculated using: EPR = (average clutch size*percentage 

females producing clutch)/experiment duration (days). For Pseudocalanus spp., egg production 

was calculated for experiments with at least 10 individuals within a species. Using egg 

sizes/weights from previous studies in the Chukchi (Ershova et al., 2017), weight specific egg 

production rate (SEP) was calculated by taking the ratio of the clutch weight and average weight 

of the females for each species.

All statistical analyses were performed with R (Version 4.0.2).

RESULTS

Community & stage distribution

During 2017 Neocalanus flemingeri had the highest biomass relative to the other calanoid 

copepods, followed closely by Pseudocalanus, then Calanus, N. cristatus, and Metridia, but the 

abundance was dominated by Pseudocalanus spp. (Table I). The N. flemingeri population was 

primarily composed of copepodite stage-5 (CV), a pre-diapause phase that precluded their use 

for growth rate or egg production studies (Mackas and Tsuda, 1999). During 2018, 

Pseudocalanus spp. had both the highest biomass and abundance of the copepods, followed by 

biomass for Calanus, Metridia and Neocalanus. The only other copepod taxa of notable 

abundance or biomass were Acartia longiremis and Oithona similis.

In both years the communities were primarily dominated by CI-CV of Pseudocalanus 

spp., Metridia pacifica and Calanus spp., rather than adults (Figure 2). No clear spatial patterns 

were observed during either year for any taxa. During 2017 there were higher proportions of CI

III, particularly for Metridia and Calanus, whereas during 2018 more CIV through adults were 

present. Pseudocalanus generally had the most variability in stage distribution, whereas Metridia 

and Calanus tended to have more consistent stage distribution within each cruise.

Somatic Growth Rates

For all taxa, growth rate tended to decrease as stages increased (Figure 3). For Calanus, 

mean stage duration and growth rates with their respective standard errors from the artificial 

cohort experiments were 8.10 ± 0.36 days and 0.09± 0.004 day-1, respectively. For the stage- 

selected Calanus, mean stage duration and growth rates were 5.85 ± 0.45 days and 0.09 ± 0.006 

day-1, respectively, with some variability across stages (Table III). There were no significant 

differences between the growth rates from the artificial cohort and stage selected Calanus 
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experiments. There were relatively few experiments where Metridia were present in high enough 

abundances to obtain growth rates, however the observed mean stage duration and growth rates 

were 4.55 ± 0.52 days and 0.05 ± 0.003 day-1, respectively, again with minor variability across 

stages (Table IV). The high abundance of filamentous algae at most sampling stations interfered 

with Pseudocalanus being well-sorted into cohorts having a distinct single-stage dominance. 

Most of their cohorts had 2-3 stages with similar abundances, therefore the rates presented reflect 

a greater mixture of stages for Pseudocalanus than for the other taxa. The mean stage duration 

and growth rates for Pseudocalanus were 8.28 ± 0.41 days and 0.03 ± 0.002 day-1, respectively. 

For Calanus and Pseudocalanus, an ANOVA revealed significant differences between CIV and 

younger stage copepodites, but no differences between the CI-CIII stages, while Metridia had no 

significant difference between stages. An ANOVA showed significant differences (p < 0.05) 

between growth rates of Calanus and Pseudocalanus at all stages, and significant differences 

between Metridia and Calanus at all stages. There were no significant differences between 

Pseudocalanus and Metridia growth rates.

Growth Rate Drivers

The average temperature during the incubations ranged from 4-5.6°C. Chlorophyll 

concentrations from the experimental stations ranged from 0.5-6 μg∕L. There was no significant 

relationship between growth rates and temperature or chlorophyll for either Calanus or 

Pseudocalanus (Fig. 4). Due to the low number of rates measured for Metridia, a comparison of 

environmental factors to the rates was not undertaken.

For Calanus, CI growth rates from the aritifical cohort experiments had a positive linear 

relationship with average prosome length from the initial experiment, and CIV growth rates from 

the picked stage experiments had a negative relationship (Figure 5). While such relationships for 

the other stages was not significant, CI and CII's tended to have a positive relationship between 

prosome length and growth rate, whereas CIII and CIV's had slight negative relationships.

