
SHORT NOTE

Reproductive success of Pacific copepods in the Arctic Ocean
and the possibility of changes in the Arctic ecosystem

Kohei Matsuno • Atsushi Yamaguchi •

Toru Hirawake • Shigeto Nishino • Jun Inoue •

Takashi Kikuchi

Received: 11 November 2014 / Revised: 1 February 2015 / Accepted: 5 February 2015 / Published online: 14 February 2015

� Springer-Verlag Berlin Heidelberg 2015

Abstract The species composition of Arctic zooplankton

differs greatly from that of the zooplankton of the North

Pacific and Bering Sea. Particularly with greater warming

from sea-ice retreat, the reproduction of North Pacific

species transported into the Chukchi Sea and beyond may

lead to changes in the Arctic pelagic ecosystem. We report

the egg production and hatching of the Pacific copepod

Neocalanus flemingeri in the Chukchi Sea based on ship-

board experiments performed in September 2013. The re-

productive capability of N. flemingeri observed in the

Chukchi Sea resembled that reported in the Pacific, with

the exception of a lower hatching success. Only 7.5 % of

N. flemingeri eggs hatched compared with 93 % in Pacific

experiments. Low hatching success is considered to be

caused by failures of fertilization. The potential recruit-

ment number for N. flemingeri suggests that it is unlikely to

establish expatriate Arctic populations in the near future.
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Introduction

The drastic reduction in the extent of Arctic Ocean sea ice

is thought to be severely affecting marine ecosystem

structures (Grebmeier et al. 2006; Hunt and Drinkwater

2007). The Pacific sector of the Arctic Ocean, which is

seasonally ice covered, receives a substantial inflow of

Pacific water through the Bering Strait (Coachman and

Aagaard 1966). This current transports nutrients and

plankton from the Bering Sea into the Arctic Ocean

(Springer et al. 1989; Springer and McRoy 1993). Since the

1930s, a few endemic North Pacific copepods (Eucalanus

bungii, Metridia pacifica, Neocalanus cristatus and N.

plumchrus/flemingeri) have been observed among the

zooplankton transported to the Arctic Ocean (Nelson et al.

2014). Although these transfers have been thought to be

abortive and not establishing permanent populations, an

increase in species entering the Arctic has been recently

reported (Matsuno et al. 2011). Because the planktonic

copepod fauna is vastly different between the Arctic and

Pacific Oceans (Conover 1988; Longhurst 2006), success-

ful reproduction of Pacific copepods in the Arctic would

change the Arctic’s pelagic ecosystem structure. To date,

our knowledge of Pacific copepods in the Arctic Ocean has

been limited to their distributions, and no information has

been available regarding their reproduction in the Arctic

Ocean.

In the present study, we report observations of the egg

production and hatching of the Pacific copepod N. flemin-

geri in the Chukchi Sea based on shipboard experiments

performed in September 2013. The reproductive pa-

rameters measured in this study were compared with values

reported for this species in the Pacific Ocean (Saito and

Tsuda 2000). Combining the abundance data for Pacific

copepods (Matsuno et al. 2012) with the observed
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reproductive parameters allowed for the calculation of their

recruitment potential in the Arctic Ocean.

Materials and methods

From 10–25 September 2013, adult females of N. flemin-

geri were collected by the vertical towing of a ring net

(mesh size: 0.335 mm, mouth diameter: 80 cm) at a fixed

station (72�450N, 168�150W, bottom depth 56 m) in the

Chukchi Sea. The net was towed from 49 m depth to the

surface at 0.5 m s-1 once a day. The collected females

(n = 19) were gently placed in a 10-ml microplate filled

with GF/F filtered seawater (because the females do not

have functional mouthparts and do not feed) and were in-

cubated at 0 �C in the dark. This temperature was deter-

mined by range of in situ temperature (-1.4 to 3.1 �C) and
an integrated mean temperature (0.3 �C). The presence of

eggs was checked every day. Experiments were continued

until the death of all adult females. In total, we performed

the incubation experiments for 216 days (40 days in a ship-

board and 176 days in a land laboratory). After death, the

prosome lengths of the adult females were measured to a

precision of 0.05 mm using an eyepiece micrometer. The

eggs were counted (clutch size) and gently placed in a

50-ml glass bottle filled with filtered seawater. Egg di-

ameter was measured to a precision of 0.01 mm using an

eyepiece micrometer. The eggs were incubated at 0 �C and

checked daily for hatching; hatched nauplii were counted.