Egg Production

Clutch size increased as prosome length increased, both within a species and across 

genera (Fig 6). For Pseudocalanus species, egg production rates generally increased with 

prosome length within the genus, hence P. newmani produced the fewest eggs per female and P. 

minutus produced the most (Figure 6). When standardized to weight (i.e. SEP), there was no 

statistical difference between the Pseudocalanus species, with a mean SEP of 0.15 (p > 0.05).
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For P. newmani, mean EPR was 2.32 ± 0.40 day-1, and mean SEP was 0.15 ± 0.00 day-1. For P. 

minutus, mean EPR was 6.67 ± 0.77, and mean SEP was 0.10 ± 0.01. For P. acuspes, mean EPR 

was 4.64 ± 0.26, and mean SEP was 0.18 ± 0.01. Pseudocalanus egg production did not have 

any clear spatial variance, although for all taxa SEP was slightly higher in 2017 than 2018 

(Figure 7). The mean EPR and SEP for Calanus were 39.7 ± 3.54 and 0.09 ± 0.01, respectively, 

and for Metridia 27.4 ± 1.92 and 0.11 ± 0.01. Between species the only significant difference in 

SEP was between Calanus and Pseudocalanus. There was no significant relationship to water 

column temperature or sampling site chlorophyll concentration for any of these rates.

DISCUSSION

During the 2017 and 2018 spring blooms, the northern Bering and southern Chukchi seas 

had low diversity copepod communities similar to those reported during summer and fall, with 

the highest biomass contributed by Neocalanus flemingeri, Calanus spp., Pseudocalanus spp. 

and Metridia pacifica (Questel et al., 2013; Ershova et al., 2015; Eisner et al., 2013; Matsuno et 

al., 2011). In both years the higher biomass and abundance of copepodite stages rather than 

adults emphasizes the importance of directly measuring copepodite rates rather than assuming 

that adult production predominates and provides an adequate proxy for copepodites. Calanus 

spp. and Metridia pacifica had similar total biomass, although M. pacifica had similar adult and 

copepodite biomass whereas Calanus spp. biomass was primarily as copepodites, likely 

reflecting differences in how each exploits the spring bloom. Although Oithona similis was 

present in high abundance during both years, their small size limits their contribution to the 

biomass, and also prevented us from measuring their rates with our experimental design.

For Calanus spp., Pseudocalanus spp. and M. pacifica, within the copepodite stages we 

found a general decrease in growth rates as the copepodite stages increased, as has been shown 

previously with these taxa (Liu and Hopcroft, 2007, 2006a, 2008). The prodigious amounts of 

filamentous algae that prevented clean sorting of Pseudocalanus by stage for these experiments 

likely weakened the observed strength of relationship between growth rate and stage (Table III). 

Additionally, although the data is more limited for M. pacifica, the pattern of lower growth rates 

at older copepodite stages also emerges for this species, consistent with previously published 

rates (Table IV).

The apparent correlation between copepod body size and their growth rates, with the 

large-bodied Calanus presenting the highest average growth and Pseudocalanus the lowest (Fig. 
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3), is best explained by differences in life-history strategies. For Calanus, despite considerable 

scatter in growth rates for the younger copepodite stages (CI) growth correlated positively with 

prosome length (Fig. 5). This within-stage pattern has been observed previously for copepodite 

growth rate of Neocalanus spp., (Liu and Hopcroft, 2006b), another large-bodied sub-arctic 

copepod. It is probable that size and growth are more dependent on environmental variables 

during the earlier stages, such that smaller copepodites within a stage are a reflection of poorer 

conditions for growth, while larger size reflects better growth. Thus, copepods that already had 

low body condition, then were placed into incubation, likely struggled to grow faster by their 

next molt. The growth rates determined from the artificial cohort experiments matched relatively 

well with the rates determined from the stage selected experiments, further indicating that the 

more time-efficient artificial cohort method is a useful way of determining these rates (Liu et al., 

2013).