Observations of hatching continued for a maximum of

10 days after the spawning of a clutch. Hatching time (-

days) and the proportion of the hatched eggs (%) were

estimated for each clutch.

Results

During the study period (10–25 September 2013), five

Pacific copepods (E. bungii, M. pacifica, N. cristatus, N.

flemingeri and N. plumchrus) occurred at a fixed station

(72�450N, 168�150W, bottom depth 56 m) in the Chukchi

Sea (Table 1). Among those species, adult females were

collected only for N. flemingeri. The abundance of adult

females in the different samples ranged from 0 to

1.40 ind. m-3 (mean: 0.16 ind. m-3). It is notable that no

adult males were detected throughout the study period.

The prosome lengths of the adult females ranged from

4.10 to 4.75 mm (mean ±1 SD: 4.42 ± 0.16 mm,

Table 2). Spawning was observed for all of the specimens

(Fig. 1), and nearly half (10/19) produced four or more

clutches during the experiments. Spawning intervals were

11.5 ± 5.6 days. The maximum clutch size was 1,005 eggs

clutch-1 (mean ±1 SD: 377 ± 79 eggs clutch-1, Table 2),

and the clutch size decreased after 20 days of incubation.

The maximum number of clutches for a single specimen

was ten. The maximum total fecundity was 1,488 eggs

female-1 (mean ±1 SD: 960 ± 316 total eggs female-1).

The longevity of the adult females during the experiments

ranged from 15 to 205 days (mean ±1 SD: 69 ± 47 days).

The mean egg diameter was 152 ± 2 lm. The hatching

time was 5.1 ± 1.2 days, and the hatching success for the

clutches ranged from 0.2 to 31.5 % (mean ±1 SD:

7.5 ± 8.7 %, Table 2).

Discussion

The reproduction of N. flemingeri from September to Oc-

tober was reported in the western Bering Sea, which is

adjacent to the Chukchi Sea (Geinrikh 2002). Most of the

reproductive parameters of N. flemingeri in the Arctic

Ocean (this study) were within the range of those observed

previously in the Pacific Ocean (Saito and Tsuda 2000;

Table 2). Spawning interval and hatching time, two indices

of physiological rates, were longer in the Arctic Ocean.

This was likely due to the 0 �C incubation temperature in

the Arctic Ocean compared with 2 and 4 �C in the Pacific

Ocean. After combining the results obtained from the

Arctic and Pacific Oceans, the relationships of the spawn-

ing interval and hatching time with temperature (T: �C) are
well described by the Bělehrádek equation (Fig. 2):

Spawning interval daysð Þ
¼ 6240:2 T þ 21:7ð Þ�2:05

r2 ¼ 0:99; p\ 0:0001
� �

Table 1 Abundance of Pacific copepods at a fixed station in the

Chukchi Sea during 10–25 September 2013

Species Stage Abundance (ind. m-2)

Eucalanus bungii C3 1.46 ± 10.03

C5F 1.51 ± 10.36

C5M 1.36 ± 9.35

Metridia pacifica C1 2.76 ± 13.27

C2 32.21 ± 65.83

C3 139.51 ± 128.28

C4F 8.41 ± 26.46

C4M 15.49 ± 37.20

C5F 1.30 ± 8.88

Neocalanus cristatus C5 5.62 ± 18.71

Neocalanus flemingeri C5 47.88 ± 61.46

C6F 8.03 ± 21.34

Neocalanus plumchrus C4 1.61 ± 11.05

C5 11.61 ± 27.34

Values are the means ± 1 SD. Stages with zero abundance are not

shown in the table
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Hatching time daysð Þ
¼ 4628:0 T þ 27:6ð Þ�2:05

r2 ¼ 0:96; p\ 0:0001
� �

Apart from these expected effects of temperature, only

hatching success varied greatly between the two oceans.