Within each species, body size appeared to be a main driver for clutch size. Across all 

taxa there was a trend to have increased eggs per female per day (EPR) with larger body size, yet 

when egg production was standardized to female weights (SEP), the rates among all the taxa 

became relatively similar. Although there was no correlation to temperature or chlorophyll for 

these rates, the former is not surprising given the limited thermal range, whereas preponderance 

of large filamentous algae during our experiments may have made chlorophyll a poor proxy for 

the availability of suitable-sized food. It is likely that most copepods were food satiated during 

these experiments, due to the pronounced spring phytoplankton bloom that occurred concurrent 

with our sampling.

In general, the growth rates we measured in the Pacific Arctic were lower than those 

determined for the same taxa in the North Pacific (Gulf of Alaska). It is possible that this is due 

to colder average temperatures in our study region, although many of the North Pacific rates 

were Q10-corrected to a similar temperature as occurred in or study, such correction can 

introduce errors (Liu and Hopcroft, 2007, 2006a, 2008). The Pseudocalanus species complex has 

been the most studied in regards to egg production in this region, likely due to the relative ease 

of performing the experiments, but such measurements come primarily from summer and fall. 

Some of the Pseudocalanus SEP measured at similar temperatures to ours in this region during 

early fall (Hopcroft et al., 2010) are only slightly lower than the rates we measured in spring, but 

others run at colder temperature are substantially lower (Ershova et al., 2017; Lee et al., 2003).
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Notably, our EPR is in the lower range measured for these taxa in the North Pacific and 

southeastern Bering Sea (Napp et al., 2005; Vidal and Smith, 1986). It is therefore likely that a 

combination of longer-term seasonal variation in food and temperature are driving these rates. 

While Calanus egg production measurements at cold temperatures in our region are limited in 

number, it has been shown that spring egg production is higher than in summer in the Chukchi 

and Beaufort Seas (Plourde et al., 2005), likely reflecting the dependence of the Calanus 

lifecycle on the extensive spring bloom in this region. Our rates for Calanus egg production were 

slightly lower than those from the Gulf of Alaska, in part due to colder temperatures, but higher 

than those measured for the Pacific Arctic (Plourde et al., 2005), likely due to warmer 

temperatures and presumed food satiation. The growth rates for Calanus are surprisingly similar 

to those measured in the Gulf of Alaska when standardized to similar temperatures (Liu and 

Hopcroft, 2007). It is however noted that although the Gulf of Alaska rates include 

measurements throughout spring and summer, they are primarily from the spring bloom period, 

similar to the rates presented here. For Metridia pacifica, our egg production rates are similar to 

the few rates that have been measured, without apparent differences due to seasonality.

When comparing growth rates to past studies of these taxa, methodology differences 

become important. The benefits and shortcomings of a variety of methods for estimating growth 

has been discussed previously (Kimmerer et al., 2007), and it is difficult to determine whether 

differences in measured rates are due to methodology, location, or environmental conditions. 

Artificial cohort measurements are rare, and for high latitudes are limited to the Gulf of Alaska, 

and now the Bering and Chukchi Seas. This complicates any discussion comparing the in-situ 

artificial cohort experiments to laboratory measurements of somatic growth. Overall there are 

relatively few measurements for the species presented here, but measurements of the same 

genera are largely available for Calanus and Pseudocalanus (e.g. Campbell et al., 2001; Vidal, 

1980a, 1980b; Smith and Vidal, 1986). When grown at different temperatures, P. newmani and 

M. pacifica development time increased with decreasing temperature, indicating potentially 

different generation times in temperate regions (Lee et al., 2003; Padmavati and Ikeda, 2002). 

For C. marshallae, laboratory growth measurements at 10° C averaged 6.9% body weight per 

day, which is slighter lower than the estimates presented here (Peterson, 1986). It is likely the 

lower investment in growth in that study is due to the warmer temperatures, as well that 

ecosystem's longer productive period.
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There were discrepancies between somatic growth rates and the adult egg production 

rates for all these taxa, and it is clear that the different species are utilizing different life history 

strategies in terms of where they invest their energy. The large-bodied Calanus presented the 

highest somatic growth rates out of all of the taxa (~15% d-1 maximum), but had relatively lower 

SEP (avg. 9% d-1), although the average growth rate and SEP were not significantly different, 

likely due to the low growth rates for late-stage copepodites. The small bodied Pseudocalanus 

had considerably lower somatic growth rates (~4 % d-1 at the highest), but significantly higher 

SEP (11-18% d-1). The rates for the omnivorous M. pacifica fell between Calanus and 

Pseudocalanus for both growth and egg production.

This suggests that Calanus, a genus that times its reproductive cycle to take advantage of 

the seasonal bloom production (e.g. Baier and Napp, 2003), is investing more into somatic 

growth daily than egg production. Since high-latitude Calanus diapause, they must prioritize 

growth to reach a body size that can contain enough lipids to survive overwintering without 

feeding. It has been suggested that both C. glacialis and C. marshallae have a one year lifecycle 

on the Bering Sea shelf (Baier and Napp, 2003), although in the northern Bering Sea and Arctic 

they appear to have a two year lifecycle (Smith and Vidal, 1986; Ashjian et al., 2003). In 

general, high latitude Calanus appears to reproduce in late winter and spring, possibly feeding on 

the ice algae bloom (Durbin and Casas, 2014) while early copepodite development occurs during 

summer (Ashjian et al., 2003; Peterson and Du, 2015). Thus, Calanus diapausing CV's awake, 

molt to adults and produce eggs during this early productive period, so that younger copepodites 

can take advantage of the bloom and continue their development throughout summer. Although 

the bulk of their reproduction appears to be timed to utilize the spring bloom, it has been 

suggested that late summer or autumn blooms may trigger a second pulse of reproduction (Vidal 

and Smith, 1986). In the scenario of an autumn bloom it is particularly important for the 

copepodites to invest heavily into growth in order to reach a lipid storing stage, then load up with 

lipids to survive the limited food resources during winter.

On the other hand, Pseudocalanus invests much less into somatic growth, instead aiming 

to reach their small adult body size using limited energy, then invest heavily into reproduction 

whenever there is adequate food. SEP measured in fall in previous studies for Pseudocalanus 

(Ershova et al., 2017; Hopcroft et al., 2010) is only slightly lower than what we measured during 

spring, indicating sustained investment in reproduction throughout summer and into autumn, 
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though a slight peak in spring has been indicated for these taxa (Renz et al., 2007). It has been 

suggested that Pseudocalanus have favored slow growth rates to allow for sustainable growth at 

low chlorophyll levels while maintaining similar development times to other species (Liu and 

Hopcroft, 2008). This strategy allows them to reliably complete their life cycles under limited 

food conditions. Therefore, Pseudocalanus is prepared to take advantage of any favorable 

conditions through reproduction, where their apparent energy investment is greatest. 

Furthermore, their small adult body-size and egg-carrying strategy leads to low predation rates 

both on the female and their eggs (Hirst and Ki0rboe, 2002). It is notable that the different 

Pseudocalanus species directed similar proportionate energy towards egg production, yet they 

may still occupy slightly different niches and thereby experience different reproductive success 

under varying oceanographic conditions (Ershova et al., 2017; McLaren et al., 1989).

Metridia pacifica seems to fall somewhere between Calanus and Pseudocalanus, with 

average growth rates falling between the two other taxa, and SEP similar to the lower range of 

Pseudocalanus. While M. pacifica are larger than the Pseudocalanus, and therefore must invest 

more energy into growth to reach their adult stage, they are a omnivorous species (Campbell et 

al., 2016; Batchelder, 1985), which may allow them a more extended period where egg 

production is possible than Calanus. It is possible that at these high latitudes Metridia pacifica 

focuses their egg laying to short periods of time optimized to ideal food conditions (Batchelder, 

1985), although the Arctic species Metridia longa is thought to have the ability to continually 

reproduce throughout the year (Ashjian et al., 2003). In the North Pacific, M. pacifica have been 

found to have two or three generations per year (Padmavati and Ikeda, 2002; Batchelder, 1985), 

though at these high latitudes with extreme seasonality they are likely limited to one to two 

generations. With this limited growing season, they must invest considerable energy into growth 

to reach their adult stage in time for spawning in fall, or to be at a later, lipid-storing stage in 

time to overwinter with limited food. It has been noted that the survival of M. pacifica eggs 

during spring is generally low (Halsband-Lenk, 2005; Hopcroft et al., 2005), potentially due to 

alleochemicals in diatom prey (e.g. Halsband-Lenk, 2005). If we assume this is also the case in 

the Pacific Arctic, then it is possible that Metridia must continue their investment into 

reproduction throughout a portion of summer to offset low recruitment during the spring bloom. 