For the Arctic Ocean, the maximum hatching success was

31.5 %, with a mean of 7.5 %, while the hatching success

in the Pacific Ocean has been reported to be as high as

93 % (Saito and Tsuda 2000). This large discrepancy may

be the result of differences in the fraction of eggs suc-

cessfully fertilized. Adult males of N. flemingeri were not

observed in this study (Table 1). For various large-sized

planktonic copepods, failure to fertilize large fractions of

spawned eggs has been reported (Ershova and Kosobokova

2012). The extremely low hatching success in the Arctic

Ocean (7.5 %) suggests that a majority of the eggs could

have been unfertilized. The effect of the low habitat

temperature (0 �C) in the Arctic Ocean on low hatching

success should also be considered. However, because N.

flemingeri can maintain their population at near-zero tem-

peratures in the Sea of Japan (Miller and Terazaki 1989), it

is unlikely that the low temperature was the cause of the

observed low egg hatching success.

In the typical life cycle of N. flemingeri in the North

Pacific and Bering Sea, mating and spawning both occur

below a 250-m depth (Miller and Clemons 1988; Kobari

and Ikeda 2001; Geinrikh 2002). Because the spawning

adult females in the Chukchi Sea were collected at 0–49 m

(Fig. 1a), they presumably had either matured prior to

being transported by Pacific waters into the Chukchi Sea or

they could not descend to a deeper layer because of the

shallowness (ca. 50 m) of the Chukchi Sea in comparison

to the Pacific Ocean. These abnormal conditions may affect

the mating and reproduction of N. flemingeri, resulting in

Table 2 Reproductive

parameters of the Pacific

copepod Neocalanus flemingeri

in the Chukchi Sea and NW

Pacific Ocean. Values are the

mean ±1 SD

Parentheses indicate range

(prosome length and hatching

proportion) or experimental

temperature (spawning interval

and hatching time)
a Calculated based on the

females that produced four or

more clutches

Reproductive parameters Chukchi Sea

(This study)

NW Pacific Ocean

(Saito and Tsuda 2000)

Adult female

Prosome length (mm) 4.42 ± 0.16 (4.10–4.75) 3.94 ± 0.44 (2.91–5.14)

Spawning intervals (days) 11.5 ± 5.6 (0 �C) 9.3 ± 1.8 (2 �C)
8.2 ± 2.1 (4 �C)

Mean maximum clutch size (eggs clutch-1)a 377 ± 79 443 ± 133

Maximum individual clutch size (eggs clutch-1) 1,005 687

Maximum number of clutches (female-1) 10 6

Mean fecundity (total eggs female-1)a 960 ± 316 924 ± 346

Maximum fecundity (total eggs female-1) 1,488 1,398

Egg

Diameter (lm) 152 ± 2.0 154 ± 3.0

Hatching time (days) 5.1 ± 1.2 (0 �C) 4.6 ± 0.5 (2 �C)
3.8 ± 0.5 (4 �C)

Proportion hatching (%) 7.5 ± 8.7 (0.2–31.5) 93
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Fig. 1 Adult female (a),
reproduced egg (b) and nauplius

(c) of Neocalanus flemingeri in
the Chukchi Sea. Temporal

changes in the clutch size of N.

flemingeri during the incubation

period (d). Solid lines indicate

eye-fitted line
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low hatching success. While their hatching success in the

Arctic Ocean was extremely low, eggs were capable of

hatching, suggesting that there is potential for a change in

the zooplankton fauna in the Arctic Ocean as conditions

continue to warm.