It is uncertain whether the population of M. pacifica seen on the Bering and Chukchi shelves are 
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actually transported to deep waters where they can overwinter, or whether they are advected 

northward and do not survive, as they are not seen in the higher Arctic .

Despite the notable differences in copepodite growth rates and egg production, and their 

lack of predictable differences between them, the latter often forms the basis for commonly used 

global models of copepod production (Hirst and Lampitt, 1998; Hirst and Bunker, 2003). It has 

already been shown that these models may not match well with direct measurements of somatic 

growth for the copepodite stages for the species discussed (Liu and Hopcroft, 2007, 2006a, 

2008). Rates calculated from these global models, or rates determined at different oceanographic 

regions, are often used for secondary production estimates but may not result in sufficiently 

accurate production predictions. Global models are primarily based on egg production (Hirst and 

Lampitt, 1998), and we show here that egg production and somatic growth rates have substantial 

differences dependent on the species. For the larger, broadcast spawning species Calanus and 

Metridia, egg production rates underestimate production, since juvenile growth rates are higher. 

For the small sac-spawner Pseudocalanus, egg production rates overestimate production, 

because these species invest more energy into egg production rather than growth.

Additionally, region specific rate measurements are preferable to model estimates, given 

the impact that environmental variables have on rates (Hirst and Lampitt, 1998). While rates 

determined at warmer locations can be corrected to cold temperatures using a Q10 correction, this 

introduces an unknown amount of error, given our lack of certainty in the value of Q10 that 

should be applied (Hirst and Bunker, 2003). For comparison to global models (Hirst and Bunker, 

2003), using their Q10 of 2.7 to standardized to 4°C and our initial weight in each experiment, we 

predicted model growth rates. For Calanus, model estimates for our sampling period for juvenile 

broadcaster growth rates are 0.09 ± 0.003 day-1, and for adults 0.02 ± 0.002 day-1, that matches 

with our average juvenile estimates surprisingly well but severely underestimates adult 

production. This model underestimates Metridia juvenile and adult growth, estimating 

broadcaster rates of 0.08 ± 0.04 day-1 for juveniles and 0.04 ± 0.01 day-1 for adults. For the sac- 

spawner Pseudocalanus, as expected this model overestimates juvenile production as 0.06 ± 0.01 

day-1, but underestimates adult production as 0.08 ± 0.003, which is off by nearly a factor of two.

CONCLUSIONS

We observed that Calanus spp., Pseudocalanus spp., and Metridia pacifica biomass was 

primarily comprised of copepodites rather than adults during June of 2017 and 2018 within the 
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northern Bering and southern Chukchi Seas. This is particularly relevant when estimating 

production because, since we demonstrate that copepodite growth rates can differ substantially 

from egg production rates for these taxa. The relative differences between adult and juvenile 

production are not universal and appears to reflect differences in life history strategies employed 

by different taxa. The large bodied Calanus invest considerable energy into growth in order to 

reach lipid storing CV copepodite stages that are able to diapause by late summer, then emerge 

to time their reproductive period to the spring bloom. Alternatively, the small-bodied 

Pseudocalanus invest much less into growth, focusing on reaching adulthood where they are 

primed to invest heavily into reproduction whenever condition allow, regardless of time of year. 

The life history strategies of M. pacifica are less certain, but they too invest a substantial amount 

into growth, allowing them to reach latter stages that could overwinter. Simultaneously, M. 

pacifica also have higher egg production rates similar to those of Pseudocalanus and reproduce 

when conditions allow, rather than being focused on only the spring bloom. For Calanus, global 

models of rates matched relatively well with our measured juvenile rates, though they 

underestimated Metridia and overestimated Pseudocalanus juvenile rates. Global models 

underestimated adult production for all taxa, highlighting the importance of having directly- 

measured regional rate measurements.
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FIGURES

Figure 1: Zooplankton experimental stations for the Arctic Shelf Growth, Advection, 
Respiration and Deposition project (ASGARD) during 2017 and 2018.
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Figure 2: Copepodite abundance for Pseudocalanus spp., Metridia pacifica and Calanus spp. 
during June 2017 and 2018 in the northern Bering and southern Chukchi Seas
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Figure 3: Calanus spp., Pseudocalanus spp. and Metridia pacifica growth rates relative to initial 
copepodite stage from the artificial cohort experiments (average temperature 4° C) during June 
2017 and 2018 in the northern Bering and southern Chukchi seas.
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Figure 4: Calanus spp. and Pseudocalanus spp. growth rates compared to mean experimental 
temperature and water column chlorophyll from the sampling stations in the northern Bering and 
southern Chukchi seas during June 2017 and 2018.
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Figure 5: Calanus spp. prosome length and growth rate relationship by copepodite stage in the 
northern Bering and southern Chukchi seas during June 2017 and 2018.
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Figure 6: Egg production rates (eggs female-1 day-1) and weight specific egg production rates 
(SEP) compared to prosome length for the three co-occurring Pseudocalanus species, Calanus 
marshallae/glacialis, and Metridia pacifica in the northern Bering and southern Chukchi seas 
during June 2017 and 2018.

24



Figure 7: Weight specific egg production rate (SEP) for June of 2017 and 2018 for the three co
occurring Pseudocalanus species in the northern Bering and southern Chukchi seas.
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TABLES

Table 1: Biomass and abundance during June 2017 and 2018 in the Northern Bering and 
Southern Chukchi Seas of copepodite and adult stages of the most common copepod species. * = 
species not staged, copepodites and adults grouped

Species

2017 2018
Biomass (mg m-3) Abundance (m-3) Biomass (mg m-3) Abundance (m-3)
copepodite adult copepodite adult copepodite adult copepodite adult

Calanus spp. 8.14 1.89 338.0 4.69 2.37 1.44 64.8 3.0
Metridia pacifica 1.36 1.39 128.0 11.1 1.08 2.06 100.0 15.6
Neocalanus flemingeri 23.5 0 46.3 0 2.11 0 3.3 0
Neocalanus cristatus 3.63 0 0.9 0 1.52 0 0.4 0
Pseudocalanus spp. 13.90 6.46 7163.0 1002.0 4.70 2.88 1624.0 215.0
Centropages 
abdominalis

0.04 0.02 3.3 0.54 0.01 >0.01 0.8 >0.01

Eucalanus bungii 0.07 0.06 0.4 0.14 0.04 0.03 0.3 0.1
Acartia longiremis 0.22 0.09 63.3 4.10 0.18 0.09 83.2 14.6
Oithona similis* 1.72 1265.0 1.38 1186.0
Oncaea borealis* 0.42 174.0 0.49 135.0
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Table 2: Pseudocalanus spp. growth and egg production rates from experiments where experimental temperature was <6°C or Q10 corrected 
to <6°C. * = Q10 corrected. (^) = development time from hatching to stage. EP = egg production. AC = artificial cohort. T = average 
experimental temperature. An ANOVA indicated significant differences between mean growth rate and copepodite stage (p < 0.05) and a 
Tukey test indicated the differences were only significant between CIV and the early stages.

Species T 
(°C)

Exp. Type 
and length

Growth rate (day-1) and development time (in parentheses) SEP 
(% day-1)

Location and time 
of year

Source

CI CII CIII CIV CV
P. spp 4 AC 10 d 0.04±0.003 0.04±0.002 0.04±0.005 0.02±0.002 N/A Bering & Chukchi This study

(6.1±0.51) (10.8±0.48) (10.2±0.93) (8.28±0.41) Seas 
(June)

P. acuspes 4 EP 2 d 0.18±0.01
P. newmani 0.15±0.00
P. minutus 0.11±0.01

21

P. spp 5* AC 5 d 0.051 0.061 0.046 0.038 0.020 Gulf of Alaska Liu & Hopcroft
(13.9) (10.2) (10.9) (16.1) (40.5) (Mar-Oct avg.) (2008)

P. acuspes 4 Moult 
Rate, EP

0.03-0 .05 (CI-CIV) 0.04 -0.13 Baltic Sea
April

Renz et al (2007)

P. acuspes 5* EP 2 d 0.16 ±0.02 Chukchi Sea Hopcroft &
P. newmani 0.14±0.02 (Aug) Kosobokova (2010)
P. minutus 0.12±0.03
P. acupses 0 EP 0.09±0.04 Chukchi Sea Ershova et al. (2011)

3 0.09±0.04 (Sep)
P. newmani 0 EP 0.03±0.02

3 0.01±0.03
P. newmani 3 Ind. inc.