To evaluate the quantities of Pacific copepods trans-

ported into the Arctic Ocean, we re-analyzed the copepod

abundance data reported for the entire area of the western

sector (Matsuno et al. 2012). In the Arctic Ocean, from

August–October 2008, the Pacific copepods N. cristatus, N.

flemingeri and E. bungii occurred maximally at 523

ind. m-2, with mean values of 5.8, 26.6 and 6.1 ind. m-2,

respectively. Their northernmost occurrence was at

76�000N, 176�000W, approximately 1,100 km from the

Bering Strait (Fig. 3). Assuming the reported current ve-

locity at the Bering Strait (22.4–29.1 cm s-1, Woodgate

et al. 2005), the transport of the Pacific copepods from the

Bering Strait to their northernmost occurrence was esti-

mated to take 44–57 days. The observed occurrences of

Pacific copepods were limited; the three species were

found at only 4–8 of 54 stations. The historical analysis of

copepod abundance beginning in the 1930s also confirmed

that the distribution of Pacific copepods is restricted to the

continental shelf in the Arctic Ocean (Nelson et al. 2014).

Combining abundance data and reproductive parameters,

we simulated the potential recruitment numbers of N. flemin-

geri in the Arctic Ocean. If N. flemingeri transported into the

Arctic Ocean have an observed mean abundance

(26.6 ind. m-2) (Matsuno et al. 2012) and observed mean fe-

cundity (960 total eggs female-1) with 7.5 % of eggs hatching

to nauplii (as observed in our shipboard experiments), the re-

cruitment of the September generation would be 1,916 nauplii

m-2 (=26.6 9 960 9 0.075). For N. flemingeri in the Pacific

Ocean, the annualmean abundance = 1,852 ind. m-2 (Kobari

and Ikeda 2001), laboratory-based fecundity = 924 total eggs

female-1 andhatching success = 93 %ofeggshatch tonauplii

(Saito and Tsuda 2000). Those values yield a recruitment of

1,591,841naupliim-2 (=1,852 9 924 9 0.93), approximately

800 times the estimated value in the Arctic Ocean.

This large discrepancy in recruitment numbers suggests

that the Pacific copepods are unlikely to establish an ex-

patriate population in the Arctic Ocean at its present state.

While the poleward transport of Pacific copepod species

has been observed since the 1930s (Nelson et al. 2014), the

low abundance of adults (especially females, cf. Table 1)
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Fig. 2 Relationship between spawning interval and temperature

(a) and egg hatching time and temperature (b) for Neocalanus

flemingeri. Data at 0 �C were collected in the Arctic Ocean (open

circle, this study), and data at 2 and 4 �C were collected in the western

North Pacific (solid circle, Saito and Tsuda 2000). The relationships

were expressed by Bělehrádek equations. ***p\ 0.0001

Fig. 3 Horizontal distribution of the Pacific copepods (Neocalanus

cristatus, N. flemingeri and Eucalanus bungii) in the western Arctic

Ocean from 29 August to 4 October 2008. The solid star indicates the

sampling station that collected N. flemingeri females in this study.

Crosses indicate no occurrence of each species
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and low egg survival to hatching have prevented popula-

tions from becoming permanently established. However,

recent increases in the transport of individuals (Matsuno

et al. 2011) may increase the chance that populations of

copepods endemic to the North Pacific will become

established in the Arctic Ocean. Permanent Arctic

populations of endemic North Pacific and Bering Sea

copepod species could eventually be introduced to the

North Atlantic (Reid et al. 2007). Their very different life

history patterns (phenology) could generate a substantial

change in all Northern Hemisphere pelagic ecosystems

(Conover 1988). Continuous monitoring is needed in the

future to see what is happening and perhaps help us to

project the effects on higher trophic levels (e.g., fish,

marine mammals, etc.).

Acknowledgments We are grateful to the captain, officers and crew

of the R.V. Mirai (JAMSTEC), operated by GODI, for their help in

the sample collection. This study was supported by the Green Net-

work of Excellence Program’s (GRENE Program) Arctic Climate

Change Research Project: ‘Rapid Change of the Arctic Climate

System and its Global Influences.’ This study was partially supported

by a Grant-in-Aid for Scientific Research (A) (24248032) and a

Grant-in-Aid for Scientific Research on Innovative Areas (24110005)

from the JSPS.