EP
31.2±1.1^ 43.8±1.8^ 51.3±1.1^ 58.9±1.5^ 66.9±1.6^ 0.09 Funka Bay, Japan Lee et al (2003)

P. newmani 5-15 EP EPR 1.4-9.3 Gulf of Alaska Napp et al (2005)
P. mimus
P. minutus

(Apr-Aug)

P. spp 4 13 EPR 1.5±1.4 SE Bering Sea Vidal & Smith
SEP 4.8-5.4 (1986)



Table 3: Calanus spp. growth and egg production rates from experiments where experimental temperature was <6°C or Q10 corrected to 
<6°C. * = Q10 corrected. EP = egg production. AC = artificial cohort. T = average experimental temperature. An ANOVA indicated 
significant differences between mean growth rate and copepodite stage (p < 0.05) for both AC and stage selected experiments, and a Tukey 
test indicated the differences were only significant between CIV and the early stages.

28

Species
T (°C) Exp. Type 

and Length

Growth rate (day-1) and development time (days)
SEP
(% d-1) Location SourceCI CII CIII CIV

Calanus spp. 4 AC (10d) & 0.09±0.01 0.11±0.004 0.09±0.01 0.06±0.005 0.09±0.01 Bering & This study
EP (1d) (8.31±0.69) (9.65±0.53) (8.06±0.57) (5.73±0.42) Chukchi Seas 

(June)
Calanus spp. Stg. Selected 0.14±0.01 0.09±0.01 0.10±0.01 0.06±0.006

10d (9.41±0.38) (6.35±0.86) (6.03±0.65) (5.85±0.45)

Calanus 5 AC 5d 0.156±0.019 0.145+0.011 0.109+0.009 0.058+0.009 10 Gulf of Alaska Liu & Hopcroft
marshallae (9.4+01.5) (8.7+0.8) (11+0.8) (18.7+2.5) (Mar-Oct ) (2008)

Calanus -1.7 - EP 1-6 Chukchi & Plourde et al
glacialis/ -1.25 Beaufort Seas (2005)
marshallae (May-Aug)
Calanus 0.5 - 6 15 (% day-1) 14 (% day-1) EPR 75±15 SE Bering Sea Vidal & Smith
marshallae SEP 6 (1986)
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Table 4: Metridia growth and egg production rates from experiments where experimental temperature was <6°C or Q10 corrected to <6°C. * 
= Q10 corrected. EP = egg production. AC = artificial cohort. * = development time measured from nauplii to stage. T = average 
experimental temperature.

Growth rate (day-1) and development time

Species
T 
(°C)

Exp. Type 
and length CI CII CIII CIV CV

SEP
(% d-1) Location Source

M. pacifica 4 AC 10d 0.06±0.007 0.06±0.006 0.05±0.005 0.04±0.003 Bering & This study
(5.23±0.54) (4.57±0.35) (5.57±0.68) (3.21±1.27) Chukchi Seas

M. pacifica 4 EP 1d 0.11±0.01 (June)

M. pacifica 5* AC 5d 0.091±0.010 0.090±0.008 0.090±0.007 0.054±0.009 0.023±0.009 Gulf of Alaska Liu and
(16.3±2.3) (13.1±1.4) (11.9±1.5) (19.6±2.6) (46.7±11.1) (Mar-Oct avg.) Hopcroft (2008)

M. pacifica 3 Ind. inc* (14.5±2.6) (14.5±3.5) (20.4±5.8) (31.7±2.3) (51.5±4.5) Padmavati &
Ikeda (2002)

M. pacifica 5 EP avg 10 Gulf of Alaska
(Mar-Oct)

Hopcroft et al 
(2005)

M. pacifica 4 Growth exp 13-15 (% day-1) SE Bering Sea Vidal & Smith 
(1986)