References

Coachman LK, Aagaard K (1966) On the water exchange through

Bering Strait. Limnol Oceanogr 11:44–59

Conover RJ (1988) Comparative life histories in the genera Calanus

and Neocalanus in high latitudes of the northern hemisphere.

Hydrobiologia 167(168):127–142

Ershova EA, Kosobokova KN (2012) Morphology of genital system

and reproductive biology of the Arctic calanoid Metridia longa.

Biol Bull 39:676–683

Geinrikh AK (2002) Life histories of the common copepods

Neocalanus flemingeri and Neocalanus plumchrus in the west

Bering Sea. Oceanology 42:77–82

Grebmeier JM, Cooper LW, Feder HM, Sirenko BI (2006) Ecosystem

dynamics of the Pacific-influenced northern Bering and Chukchi

Seas in the Amerasian Arctic. Prog Oceanogr 71:331–361

Hunt GL Jr, Drinkwater K (2007) Introduction to the proceedings of

the GLOBEC symposium on effects of climate variability on

sub-Arctic marine ecosystems. Deep-Sea Res II 54:2453–2455

Kobari T, Ikeda T (2001) Life cycle of Neocalanus flemingeri

(Crustacea: Copepoda) in the Oyashio region, western subarctic

Pacific, with notes on its regional variations. Mar Ecol Prog Ser

209:243–255

Longhurst A (2006) Ecological geography of the sea. Academic

Press, Amsterdam

Matsuno K, Yamaguchi A, Hirawake T, Imai I (2011) Year-to-year

changes of the mesozooplankton community in the Chukchi Sea

during summers of 1991, 1992 and 2007, 2008. Polar Biol

34:1349–1360

Matsuno K, Yamaguchi A, Shimada K, Imai I (2012) Horizontal

distribution of calanoid copepods in the western Arctic Ocean

during the summer of 2008. Polar Sci 6:105–119

Miller CB, Clemons MJ (1988) Revised life history analysis for large

grazing copepods in the subarctic Pacific Ocean. Prog Oceanogr

20:293–313

Miller CB, Terazaki M (1989) The life histories of Neocalanus

flemingeri and Neocalanus plumchrus in the Sea of Japan. Bull

Plankton Soc Japan 36:27–41

Nelson RJ, Ashjian CJ, Bluhm BA, Conlan KE, Gradinger RR,

Grebmeier JM, Hill VJ et al (2014) Biodiversity and biogeog-

raphy of the lower trophic taxa of the Pacific Arctic region:

sensitivities to climate change. In: Grebmeier JM, Maslowski W

(eds) The Pacific Arctic region, ecosystem status and trends in a

rapidly changing environment. Springer, Dordrecht, pp 269–336

Reid PC, Johns DG, Edwards M, Starr M, Poulins M, Snoeijs P

(2007) A biological consequence of reducing Arctic ice cover:

arrival of the Pacific diatom Neodenticula seminae in the north

Atlantic for the first time in 800,000 years. Glob Change Biol

13:1910–1921

Saito H, Tsuda A (2000) Egg production and early development of the

subarctic copepods Neocalanus cristatus, N. plumchrus and N.

flemingeri. Deep-Sea Res I 47:2141–2158

Springer AM, McRoy CP (1993) The paradox of pelagic food webs in

the northern Bering Sea-III. Patterns of primary production. Cont

Shelf Res 13:575–599

Springer AM, McRoy CP, Turco KR (1989) The paradox of pelagic

food web in the northern Bering Sea-II. Zooplankton commu-

nities. Cont Shelf Res 9:359–386

Woodgate RA, Aagaard K, Weingartner TJ (2005) A year in the

physical oceanography of the Chukchi Sea: moored measure-

ments from autumn 1990–1991. Deep Sea Res II 52:3116–3149

Polar Biol (2015) 38:1075–1079 1079

123


	Reproductive success of Pacific copepods in the Arctic Ocean and the possibility of changes in the Arctic ecosystem
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	References




